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P R E F A C E  

A need for a profound book on adsorption and chemisorption on inorganic sorbents 
has existed for a long time. Justification for such a book results from the biological, 
environmental and technological importance of inorganic sorbents and significance of ad- 
sorption phenomena at the solid/gas as well as solid/liquid interfaces. The range of the 
work has been determined by the attributes of the above mentioned fields of science. As 
the themes to be considered refer to such a wide spectrum, no single author could 
write a critical review or paper on more than a very limited number of problems. 
That is why this book includes chapters written by authoritative specialists. We 
would like to present a study including papers and critical reviews describing theories 
and experiments, systems and methods used in the investigations and in many cases 
the examples of their applications. Moreover, we would like to point out problems and 
questions already solved but requiring further researches. 

The sorbents discussed in this book are first of all synthetic mineral ones. Such ma- 
terials as zeolites and organic carriers will not be considered as they have already been 
discussed in numerous monographs. Each contribution deals with a problem critically 
showing its development and presenting a summary of the latest results. 

The book is divided into three sections consisting of chapters arranged in a consistent 
order, though some chapters could be put in the second or third section. On the other 
hand, a uniform treatment and style cannot be anticipated in the book that represents 
the efforts of many authors. Despite this, the presented works provide the comprehensive, 
high standard and modern study on the structure, investigations, preparation of 
inorganic sorbents, their numerous applications and deal with the adsorption on new and 
chemically modified inorganic solids. 

Section 1 considers the methods of synthesis and physico-chemical properties of 
new types of inorganic sorbents (complex carbon-mineral sorbents, co-precipitated 
hydroxides, functional polysiloxane sorbents, porous glasses with controlled porosity, 
colloidal silicas, aluminium oxyhydroxide colloids, apatites). These sorbents are 
widely used in scientific investigations, in chemical practice and are important from 
a technological point of view. The presented results provide additional possibilities 
for the preparation of inorganic sorbents possessing unique adsorption and catalytic 
properties. Moreover, Section 1 presents the possibilities of the computational studies 
on the design of synthetic materials for selective adsorption of different substances. 

By chemical modification of the oxide surfaces it has become possible to design 
new, reliable, highly-specified adsorbents, selective catalysts, polymer extenders, eN- 
cient thickeners of dispersive media. The interest in the modified oxides has increased for 
a few years as a result of favourable perspectives for their application for various kinds 
of the chromatographic separation, preparation of grafed metal complex catalysts, 
immobilized enzymes and other biologically active compounds. Introduction of the surface 



modified silicas into practice of the high-performance liquid chromatography both in the 
reversed and normal phases was the most pronounced. 

Section I presents the studies both on the structure of the formed surface compounds 
and the main regularities of the chemisorption processes and on kinetics of chemisorption 
from the gas phase on oxide surfaces. Prospective ways for the immobillization of 
different active compounds have been also proposed. 

The next stage of the presented investigations shows the elaboration of the physico- 
chemical approaches for the quantitative prediction of the alternations in the properties 
of the compound after its chemisorption on the solid surface. This is important to 
improve the experimental possibilities for the characterization of the interactions of 
the active surface sites with the grafed compound. Moreover, it is necessary to take into 
account the influence of the residual structural hydroxyl groups practically always 
remaining modified oxide surface. The mutual influence of the neighbouring molecules 
anchored on the oxide surface should be taken into account as well. Elucidation of the 
chemical modification influence on the alterations in the porous structure of the oxide 
matrices, working out the principles of the mosaic surface modification for the 
creation of different sites on the surface and some practical objectives are of 
significant importance. 

The principal aim of Sections 2 and 3 dealing with the adsorption from gaseous and 
liquid phases is to present various approaches for investigating the surface charac- 
teristics of inorganic sorbents. For this to reach the following methods have been presented: 

- adsorption studies assuming the well-defined models of adsorption systems, 
- calorimetric studies of adsorption phenomena, 
- chromatographic studies for examining the surface properties of original and mo- 

dified solid sorbents, 

-exper imental  techniques, such as NMR techniques, X-ray analysis, IR spectra, 
etc., 

for measuring surface parameters, where this seems useful. Moreover, in many cases the 
calorimetric and apparatus techniques are discussed and related to the analysis of the 
adsorption investigations. 

In Section 2 the phenomenon of the phase transitions in the layers adsorbed on solid 
sorbents is also discussed. 

Section 3 presents the chapters both on adsorption from nonelectrolyte mixtures and 
on ion adsorption at the oxide/electrolyte interface. This interface is probably the most 
important in science, life and technology. Moreover, the ionic surfactant adsorption, 
mainly from aqueous solutions onto various inorganic sorbents has been considered. 

It should be pointed out that only a few chapters of the book present the problems 
including carbonaceous sorbents. It results from the fact that (e.g. Chapter 2.10) the 
micropore filling mechanism for carbon porous sorbents is relatively well known 
and therefore this knowledge can be a basis for analogous considerations on inorganic 

sorbents. On the other hand, in Chapter 3.10 concerning the chromatography of fullerenes, 
the silicas with bonded fullerenes are used for the separation of organic compounds by 
the reversed phase liquid chromatography. 

In some chapters of Sections 2 and 3 the adsorption and desorption kinetics is discussed 
in terms of the phenomena including inorganic sorbents. 
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Many areas in which technological novelty has involved this kind of substances and 
surface phenomena related to them, have been developed to be more of an art than 
science. From this point of view, understanding of the scientific backgrounds is very im- 
portant for a large group of research workers both in academic institutes and industrial 
laboratories, whose professional activity is related to the fields of surface chemistry, inor- 
ganic chemistry, adsorption, ion-exchange, catalysis, chromatography and spectroscopy of 
the surface phenomena. This book is meant for the above mentioned potential readers 
and for the students of graduate and postgraduate courses. 

It should be emphasized that each of 34 chapters gives not only brief, current knowledge 
about the studied problem but is also a source of topical literature on it. Thus, each 
chapter can constitute a literature guide for a given subject and encourage the reader 
to get to know a problem and develop the own studies in this exciting area of surface 
chemistry. 

A .Dqbrowski 
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C h a p t e r  1.1 
C o m p u t a t i o n a l  s t ud i e s  on t he  des ign  of s y n t h e t i c  s o r b e n t s  for se lec t ive  
a d s o r p t i o n  of mo lecu le s  

R. VetriveP, H. Takaba b, M. Katagiri b, M. Kubo b and A. Miyamoto b 

~Catalysis Division, National Chemical Laboratory, P u n e -  411008, India 

bDepartment of Molecular Chemistry and Engineering, Faculty of Engineering, 
Tohoku University, Aoba-ku, Sendai 980-77, Japan 

1. I N T R O D U C T I O N  

Selective adsorption of molecules are of paramount importance in the gas phase se- 
paration technology. Conventionally zeolite catalysts are widely used as molecular sieves 
and shape selective catalysts [1]. However, the extra framework cations, particularly the 
protons in zeolites are source of unwanted reactions in selective adsorption and separation 
of molecules. Recently, crystalline aluminophosphates having microporous structures are 
reported [2]. Aluminophosphates (A1POs) are having neutral framework with regularly 
alternating [A104]- and [PO4] + tetrahedra. The A1POs do not have extra framework ca- 
tions and they can be synthesized with novel pore shapes and sizes. Carbon molecular 
sieves have also been known to be inert and applicable to gas separation applications for 
reasonably long time [3]. Recent discovery of molecular carbon structures such as carbon 
nanotubes[4] has provided impetus to search for new selective adsorption applications of 
such materials. The selective adsorption of molecules over ceramics and extraction with 
supercritical fluids is also an emerging technology[5]. 

In this chapter, we present the results of computational studies on the above mentioned 
novel inorganic systems namely A1POs, carbon nanotubes and supercritical fluid extrac- 
tion from the adsorbed phase over ceramics. Multi-technique computational methods such 
as Computer Graphics (CG), molecular mechanics (MM), quantum chemistry (QC) and 
molecular dynamics (MD) were applied. The attempts made to design synthetic sorbents 
at molecular level are reviewed. 

2. C O M P U T A T I O N A L  M E T H O D O L O G Y  

2.1. C o m p u t e r  graphics (CG) and molecular  mechanics  (MM)  
The structures of typical aluminophosphates, namely A1PO4-1116] and VPI-517] were 

generated from the reported crystal structures, adsorption of probe molecules such as 
water and ammonia, as well as the template organic molecules and larger molecules were 



studied. The equilibrium geometry of the molecules were obtained from energy minimi- 

zation MM calculations. 

Standard force fields were used in the energy minimization calculations[S]. All geo- 

metrical degrees of freedom such as bond length, bond angle, and dihedral angles were 

varied. In this process all atoms were moved and the molecule reaches a final geometry, 

where the molecular potential energy is minimum. From these calculations we obtain the 

dimensions of the molecules at their minimum energy conformations. We also calculate 

the strain energy involved in the conformational changes from their equilibrium geometry. 

2.2. Quantum chemical technique 
Semi-empirical quantum chemical calculations using the MNDO (modified neglect of 

differential overlap) technique [9] was used to study the electronic structure of the amines, 

cluster models of A1PO4-11 framework, and the ammonia as well as water adsorption 

complexes over the oxygen sites in A1PO4-11. The values of the electronic and total 

energies are used to decide the favourable adsorption sites; the analysis of molecular 

orbital energy as well as the contributions of various atomic orbitals to molecular orbitals 

and the electron distribution and partial charges calculated are also useful to determine 

the nature of interaction between molecules and framework. 

2.2.a. Dimer cluster models 
There are 11 possible bridging oxygen sites which are crystallographically distinct in 

the ordered ALP04-11 structure[6]. The geometry of the repeating unit cell containing 

six unique T sites and the 11 oxygens attached to them is shown in Fig. 1. The inset 

shows the lattice of A1PO4-11 formed by the presence of such repeating units. All 11 

unique oxygen sites in A1PO4-11 are simulated by suitable cluster models. Dimer cluster 

models [(OH)3-T1-O-T2(OH)3] where T1 = P and T2 = A1 were selected to model all 

the bridging oxygen sites in the A1PO4- 11. The hydrogen atoms needed to maintain 

neutrality of the clusters are located at the nearest-neighbour T sites. A typical cluster 

model is shown in Fig. 2a. Electronic structures of these clusters are calculated by the 

MNDO method. Cluster models, their total energies, and the electron densities on the 

bridging oxygens are calculated. The net electron density on the bridging oxygen atom is 

found to increase with increasing T - O - T  angle and decreasing T-O distance. 

2.2.b. Monomer cluster models 
Structure of each tetrahedral units (either A104 or PO4) are also obtained from the 

crystal structure reported[6] for A1PO4-11. The unsaturated valency of the oxygen atoms 
in the tetrahedra is balanced by bonding a hydrogen atom to them, and the positions 

of these hydrogen atoms are those of the adjacent T atoms in the ALP04-11 structure. 

For each of the tetrahedra, the different possibilities of water approaching the T site 

through its oxygen end is considered. The calculations were carried out for the water 

molecule, the bare tetrahedral cluster (Td), and tetrahedral clusters with water molecules 

adsorbed (adsorption complex). The adsorption energy of water (AH~ds) at different sites 

is calculated as mentioned below: 

AH~ds = TEcompl~x --(TETd + TEw~t~r) (1) 
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Figure 1. A repeating unit cell of the ordered A1PO4-11structure. The inset is the schematic 
representation of the ALP04-11 lattice which is formed by several such repeating units and their 
mirror images. 

In all the adsorption complexes, the distance between the tetrahedral atom and the 
oxygen of a water molecule (T atom of H4TO4 and oxygen of H20) is kept at 1.SA uni- 
formly. 

2.3. Molecular dynamics method 
The molecular dynamics (MD) simulations for carbon nanotubes were carried out using 

the Discover module of the commercial software package supplied by Biosym Technologies 
Inc., USA in SiliconGraphics-IRIS 4D/30 workstation. The motion of the nuclei on the 
potential energy surface of the system with energy E(R) is described by Newton's equation 

of motion as follows: 

dE/dR - m-d2R/d t  2 (2) 

The MD code derives the solution to equation (2), using an empirical fit to the poten- 

tial energy surface for the motion of all atoms in the system. This equation is numerically 
integrated using small (~ 10 -15 s) time steps, producing a trajectory of the system. The 
empirical fit to the potential energy is performed using suitable force field. We choose the 



H t ~ - 6 )  O1 0 4 O S t ~ H  

(a) 

H 

N H 

H O 1 H O 05' H 

4 H 

(b) 

Figure 2. (a) A typical representative dimer cluster model showing the bridging oxygen site, 04. 
(b) The geometry of the dimer cluster-ammonia adsorption complex. 

consistent valence force field (CVFF) reported by Dauber-Osguthorpe et al.[10] which 
include parameters for variety of functional groups. The algorithms for minimization and 
the functional forms of force fields used to evaluate the potential energy are described in 
detail elsewhere[ll]. The procedure includes finding the equilibrium structures and their 

relative energy values over a period of time. In all the calculation, static energy minimi- 
zation was carried out prior to the MD simulation. The interval of each MD simulation 
step was typically 2.0- 10-15s and the simulation was carried out for typically 5000 time 
steps. All calculations were carried out at 300K using NVT ensembles. 

The MD calculation to study supercritical fluid extraction from ceramics was perfor- 
med with the XDORTO program developed by Kawamura[12]. The Verlet algorithm was 
used for the calculation of atomic motions, while the Ewald method was applied to the 
calculation of electrostatic interactions. Temperature was controlled by means of scaling 
the atom velocities under 3-dimensional periodic boundary condition. The calculations 
were made for 40000 time steps with the time increment of 2.5- 10 -is seconds. The two 
body central force interaction potential, as shown in equation (3) was used for all the 
calculations: 

u(rij) = ZiZje2/rij + fo(bi + bj)exp [ ( a  i -J- a j  - -  rij)/(bi + bj)] + 

+Dij {exp [-2/3ij ( r i j -  ri"]) ] - 2exp [-/3ij ( r i j -  r~j)] } (3) 

First, second, and third terms in the equation (3) refer to Coulomb potential, exchange 
repulsion interaction potential, and Morse potential, respectively. Zi is an atomic charge, 
e is an elementary electric charge, rij is an interatomic distance, and f0 is a constant. The 
parameters a and b in Eq. (3) represent, the size and stiffness of the atoms, respectively, in 



the exchange repulsion interaction, while Dij, r~j and ~ij represent bond energy, equilibrium 

bond distance and stiffness, respectively in the Morse interaction. The parameters of 

equation (3) for solids were determined to reproduce the structures of various metal 

oxides and metal crystals. 

The calculations were performed with SiliconGraphics IRIS-4D/25TG and Hewlett 

Packard 9000 series 710 workstations, while the visualization was made with BIOSYM 

Insight II code in SiliconGraphics IRIS-4D/25TG workstation. The dynamic features of 

the supercritical fluid on adsorbed phase were also investigated by using the real time solid 

modeling visualization with MOMOVIE code developed in our laboratory on OMRON 
LUNA88K workstation. 

3. S T U D I E S  O N  A1POs 

Microporous A1POs are believed to nucleate around organic molecules during synthesis, 

however the actual interactions between the organic molecules acting as templates and 

A1POs are not yet understood. Prasad and Vetrivel[13] predict the location and conforma- 

tion of the secondary amine template molecules inside the pores of A1PO4-11 molecular 
sieve. The results obtained by molecular modelling and the semi-empirical quantum che- 

mical calculations are used as tools for this purpose. The geometric and electronic requ- 
irements of the amines to be a successful structure- directing species for the synthesis 
of A1PO4-11 are reported. The results of 13C magic angle spinning (MAS) NMR studies 

help to identify the nature of the occluded species, which supports the results derived 
by modelling studies. It is shown that the relation between the pore architecture and 

the structural as well as electronic properties of templates could be interpreted. These 
interpretations are essential to design synthetic sorbents and the details are given in the 

following sections. 

3.1. Organic  t e m p l a t e  g u e s t -  A1PO4-11 host  in te rac t ions  
It was found by several authors[14-16] that the secondary amine molecules are the 

efficient templates for the synthesis of ALP04-11. MNDO calculations were carried out 
on different amine molecules in order to study the electronic factors involved in the speci- 
ficity of secondary amines as structure-directing species. The electron charge density on 
nitrogen increases in the order primary ~ secondary < tertiary amines. We notice that 

the absence of hydrogen attached to nitrogen in the case of a tertiary amine and almost 

zero charge on the hydrogens of methylene and methyl groups of tertiary and primary 

amines are partial reasons for their failure to act as templating agents for the synthesis 

of the ALP04-11 framework. 
The net charge on nitrogen in secondary amines is found to be - 0.30, independent 

of the dimension and nature of the alkyl groups. However, the n-alkyl groups are more 

efficient than the isoalkyl groups in withdrawing electrons from the hydrogen attached to 

nitrogen. Among all the atoms, the hydrogen attached to the nitrogen is the atom with 

maximum positive charge and hence it is expected to have strong bonding interactions 
with the oxygen atoms of the ALP04-11 framework. The electron distributions among the 

methylene and methyl groups are almost constant for all the secondary amines. Overall, 
these amines are less polar with a typical dipole moment value of ~ 1.25 D and hence 

are expected to be weakly bound to the framework. Tapp and et a1.[16] reported that the 



template molecules desorbed at ~ 200~ which is in agreement with the weak binding 

predicted by the above calculations. 

The electronic structure of amines indicates that the major interaction of the amine 

with the framework is expected to occur through the hydrogen attached to nitrogen 

and its nearest neighbours. Hence, ammonia adsorption over different oxygen sites in 

A1PO4-11 will have corollary results as far as electronic interactions are concerned. A 

neutral ammonia molecule adsorbed through one of its hydrogen atoms onto the bridging 

oxygen site of the A1PO4-11 cluster is considered. Ammonia is positioned in such a way 

that the O-HNH2 bond lies at the center of the T - O - T  angle on the obtuse side. The 

typical cluster model representing the ammonia adsorption complex is shown in Fig. 2b. 

The binding energy values of ammonia to the 11 different oxygen sites in the A1PO4-11 

lattice are calculated and given in Table 1. The binding energy values of ammonia to the 

oxygen sites are calculated as follows: 

BE~mmo,aa = TEcomplex - (TEaimer cluster q- TEammonia) (4) 

where BE and TE are the binding energy and total energy, respectively. The binding 

energy of ammonia is a positive value, which is an artifact of the small cluster model. 

However, the binding energy gives the trend in the strength of adsorption of ammonia 

at various oxygen sites, which is expected to be the same for the amine molecules also. 

The analyses of molecular orbitals of the cluster models show that the highest occupied 

molecular orbitals (HOMO) are contributed by the 2p orbitals of oxygen and aluminum, 

while the lowest unoccupied molecular orbitals (LUMO) are contributed by the ls orbital 

of hydrogen and 2p orbitals of oxygen and phosphorus. The ls orbital of hydrogen in 

ammonia, is contributing to the frontier HOMO in the adsorption complex. Since PO4 

groups have unoccupied orbitals, electron donation from amines to the P04 group is 

expected to occur. 

The favourable adsorption sites for ammonia are found to be 04, 05, 05', and 06'. 

Indeed, the values of the T - O - T  angles for these oxygen sites are having minimum values 

(Table 1). The ammonia prefers to adsorb on oxygen sites where the steric hindrance for 

ammonia to approach the oxygen site is minimum, and this argument is applicable to the 

secondary amines also. The amine molecule may undergo multiple site adsorption with 

the hydrogen atoms of the alkyl groups having interactions with other oxygen atoms of 

the framework. 

The topographic analysis of the various oxygen atoms and the silicon substitution 

sites were reported based on MNDO calculations[17]. The results indicated that P1 and 

All are the crystallographic sites where silicon substitution is energetically favourable. 

Incidentally, the favourable oxygen sites for the adsorption of ammonia mentioned above, 

are all bonded to P1 and All as shown in Fig. 1. 

The substitution process of silicon in A1PO4-11 lattice is considered as follows: 

(OH)zA1- O -  P(OH)3 + Si(OH)4 * 

[(OH)aA1- 0 - Si(OH)3] -~ + [P(OH),] +a (5) 

(OH)3A1- 0 - P(OH)3 + 2Si(OH)4 -- 

~- [(OH)3Si- 0 - Si(OH)3] + [AI(OH)4] -a + [P(OH)4] +~ (6) 
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The substitution energy(SE) of silicon for phosphorus and aluminum in the above 
processes are calculated according to the equation: 

SE = TEproducts- TEreactants (7) 

The negative charge in the [(OH)3A1-O-Si(OH)3] -1 cluster is compensated by adding 
a hydrogen at the bridging oxygen (Ob) to form (OH)3AI-OH-Si(OH)3. The hydrogen 
(Hb) is attached to the bridging hydroxyl group on the obtuse side of the AI-O-Si angle. 

The hydrogen is placed in such a way that the angle Al-Ob-Hb is equal to the angle 
Si-O-Hb and the Ob-Hb distance is 1.0]k. When the protons are linked to 04, 05, O5' 
and 06', ammonia adsorbing on these sites will form ammonium cations in SAPO4-11, 
which is silicoaluminophosphate analog of A1PO4-11. It is encouraging to note that our 
findings are in correspondence with the studies on the crystal structure analysis of the 
as-synthesized MnAPO4-11 material, which show that the diisopropylamine is located 
inside the pore in such a way that nitrogen lies closer to 04 and 05 of the framework. 

The 13C cross polarization (CP) magic angle spinning (MAS)-NMR spectroscopic stu- 
dies of A1PO4-11 with secondary amine template molecules in as-synthesized and cal- 
cined forms are reported in detail elsewhere[13]. In the as- synthesized A1PO4-11 with 
di-n-butylamine, the template is chemically in-tact. When the as-synthesized samples 
are dried at higher temperatures, the NMR spectrum shows a split in the methyl group 
signal. Such a solid-state splitting could be due to environmental changes or due to con- 
formational changes occurring in the occluded species. Conformational changes between 
the two alkyl groups are expected to cause splitting in the methyl as well as the methylene 

group signals. 

(a) 

P 
P3 A13 

- - ~  Double 
i "  6-membered 

ring 
--- 10-membered 

_ ~ ~  _ _ ~  r i n g  

n13 P3 (b) 

Figure 3. (a) The geometry of the side pocket which is a double 6-member ring. The access to 
this side pocket from the 10-member ring is shown by shading. (b) The schematic view of the 
channels along the c axis (box) and the perpendicular a axis. 

However, since in the observed spectrum, the splitting occurs only in the signal of 
the methyl group, the fact that the terminal methyl group alone is present in a different 



l l  

environment is brought out. In this context, it is relevant to note a unique feature of 

the structure of A1PO4-11, namely the presence of interconnected double 6-member side 

pockets. There is access to these side pockets from the 10- member channel. The geometry 

of the side pocket and the schematic view of channels of A1PO4-11 from two perpendicular 

directions are shown in Figs. 3a and 3b, respectively. The non bonded distance between 

A13 and P3 is 5.30A. When 0.86/~ for the ionic radii of a l  a+ (0.51A) and Ps+(0.35A)is left 

out, the free dimension across the 6-member ring aperture is 4.44~. This is an unusually 
large aperture for a 6-member ring compared to those in other molecular sieves, and 

this provides a hint to explain the cause of the split in the signal of the methyl group. 
On heating, the weakly bound amine molecule shifts its interaction site, resulting in 
the movement of the -CH fragment of the terminal methyl group into the 6-member side 
pocket, and thus exists in a different environment. These results indicate that the template 

molecules are still chemically intact and they possess the freedom that allows the dynamic 

behaviour inside the neutral A1PO4-11 framework. It i s shown that the selective sorbent 

property of A1PO4-11 is due to the presence of 6-member ring side pockets which can 
accommodate the methyl groups. Thus even large template molecules could still play the 

structure directing role. 

3.2 .  A1PO4-11 f r a m e w o r k -  wa t e r  in te rac t ions  
The phase transitions in molecular sieves on calcination is a phenomenon connected 

with the role of water. It is noted that the water brings about certain reversible and 

irreversible structural changes. The calcined A1PO4-11 is capable of adsorbing water, and 
the results of many experimental techniques[18,19] such as IR, NMR, and TGA-DTA 
have shown that A1PO4-11 undergoes structural change reversibly on adsorption of water 

including overall reduction in the unit cell volume and pore volume[18]. Quantum chemical 

technique with no greater sophistication have been applied to study A1PO4-11 water 

interactions. The results shed light on the causes of changes occurring in the XRD pattern 

and MAS NMR profiles due to hydration[20]. 
Electronic structure calculations are undertaken to locate the preferred sites of adsorp- 

tion for water inside the ALP04-11 framework. Further, it is revealed that quantitative 
correlation exists between the additional NMR signals due to water adsorption and change 

in the environment of T sites. The total energy calculated for the six crystallographically 
distinct T sites (3A1 and 3P) modeled by the H4T04 cluster is given in Table 2. Calcined 

and dehydrated A1PO4-11 shows a tendency for rapid uptake of water molecules. Diffe- 

rent modes of adsorption of water molecule over TO4 sites are considered. It was reported 
that the adsorption of water in the plane of O-T-O with the oxygen atom of the water 
molecule towards T site is the energetically favoured configuration. The interaction of 

water with all the six TO4 groups given in Table 2 were analyzed in detail. 

When the net negative charge on the framework oxygen atoms and the net positive 

charge on the aluminum atom are maximum, the adsorption is favoured. Oxygen of the 

water molecule gains the maximum negative charge in this case. The adsorption of water 
is found to take place by the transfer of electrons from the TO4 group. The net charges 
on various atoms themselves are found to depend on the geometry of TO4. The average 

adsorption energy of water obtained indicate that A13 and P3 are the preferred sites 

among the various aluminum and phosphorus sites, respectively, for the adsorption of 

water. The water molecules are expected to be mobile around the T3 site; hence the ad- 



total net 

T site oxygen sites energy on T site 

(eV) 

All O1, 0 3 ,  05',  06'  -1380.32 0.91 

A12 02, 0 5 ,  0 6 ,  07 -1380.73 1.01 

A13 03, 07', O7', 08 -1383.31 0.91 

P1 O1, 0 4 ,  05 , 06 -1476.03 1.47 

P2 02, 05', 06',  07 '  -1477.97 1.65 

P3 03, 0 7 ,  07 , 08 -1473.84 1.81 

free H20 -351.41 

sorption energies calculated for the water molecule in more than one plane are comparable 
in magnitude. 

The geometric reasons for the preference for these T sites is obvious since these sites 

have the largest T - O - T  angles, thus possessing minimum steric hindrance to the ap- 

proaching water molecules. In addition to the steric factor, the electronic factor is also 

favourable where the T - O - T  angles are maximum and the T-O distances are minimum. 

It has also been shown that the charge separation between T and O sites in the A1PO4-11 

framework is maximum at sites where T-O distances are short and T - O - T  angles are 

large[13]. The polarity and hence the electrostatic field play a significant role in the ad- 

sorption process. Although charge separation occurs inside water, still it remains intact, 

and there is no indication of its dissociation from the calculated bond order values. To- 

pologically, A13 and P3 sites occur at, the junction of 10-membered and two 6-membered 

rings. Statistically, T3 sites represent 20% of the T sites (where T is either A1 or P) since 

there are two T1 and T2 sites each for every single T3 site. 

In the 27A1 MAS NMR spectrum of hydrated A1PO4-11 sample, there are signals 

in the region 20 to 35 ppm corresponding to tetrahedrally coordinated T-site[20]. In 

addition to the peaks in the tetrahedral region, a broad peak appeared in the high field 

region of-15 to -25 ppm in the hydrated sample. A peak in this region is characteristic 

of a 6-coordinated A1 species in the framework and has been reported in the case of 

rebated-materials-such as A1PO4-5, A1PO4-17, VPI-5, A1PO4-11 as well as SAPO-34. 

It is attributed to interaction of water molecules with the A104 tetrahedron[21] and is 

recognized as evidence for the presence of chemisorbed water in the hydrated sample. 

Nearly 20% of the total framework aluminum could be assigned an octahedral coordination 

in the hydrated form. Significantly, the fraction corresponds to the fraction of A13 sites 

which are favoured sites for the location of water molecules on the basis of MNDO energy 

calculations. Thus the quantum chemical calculations are shown useful to bring out the 

local structural changes occurring in molecular sieve frameworks due to adsorption of 
water molecules. 
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3.3. V P I - 5  f r a m e w o r k -  water  in terac t ions  

VPI-5 is an aluminophosphate framework with very large one-dimensional pores defi- 

ned by 18-member ring[22]. The crystal structure report[7] of synthesized VPI-5 revealed 

the possible role of water molecules as templates. The use of VPI-5 as a molecular sieve 

and as a catalyst primarily depend on the removal of the occluded water molecules wi- 

thout the destruction of the framework structure. Prasad et a1.[23] reported from their 

TGA experiment that the seven distinct types of water molecules could be desorbed from 

VPI-5 in a step-wise fashion, in the temperature range of 35 to 60~ The cluster model 

calculations[24] have revealed the actual electronic interaction of water molecules with 

VPI-5 framework. CG technique also indicated that the void volume in VPI-5 could be 

controlled by the partial removal of water molecules. 

The cluster models to represent the framework were generated by the same procedure 

as for the A1PO4-11 [20] and the interaction energy of water with several sites were studied. 

VPI-5 also has three crystallographically distinct A1 as well as P sites. The total energy 

calculated for the three crystallographically distinct A1 and P sites modeled by the H4TO4 

clusters (where T = A1 or P) are given in Table 3. The geometry of different. T sites, the 

O sites which are attached to each of the T sites, and the net electron density on T sites 

are included. The results of the calculation on the water molecule is also given in Table 

3. The charges on T sites given in Table 3 show that the variations are too small to 

distinguish the crystallographically distinct T sites. The interaction of the water molecule 

with different T sites is dependent on the O-T-O  angle (shown in Table 3), and the net 

electron density values are an indication of the strength of this interaction. 

The interaction of water with each of these A1 site was studied. The average interaction 

energy of water is more favourable for the All site rather than the A12 and A13 sites, 

although all the values are positive. The observed positive values for adsorption energy 

may partly be due to an artifact of the small cluster size considered ~ to represent the 

tetrahedral sites and the representative T-water  distance of 1.SA uniformly used here. 

However, we are comparing the same parameter calculated for different sites on a relative 

basis. The incoming water can approach the All site through three planes, namely, 413, 

412, and 312. Out of these three modes, the approach of water along the 413 plane, where 

the O-A1-O angle is a maximum of 169 ~ is the most favourable mode of adsorption. 

The hydrogen atom of the water molecule lies parallel to the O3-Al l -O4 bonds. The 

experimental position of the water molecules shows that there are simultaneously two 

water molecules present leading to octahedral coordination at All as shown in Fig. 4. As 

far as the A12 and A13 sites are concerned, the average O-A1-O angles are larger than in 

the All site and there is no significant variation in the O-T-O  angles of different planes in 

these sites as in the case of the All site. Thus, the results of our calculation confirm that 

the water molecule is located near the All site and it approaches the All site specifically 

through the 413 plane. 

Similar calculations were also carried out to study the interaction between the wa- 

ter molecules and the three crystallographically distinct P sites. The average interaction 

energy of water is more favourable for the P2 site than the P1 and P3 sites. Unlike in 

the All site, none of the O-P-O angles are large enough to lead to octahedral coordi- 

nation. The results of these quantum chemical calculations are in correspondence with 

the T .... H20 distances obtained from XRD studies. Further 31p MAS NMR studies led 

to contradicting assignments by different research groups[25,26]. The interaction energy 
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= A1 VPI-5 

) on 

1 0 1 ,  0 2 ,  0 3 ,  0 4  1.83 105.80 150.51 0.96 

A12 0 5 ,  0 7 ,  0 8 ,  0 9  1.73 109.44 151.82 1 .oo 
A13 0 6 ,  010, 011, 012 1.76 109.41 143.84 ~ 1382.63 0.93 

0 1 ,  0 2 ,  0 5 ,  0 6  1.52 109.42 154.62 1.58 

0 4 ,  0 9 ,  011, 012 1.52 109.46 145.53 - 1475.55 1.51 

0 3 ,  0 7 ,  0 8 ,  010 1.51 109.46 146.09 1.55 

= 0.96 = 104.5 

on 



C 

values support the assignments made by Grobet et a1.[25]. The formation of octahedrally 
coordinated aluminum by the interaction of two water molecules with the All site has 
been proved beyond doubt by 27A1 MAS NMR studies. From the average net charges 

calculated for the T sites, it is possible to qualitatively correlate the MAS NMR chemical 
shift to the polarizability. The net charges on oxygen atoms of the framework, which lie 
close to the water molecules, have less charge and hence cause more polarization around 
TO4. Thus the cluster calculations are able to clarify the doubts arising, while interpre- 

ting the MAS NMR spectroscopic results. They also lead to new structural insights of the 
synthetic sorbents with novel structure. 
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Figure 4. Energetically favourable mode of adsorption of a water molecule over the All site 
leading to octahedral coordination as reported in Ref. [7]. 

3 .4 .  V P I - 5  f r a m e w o r k -  porphyr in  in terac t ions  

Here, a typical case study where the density function theory quantum chemical 
(DFT-QC) technique has revealed the important structural aspects involved in catalytic 
functioning of microporous sorbents is reported[27]. The possibility of anchoring orga- 
nometallics, namely porphyrins and metalloporphyrins with 'enzyme- like' active sites, 
were studied. The analysis of the 3-d contours of electron density and molecular electro- 
static potential maps corresponding to various porphyrin systems and the cluster models 
representing VPI-5 framework brought out the probable locations for porphyrins inside 

VPI-5, as well as the molecular recognition existing between the guest sorbate molecule 
and host sorbent lattice. This study probes the possible design of a biomimicking catalyst 
containing porphyrin encapsulated in the large pore of VPI-5 molecular sieve. DFT-QC 

calculations[28] were performed using the DMOL package of Biosym Technologies, Inc., 
USA. The calculations were carried out using a numerical basis set[29] and JMW type 
local correlation functional were used for exchange correlation energy terms in the total 
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energy expression. The modeling approach and the procedure for cluster generation are 

essentially the same as described in our earlier study[20]. 

The CG picture of the structure of the water network in VPI-5 molecular sieve as 

reported by the high resolution synchrotron powder diffraction study[7] is shown in Fig. 5. 

As mentioned earlier, quantum chemical cluster model calculations by MNDO method 

have also shown that the energetically favourable sites for the adsorption of water is in 

correspondence with the experimental reports. 

O- AI of VPI-5 water Ill 
@- P of  VPI-5 @- water IV 
O- 0 of  VPI-5 0 -  water V 
�9 ~?~- water I @ -  water VI 
0 -  water II 4 ) -  water VII 

Figure 5. The seven kinds of water molecules in the hydrated VPI-5 molecular sieve. Only the 
oxygen atoms of the water molecules are shown. The concentric circles represent the void space 
generated in the 18-member pore due to the step-wise thermal desorption of water. 

Of all the catalysts known, biological catalysts, namely enzymes are the most efficient 

ones. The aim of the study reported below is to mimic these catalysts by designing a 

structurally and electronically similar catalysts. With this aim, the electronic structure 

calculations were carried out to study the encapsulation of enzyme-like active sites into 

porous inorganic mantles. Porphyrins have a significant, role in the biological actions such 

as photosynthesis, oxygen carrier and decomposition of water. Although, porphyrin ba- 

sed catalysts undergo oxidative dimerization as well as degradation, their encapsulation 

inside microporous materials extend their catalytic life[30] and enhance their catalytic ac- 

tivity[31] and selectivity[32]. Earlier, metalloporphyrins were synthesized inside the sub- 

nano space of zeolite cages and they were reported[33] to catalyze many novel reactions. 

The phthallocyanine type complexes are known to get encapsulated inside VPI-5, leading 

to a catalyst with superior stability[31]. However, there are no studies on the incorpo- 

ration of porphyrins inside VPI-5. We report here the possible structure and design of 
such a catalyst system based on the 3-d contour of electron density [ED] and molecular 

electrostatic potential [MEP] maps derived from DFT QC calculations. 
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The electronic structure calculations by DFT method were performed for the porphy- 

rin as well as for the metalloporphyrin, where the two protons of porphyrin are replaced 

by bivalent metals such as Mg, Fe, Ni and Zn. Fig. 6 shows the 3-d contour electron 

density (ED) map calculated for the 5,10,15,20-tetramethyl porphyrin. The ED maps for 

the unsubstituted porphyrins had the same overall features with less directional, but a 

smoothened contour of the ED maps at the substitution sites. The substitution of the 

imine protons by various other metals practically showed no visible changes in the ED on 

the periphery of the porphyrin complex. The most distinct feature of the ED contour is 

the 12 regions, where the electron density is high and these regions are adjacent to the me- 

thyl groups or hydrogen atoms on the periphery, which are essentially electron-deficient 

sites. Thus the 'electron-rich' and 'electron-deficient' regions are regularly alternating 

and there are 24 such regions, as schematically pointed out in Fig. 6 as - and + sym- 

bols, respectively. The ED contour also shows the delocalization of the electrons over the 

porphyrin ring. 

§ t ,  

Figure 6. The 3-d contour electron density map of 5,10,15,20-tetramethyl porphyrin. 

The molecular electrostatic potential [MEP] generated by the porphyrin complex was 

also calculated. The MEP maps indicate the positive and negative potentials occurring 

in space around the molecule. A cubic space consisting the molecule and 3A from its 

outermost atoms in all directions is considered. The cubic space is divided into 25 equal 

spaced regions in all the three directions. The molecular electrostatic potential [MEP], 

V(R) between the molecular electronic and nuclear charge distribution as well as an 

external proton at all the points formed by a grid of 25 x 25 x 25 points are calculated 

by the method proposed by Tomasi[34] according to the equation: 

N 

(8) 
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where R,~ ' ,  and R~ are the coordinates of the external proton, electron and nucleus, 

respectively. Z~ is the nuclear charge and p(r-) is the molecular electronic charge den- 

sity. The isopotential points are connected to form a contour and the positive poten- 

tial contours (electrophilic sites) and negative potential contours (nucleophilic sites) are 

shown as dark and light shades, respectively. Fig. 7 shows the MEP map around the 

5,10,15,20-tetramethyl porphyrin molecule. The MEP maps are in correspondence with 

the ED maps shown in Fig. 6. There are alternating electrophilic and nucleophilic regions 

Figure 7. The 3-d contour molecular electrostatic potential of 5,10,15,20-tetramethyl porphyrin; 
the positive and the negative potential contours are shown as dark and light shades, respectively. 

Figure 8. Typical dimer cluster models of All-P2 sites (a) and P1-A12 sites (b) used to 
represent the sites in VPI-5 and the 3-d contour of electron density map around them. 
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Figure 9. The relative sizes of the CPK models of porphyrin (a), 5,10,15,20-tetramethyl porphy- 
rin (b) and 5,10,15,20-tetraphenyl porphyrin (c) molecules with respect to the diameter of the 
18-member pore of VPI-5. 

and the total projections on the periphery amounted to 24 such regions. For fundamental 

electronic properties such as binding energy and net charges on various atoms, the detailed 
report[27] may be referred. 

A localized cluster model approach was adopted to study the electron density distribu- 

tion in the pores of VPI-5. The calculations were carried out on cluster models containing 

two TO4 groups, where T = P and A1. Typical cluster models centered at All-P2 and 

PI-A12 sites are shown in Fig. 8. Nine such cluster models were generated to represent the 

18-member pore of VPI-5. Fig. 8 also includes the 3-d contour of the electron density map 

around the cluster models. It was observed that there were electron-rich spaces around 

each TO4 group and they were connected continuously. However, nearer to the oxygen 

which bridges the two TO4 groups, there was a small electron-deficient region. Hence, the 

simulated electron density map of the 18-member pore in VPI-5 will have 18 electron-rich 

regions and 18 electron-deficient regions, regularly alternating. The MEP maps calcula- 

ted for the framework cluster models showed alternating electrophilic regions around each 

[PO4] + group and nucleophilic regions around each [A104]- group, which was expected 

based on electrostatic principles. Comparing the ED and MEP maps of porphyrin with 

those of cluster models of VPI-5, it appears that the electron- rich and electron-deficient 

regions are regularly alternating in both porphyrins and VPI-5. However, the number of 

such polarized regions are greater in number for the porphyrin molecule compared to the 

pore of VPI-5. In Fig. 9, the molecular fitting of porphyrin and substituted porphyrins 

inside the pores of VPI-5 are shown as CG pictures. It is observed that the phenyl substi- 

tuted porphyrins are too large to get encapsulated in VPI-5, while the methyl substituted 

porphyrin and unsubstituted porphyrin are tightly fitting in. When the distance between 

the electrophilic and nucleophilic centers in both porphyrins and VPI-5 are compared and 

an empirical fitting of the molecule inside pores were tried by CG technique, it was obse- 
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rved that the orientation of the molecule inclined at 45 degrees as shown in Fig. 10, rather 

than an orientation perpendicular to the 18- member pore(Fig. 9) leads to a perfect fit. 

Figure 10. The molucelar fitting of CPK model of the porphyrin molecule (a) inside the pores of 
VPI-5. The molecular plane of porphyrin is inclined at 45 degress along the axis which passes 

through the pore of VPI-5. 

In this inclined configuration (Fig. 10), the top portion of the molecule is in contact with 

the upper layer of VPI-5 channel, while the bottom portion of the molecule is in contact 

with the lower layer of VPI-5 channel. Thus by judicial use of the knowledge derived from 

cluster calculations, it is possible to solve the structures of even large complex molecules 

inside the microporous solvents. 

4. S T U D I E S  O N  C A R B O N  N A N O T U B E S  

Carbon nanotubes are a new generation of sorbent materials with great potential for 

selective adsorption and shape selective separation. We report the studies on the MD 

simulation of structure of the carbon nanotube and the dynamic behaviour of aromatic 

molecules such as benzene, alkylated benzenes as well as alkylated naphthalenes[35]. The 

interest is to design effective molecular sieves for the bulk separation of hydrocarbon 

molecules of industrial importance. 

4.1. T h e  s t r u c t u r e  of c a r b o n  n a n o t u b e s  
The model of the carbon nanotube is generated by rolling a sheet of graphitic layer of 

dimensions 25~-10~. This led to a open ended tube containing nearly 12 hexagonal rings 

lengthwise and 6 hexagonal rings on the circumference. The inner diameter of the tube 

after accounting for the van der Waals radii of carbons was 7.3~ and the computer graphics 

(CG) picture of the model in longitudinal and cross-sectional views are shown in Fig. l la .  

The unsaturated valency of the carbon atoms on the circumference are saturated by adding 

hydrogen atoms. The hydrogen atoms have charges of +0.1 and the carbon atoms to which 

they are attached have charges of-0.1.  Thus the carbon nanotube is a overall chargeless 
neutral structure. The aromatics such as benzene, the three isomers of xylene and two 

typical isomers of methyl naphthalene as well as dimethyl naphthalene were considered 
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in their equilibrium configurations. Their dimensions were obtained from the CPK model 

CG pictures. Initially, the MD simulations were performed for the carbon nanotube in the 

absence of any molecules. Both the longitudinal and cross-sectional configurations of the 

carbon nanotube after 2000 time steps of simulation are shown in Fig. l lb. Rarely any 

structural differences are noticed during this simulation and hence the chemical validity 

of the model is established. Our results indicate that such nanotubes are stable structures 

at 300K and their properties could be studied by simulation techniques. 

Figure 11. CG picture of the longitudinal and cross-sectional views of the carbon nanotube 
model considered for simulation (a) at 0 steps and (b) after 2000 steps of MD simulation at 
300K. 

4.2. Carbon  nanotube:  aromat ics  in teract ion  

Studies to simulate the dynamic behaviour of benzene were carried out as the first 

step in the analysis of diffusion of various aromatics inside the carbon nanotube. The 

benzene molecule is ingested into the tube and it makes a smooth sailing towards the 

other end of the tube. The analysis of the potential energy of the system showed that 

the system has a favourable energy when the molecule is inside the tube and it has to 

cross the activation energy barrier to enter and exit the tubes. The dynamics of xylene 

molecules were studied, where the separation of isomers are industrially important and 

currently their isomerization- cure-separation are commercially carried out over zeolite 

molecular sieves[36]. It was observed that all these molecules could enter the tube and 

remain inside. Their overall dynamic behaviour is similar to the benzene molecule. The 

ingestion of all the isomers inside the tube in spite of the differences of their dimensions 

was surprising. We analyzed the results of the calculation in more detail to understand the 

rather interesting phenomenon. The variation in the pore width, measured as the largest 

diameter of the tube near the ingesting molecule, during the ingestion of the molecules 

are studied. This measurement indicates that there is widening of the pore due to the 

presence of the molecule. The tube itself is very flexible; the diameter increases to the 
extent of ~ 1.5A. 

The next step of the investigation deals with the study of the behaviour of still larger 

molecules, namely mono and dimethyl naphthalenes. It was observed that the smaller 

naphthalenes could diffuse into the tube, while the larger naphthalenes is unable to enter 

the mouth of the tube. 2,6-dimethyl naphthalene (DMN) is a valuable intermediate for 

the preparation of monomer to produce thermotropic liquid crystalline polymers, altho- 



22 

2,6-Dime/thylnaphthalene 

. i ~ 

0 STEP 500 STEP 1300 STEP 

Figure 12. The dynamic behaviour of 2,6-dimethylnaphthalene at various time intervals during 

the simulation of the ingestion process into a carbon nanotube at 300K. 

2 ,7 -Dimethy lnaph tha lene  

i 

0 STEP 500 STEP 1300 STEP 

Figure 13. The dynamic behaviour of 2,7-dimethylnaphthalene at various time intervals during 

the simulation of the ingestion process into a carbon nanotube at 300K. 
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ugh nine other isomers of this compound with closely related dimensions are of no use 

to produce such engineering plastics. Liquid phase alkylation of naphthalene and mo- 

nomethyl naphthalene lead to the selective formation of 2,6- and 2,7-DMN isomers[37]. 

The results of our simulations on the dynamic behaviour of these two isomers inside the 

carbon nanotube indicate that carbon nanotube could serve as useful molecular sieve for 

this separation. The results of the simulation studies of 2,6-DMN during the various time 

steps at 300K are shown in Fig. 12. It can be seen that the ingestion of the molecule takes 

place as in the case of benzene or xylenes. However, the same is not true in the case of 

2,7-DMN as can be seen in Fig. 13, where the results of simulation during the various 

time steps at 300K are shown. The molecule clearly faces a greater activation energy and 

it is unable to enter the mouth of the tube. 

The carbon nanotubes can be useful in the separation of molecules not only with 

different sizes (monomethyl naphthalenes) but also those with different shapes (dimethyl 

naphthalenes) as demonstrated with a tube of inner diameter of 7.3/1,. The above results 

have clearly indicated that the application of carbon nanotubes for gas separation is in 

very early stage of a technology with far-reaching consequences. The important point 

brought out is the fact that computational techniques such as MD and CG methods are 

efficient for screening and designing of carbon nanotubes for selective adsorption and 

separation of molecules. 

5. S T U D I E S  ON S U P E R C R I T I C A L  FLUID E X T R A C T I O N  

The supercritical fluid extraction, for example - the use of supercritical CO2 as the 

extracting solvent in place of organic solvents is becoming popular. The supercritical CO2 

has the following advantages: non-toxic, environmentally friendly, cheap, non-flammable 

and applicable on large scales[38]. The intrinsic mechanisms involved in the increased so- 

lubility of solute at supercritical conditions[39] as well as the enhancement effect imposed 

by the catalytic amounts of water[40] known as entrainer effect are studied. 

5.1. Supercritical  fluid extract ion from adsorbed phase 

The dynamics of adsorbed species over MgO(001) surface was studied by MD method. 

The migration of the adsorbed species was found to depend on the morphology of MgO 

and the thermal vibration of surface atoms in MgO lattice. Further, the situation where 

the supercritical fluid and adsorbed species exist together was simulated. The collision 

of supercritical fluid with the adsorbed species was identified as the primary cause of 

extraction. Additionally, the supercritical fluid form clusters around the desorbed species 

avoiding the readsorption. Thus, clustering is the secondary cause for the increased effi- 

ciency of supercritical extraction even above the critical conditions. The details of these 

simulation studies are given in the following section. 

MgO solid was used as adsorbent to simulate solid surface and micropore systems, 

because of its chemical inertness and stability. Solid surface system was constructed with 

the dimensions of a - 33.04A, b =16.62~ and c - 42.11A, including 192 fluid molecules, 

256 Mg atoms and 256 O atoms in a unit cell. Solid surface and micropore (diameter 

= ~4A) systems were constructed with the dimensions of a - 37.90A, b - 24.64A and 

c - 72.10A, including 350 fluid molecules, 768 Mg atoms and 768 O atoms in a unit 
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cell. Although these methods are applicable to investigate various supercritical fluids and 

adsorbed molecules, the fluid and adsorbed species are treated as rare-gas type model 

molecules to derive the basic information on the supercritical fluid extraction of adsorbed 

phase. The critical points of this fluid, namely Tr and Pc, are equal to 338 K and 132 atm, 

respectively. The two-body interactions of fluid-fluid, fluid-MgO, fluid-adsorbed species, 

and adsorbed species-MgO are represented by suitable Morse type potentials[39]. In the 

following sections we use the reduced units to represent temperature(T) and pressure (P) 

of the conditions. These are defined as: Tr = T/To and Pr = P/Pc. 

The dynamics of the adsorbed species were studied as a function of temperature. At 

300K, the adsorbed species were almost static over Mg 2+ ions on MgO surface, while at 

l l00K the migration of the adsorbed species from one Mg 2+ to other Mg 2+ ions were 

observed. At higher temperatures, such as 2200K, the desorption of adsorbed species was 

observed. The structure and dynamics of the supercritical fluid on MgO(001) were also 

investigated. The dynamics of the supercritical fluid was studied by MD simulation under 

the supercritical condition at 340K and 135 arm (Tr = 1.01, P~ = 1.02). Supercritical 

fluid molecules also undergo adsorption on MgO(001) surface, and a monolayer of super- 

critical fluid was formed on the surface. The adsorbed supercritical fluid molecules on 

MgO(001) surface at 0 time step were exchanged with others after 40000 time steps. This 

result suggests that the supercritical fluid molecules underwent reversible adsorption and 

desorption on solid surfaces under the thermal equilibrium conditions. 

The supercritical extraction process of a model adsorbed species as described earlier 

from the MgO(001) surface was investigated on the basis of above MD calculations. Fig. 14 

shows the dynamic behaviour of the fluid and adsorbed species on MgO(001) surface at 

300K and 88.9atm which is not supercritical condition (Tr = 0.89, P~ = 0.67). Although 

the adsorbed species thermally vibrated on MgO(001) surface and slightly migrated on 

the surface, it was not extracted from the surface. 

o r- 

1,000 STEP 15,000 STEP 25,000 STEP 

Figure 14. The dynamic behaviour of adsorbed species on MgO(001) surface with fluid at 300K 
and 88.9atm, which is n o t  a supercritical condition. 
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The dynamic behaviour of the supercritical fluid and adsorbed species on MgO(001) 

surface under the supercritical condition at 400K and 198 atm (Tr = 1.18, Pr = 1.50) is 

shown in Fig. 15. After the supercritical fluid molecules condensed around the adsorbed 

species, the adsorbed species was extracted from MgO(001) surface by supercritical fluid 

after nearly 3000 time steps. In the system containing both supercritical fluid and adsorbed 

species, the extraction of adsorbed species occurred at low temperatures compared to the 

situation in the absence of fluid system. 

1,000 STEP 3,000 STEP 12,000 STEP 

Figure 15. The extraction process of adsorbed species from MgO(001) surface under the super- 
critical condition at 400K and 198arm. 

The detailed understanding of the role of supercritical fluid in the extraction process 

was studied by considering one adsorbed species and one fluid molecule on MgO(001). 

The desorption of adsorbed species never occurred unless the fluid molecule underwent 

direct collision with the adsorbed species. Further, the structure and dynamics of super- 

critical fluid inside a micropore generated on Mg(001) surface was studied. The dynamic 

behaviour of the supercritical fluid was studied for 40000 time steps under the supercri- 

tical condition at 340 K and 135 atm (Tr = 1.01, Pr = 1.02). The density of supercritical 

fluid in the micropore was higher than that in the fluid phase, which indicates that the 

supercritical fluid molecules are condensed in the micropore of MgO. The behaviour of 

adsorbed species inside the micropore in the presence of supercritical fluid was also stu- 

died. Fig. 16 shows the dynamic behaviour of a model adsorbed species in the micropore 

of MgO in the presence of the fluid at 300 K and 84.5 atm which is below supercritical 

condition (Tr = 0.89, Pr = 0.64). The adsorbed species moved to MgO(001) surface from 

the micropore along the surface after 3000 time steps, however it was not extracted from 

the surface during 40000 time steps. The dynamic behaviour of adsorbed species in the 

micropore under the supercritical condition at 340 K and 135 atm (Tr = 1.01, Pr = 1.02) 

is shown in Fig. 17. After 3000 time steps, the adsorbed species was extracted from the 

micropore directly to the fluid phase. Thus, it was indicated that the presence of su- 

percritical fluid is crucial for the ready extraction from the micropore of solids. Another 
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interesting feature observed in the CG pictures of the snapshots during MD simulation is 

that  the adsorbed species after extraction is wrapped by fluid molecules in the form of a 

cluster (Fig. 17). Thus the simulation studies in addition to explaining the behaviour of 

the supercritical fluids, they throw some light on the actual mechanism of the process. 

0 STEP 3,000 STEP 40,000 STEP 

Figure 16. The dynamic behaviour of adsorbed species and the fluid molecules over solid surface 

and micropores of MgO at 300K and 84.5atm, which is no t  a supercritical condition. 

0 STEP 3,000 STEP 40,000 STEP 

Figure 17. The dynamic behaviour of adsorbed species and the fluid molecules over solid surface 
and micropores of MgO under the supercritical condition at 340K and 135atm. Under these con- 
ditions, the dynamic behaviour led to the extraction of the adsorbed species from the micropore 
of MgO. 
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5.2. Role of entrainers in the supercrit ical  extract ion 
Although CO2 is the most commonly used supercritical fluid for extraction, the solubi- 

lity of certain solutes in C02 is usually low and causes an inconvenience. The remedy for 

this problem is to add some entrainers such as water to facilitate the extraction. In this 

background, the MD simulations were carried out to study the supercritical extraction of 

nicotine by C02 in the presence and absence of water as entrainer[40]. In the tobacco leaf, 

nicotine molecule is bonded to other organic molecules and forms organic acid salts. The 

malic salts of nicotine was chosen as the model with nicotine bonded to two malic mole- 

cules by hydrogen bonds[41]. It is assumed that when malic salts of nicotine are extracted 

from tobacco leaf, supercritical C02 or entrainer molecule attacks the hydrogen bonds 

and decomposes the salt into three molecules. 

The role of water as entrainer in the extraction of nicotine by supercritical CO: fluid 

was studied by MD simulation. The following three systems were studied in detail: 

a) nicotine molecule and CO: fluid 

b) rnalic salts of nicotine and CO: fluid 

c) malic salts of nicotine, CO: fluid and water molecules. 

.)',M 

_>3. 

Figure 18. The dynamic behaviour of (a) malic salts of nicotine and CO2 fluid, as well as (b) 
malic salts of nicotine, CO?. fluid and water molecules. 
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The dynamic behaviour of the system b (nicotine salt and CO2 supercritical fluid) 

and the system c (system b plus entrainer molecules) is shown in Figs. 18a and 18b, 
respectively. It can be seen from these CG pictures that the malic salts of nicotine keeps 

its configuration even on interaction with the supercritical CO2 and the two hydrogen 
bonds remain stable during the simulation (Fig. 18a). On the contrary, the separation of 

nicotine from its malic counterparts develops in the presence of entrainer molecules and 

hydrogen bonds become finally broken (Fig. 18b). 
The selective breaking of hydrogen bond in the presence of entrainer molecules is also 

clearly brought out by monitoring the hydrogen bond distance during the MD simulation. 

Similar monitoring of the distance between the water molecule and the nitrogen of nicotine 

indicated that water molecules form a hydrogen bond with nicotine by replacing the malic 
residue. Further, the formation of a cluster of fluid around the malic salts of nicotine was 

also observed. This is similar to the behaviour of supercritical CO2 around the adsorbed 
species in the example shown in the previous section. The formation of a cage surrounding 
the adsorbate or solute, and the dynamic nature of this cage seems to be a common 
phenomenon. The formation of such an dynamic cage prevents the smooth mobility of 

the solute or adsorbate, thus increasing the solubility or extraction, respectively. 

6. S U M M A R Y  

The contents of the above reports could be summarized to conclude that the computa- 

tional studies are having a substantial impact on our understanding of synthetic sorbents 
at present and will have enormous predicting power in the not too distant future. The 

tactics needed to attack the problems lie in judicial use of different combination of com- 
putational techniques. In this chapter, it has only been possible to highlight the studies 

on a few specific synthetic sorbents. The reader can find a comprehensive survey of the 

application of computational methods for zeolite studies in the book edited by Catlow[42]. 
All those methodologies are essentially applicable to any other synthetic sorbents and es- 
sentially reminds us that a great deal remains to be done. Future explorations should deal 

with the elimination of some of the approximations that are often being made, such as 
semi-empirical QC methods. Particularly with the advent of limitless computing power, 

more accurate QC and MD calculations will become feasible in the foreseeable future. 
Thus the computational methods are poised to make a strong impact in the design of 

sorbents for selective adsorption and separation technology. 
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Chapter 1.2 
Controlled porosity glasses (CPGs) as adsorbents, molecular sieves, 
ion-exchangers and support materials 

A.L. Dawidowicz 

Department of Chemical Physics and Physicochemical Separation Methods, 
Faculty of Chemistry, University of Maria Curie-Sktodowska, 20-031 Lublin, Poland. 

Among siliceous materials which play the role of adsorbents, support materials and 

molecular sieves in chromatographic processes controlled porosity glasses (CPGs) deserve 
special attention. The popularity of these materials results from their widespread util- 
ization for biomolecule separation (by means of affinity chromatography) and, earlier, 
for macromolecule separation (by means of size exclusion chromatography). However, a 
range of properties such as hardness, chemical and thermal resistance, very good per- 
meability and surface chemistry indicate possibilities of their wider application. Altho- 
ugh the structure of CPGs is composed of almost pure silica (94-99 % SiO2; 1-6 % B203; 
0.05-0.3 % Na20), they are obtained from glass, and this is why the name "porous glasses" 
was historically accepted. The possibility to produce porous glasses with a pr ior i  desired 
properties (mean pore diameter, pore volume, specific surface area), the high reprodu- 
cibility of these materials with similar properties in subsiquant preparation procedures, 
and especially a narrow pore size distribution additionally justify the name of controlled 
porosity glasses commonly given to porous glasses. 
Fundamental properties and examples of CPGs applications are the subject of numerous 
papers [1-5]. Therefore, apart from a general description of CPGs, an effort is made in 
this chapter to present other, rarely discussed features which differentiate these materials 
from the most popular chromatographic sorbents-silica gels. 

1. G L A S S  A S  A S O U R C E  OF P O R O U S  S I L I C A  

The history of porous glasses preparation goes back to the year 1926 when Turner and 
Winks [6] published a paper on leaching boric oxide containing glasses with hydrochloric 
acid. The researchers reported that glasses in the Na20-B203-SiO2 system became very 
soluble in HC1 solution when B203 content exceeded 20 %. The leachability of the glasses 
was selective since the acid left behind a porous skeleton composed of almost pure silica. 
The finding of Turner and Winks was the starting point for Nordberg and Hood [71 to 
develop a process (the so called Vycor process) for making porous objects from which, 
after sintering, high silica glass objects could be produced. In their patents [7-9] Nordberg 
and Hood described how -after heat treatment- glass composition in a certain region of 
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R20 B20 3 

Figure 1. Vycor glass zone in the R20-B203-SiO2 system. 

the ternary system R20-B203-S iO2,  where R~O means Na~O or K20 or Li20 (Fig. 1), 
separates into two interconnected (continuous and mutually penetrated) phases. One of 
these phases is very rich in silica and is insoluble in acids, while the second is soluble in 
acids and may be leached out of and away from the insoluble phase leaving the latter in a 
rigid cellular structure which maintains the orginal shape of the initial glass. In the Vycor 
process high silica glass objects are produced by sintering porous objects, yet the porous 
structure of the intermediate product (i.e. of porous object) was not point of interest for 
the autors of Vycor process. Only further experiments with alkali-boro-silicate glasses, 
especially the works of Dobychin 10,11], Poray-Koshits [12], Molchanova [13] and Zhda- 
nov [14] (who summarized the results of their work [15]), showed the influence of thermal 
treatment and composition of this kind of glasses on the dimension of alkaliborate hetero- 
geneities and, consequently, on the diameter of the pores formed in the siliceous residue. 
These finding were the basis for the investigations by Haller [16,17], who worked out a 
preparation procedure of porous glasses differing in mean pore diameter which can be 
applied as sorbents in chromatography. 
The making of controlled porosity glasses involves a three-step procedure: 
A) Preparation of raw material. Melting a suitable glass composition [2,3,7-9,16,17], for 
instance from the area patented by Nordberg and Hood (see Fig. 1). To obtain best re- 
sults, melting should be done in platinum containers under stirring and observance of all 
practices to obtain a highly homogeneous glass. After the melting process the glass is 
quench-cooled to minimize any phase separation. 
B) Thermal treatment of glass obtained in stage A. The glass (in pieces or as crushed 
and sieved powder) is reheated for several hours to several days [16,17] to achieve phase 
separation and to increase the microheterogeneities which are the alkali-borate phase. The 
thermal history determines the later size of the CPG pores. The separation process for 
alkali-borate glasses occurs in the temperature range from about 500 to 700~ 
C) Leaching process of thermally treated 91ass. In this stage the glass, when heated in the 
form of pieces, is crushed and sieved to the desired particle-size fraction and leached at 
first with hot acid (e.g. 3 N HC1 or H2SO4 at 60 to 100~ for 6-10 hrs) and then (after 
washing with water) with alkali solution (e.g. 0.5 N NaOH at 20~ for 2 to 6 hrs) [16,17]. 
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The acid leaching removes alkali-borate heterogeneities and produces the porous material 
which can contain colloidal silica or secondary silica network in its pores [12,16]. These 
silicas are removed from the pores by alkali solution. The timing of this stage is rather 
critical, otherwise the prepared CPG is destroyed or the unremoved fine silica decreases 
the pore volume of the final product, thus interfering with its later use. 
The properties of CPGs obtained from the same glass composition and under the same 
conditions of thermal treatment and leaching process are very similar, which proves the 

reproducibility of the preparation procedure. However, it should be stressed that each 
step has to be well mastered as small differences in the process can lead to materials 
of undesirable properties. For example, small deviations in the composition of the initial 
glass, particularly its impurities, cause changes in the phase-separation kinetics. Similarly, 
small differences in the thermal treatment (temperature, time), which is responsible for 
the degree of the demixture process and the dimension of alkali-borate heterogeneities, 
bring about the formation of CPGs of various physicochemical parameters. The details of 

CPG preparation can be found in [2,3,7-9,15-17]. 
The materials prepared by Electro-Nucleonics, Inc., (USA) under the name CPG-10 

[4,18] are the most popular commercial controlled porosity glasses used for chromatogra- 
phy and/or for enzyme immobilization. These packings in the form of free-flowing powders 
consisting of non-spherical rigid porous particles are available in three standard particle 
sizes dp:125-177, 74-125, and 37-74 #m. They differ in the mean pore diameter D (from 
7.0 to 400.0 nm), specific surface area SBET (from 4 to 370 m2/g), and pore volume Vp 
(between 0.6 and 1.1 cma/g). In fact a wider assortment of CPGs for chromatography 

can be obtained. There are no problems, for example, to produce CPGs of smaller particle 
sizes (ca. 5, 10 #m) [19] or CPGs whose particles have a spherical shape [20-22]. Similarly 
CPGs of higher porosity (exceeding 1.5 cm3/g) can also be prepared [23], but due to the 
lower mechanical stability their usefulness (especially for HPLC) is limited. 

2. S T R U C T U R E  O F  C P G s  

The phenomenon of phase separation in alkali-boro-silicate glasses (which is the prin- 
cipal process in CPG production) is responsible for the structure of the siliceous network 
obtained after leaching of thermally treated raw material. Contrary to silica gel (the most 
popular siliceous sorbent used in chromatography), the structure of CPG resembles a 

sponge [5] composed of almost pure SiO2, whereas the porous structure of most silica gels 
is built of (SiO2)nX (H20)m globules [241. The electronomicrographs of both materials are 
shown in Fig. 2. 

Although the porous lattice of CPG and silica gel is made of the same component 
(SiO2), silica gel demonstrate lower resistance to temperature. 
As seen in Fig. 3 illustrating the effect of heat treatment of CPG and silica gel, the 

structure of CPG does not change till 650~ 
Further temperature increase brings about the decrease of the mean pore diameter and 

porosity. In silica gel, significant changes in its structure are observed above 550~ In 
consequence, porous glass contaminated with organic material can be cleaned by heating 
it up to 650~ or by oxidation in hot concentrated nitric acid without any change in pore 
size distribution. Such cleaning procedure is almost impossible for silica gel. 
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Figure 2. Microscope photos of silica gel (mean D-58.0nm) (A) and of porous glass (mean 
D-60.0nm) (B). Multiplication 42000 x. 
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Figure 3. Pore size distribution functions (mercury porosimetry data) for" A) initial CPG 
(D-30.5 nm) (solid line) and the same material heated for: 20 hrs at 650~ (dashed line); 20 
hrs at 720~ (dotted line); 20 hrs at 805~ (dash-dotted line), B) initial silica gel ( D -  32.8nm) 
(solid line) and the same material heated for 20 hrs at 580~ 

The sponge-like structure of CPG probably also explains why its resistance to pH is a 
little higher than that of silica gel. The solublity of SiO2 increases with pH, but in the 
case of CPG this process rarely interferes with normal laboratory operation unless pH 

exceeds 9.0 or even 9.5. For silica gel pH above 8.0 is significant-see Fig. 4. 
The characteristic feature of controlled porosity glasses is a very narrow pore size 

distribution [2,3,5,16], well seen when compared with silica gel or other porous materials 
produced by polymerization or by crosslinking of monomers -cf. Fig. 5. 
The breadth of the pore diameters distribution in CPGs is usually less than 10%. 
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Figure 4. Pore size distribution functions (mercury porosimetry data) for: A) initial CPG 

(D-29.6 nm) (solid line) and the same material after leaching by carbonate buffer, pH 9.0, 

over 5 hrs (dashed line), B) the same for silica gel ( D -  32.8 nm). 
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Figure 5. Pore size distribution functions (mercury porosimetry data) for CPG (D=60.0nm) 

(solid line) and silica gel ( D -  58.0nm) (dashed line). 

The customary definition of this distribution is that 80% of pore volume consists of 
pores whose size fall within 10 % of the average pore size. Such narrow pore size distri- 
bution results from the narrow size distribution of alkali-borate heterogeneities formed in 
alkali-boro-silicate glasses during their thermal treatment. The uniformity of the kinetics 
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of the phase separation process is also proved by almost the same pore size at the surface 

of the product as in its centre. 

The rigidity of controlled porosity glasses as well as their sharp pore size distribution 

suggested their applicability as macromolecular sieves for size exclusion chromatography 

(SEC)- the  separation method based on the ability of the penetration of pores by mole- 

cules differing in diameter [2-5,21,22,25,26]. Among siliceous materials controlled porosity 

glasses demonstrate a very good separation ability of macromolecules, which is reflected 

by the flat run of the calibration curves resulting exactly from the narrow pore size di- 

stribution. The calibration curves for exemplary columns packed with CPG and silica gel 

of similar physicochemical properties are illustrated in Fig. 6. 
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Figure 6. Calibration curves for SEC columns packed with CPG (D - 31.0nm; V p -  1.12 cm3/g; 

dp - 12 #m) (solid fine) and silica gel (D - 29.1 nm; Vp - 1.09 cm3/g; dp - 10#m) (dashed line). 

Column 300 x 6 mm. Polystyrene calibration standards. Mobile phase-tetrahydrofuran. 

Although a number of packings of organic origin for SEC are now produced [27], in the 

1960s and 70s CPGs played one of the most important roles in the field of macromolecules 

separation and purification by means of SEC. They are still applied for this purpose today. 

Ideally, in size exclusion chromatography, one desires a minimum of adsorptive or repulsive 

interactions between purified molecules and sorbent. With CPGs this goal is very often 

difficult to achieve due to the presence of strong adsorption sites on their surface (see 

Chemistry of CPG Surface below). The application of a proper mobile phase composition 

(with components blocking the adsorption sites) or CPG surface modification helps remove 

obstacle [3,18,22,28,29]. 
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3. C H E M I S T R Y  OF C P G  S U R F A C E  

Alongside investigations dealing with preparation and structure of controlled porosity 

glasses research works of the chemistry of the CPG surface were carried out. Although at 
first the surface of CPG was identified with the surface of silica gel, it was soon realized 

that CPGs showed stronger adsorption properties than silica gels (Fig. 7). 
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Figure 7. The adsorption isotherms of benzene on CPG (SBET = 298 m 2/g) (solid line) and silica 

gel (SBET = 269m2/g) (dashed fine). 

The same conclusion was drawn from the confrontation of silica gel and CPG used as 

adsorbents in HPLC columns [19]. Indeed the separation of simple compounds on columns 

filled with both mentioned materials is similar (see Fig. 8) [19], but the comparison of 

these compounds for their capacity factors calculated per 1 m 2 of the sorbent area in 

the chromatographic column (Table 1) points out a stronger interaction of the separated 

molecule with the CPG surface. 

Stronger adsorption properties of CPG are especially evident for polar molecules with 
electron-donating atoms [30,31], and they cannot results only from the presence of silanol 

groups, which play the role of adsorption sites on the silica gel surface. 

Already in the 1950s Sidorov [32] showed a difference between silica gel and the CPG 
surface. He proved that in the CPG surface there exist, beside silanol groups, boron 
atoms and hydroxyl groups bonded with surface boron atoms. Their presence results 

from the residue of B203 (1-6%) which remains in the siliceous structure of CPG after 

its preparation procedure. More information was supplied by the investigations in 1960s 

and 1970s in which CPGs, CPGs with adsorbed molecules and CPGs with chemically 

modified surface groups were examined by means of infrared spectroscopy [33-48]. 
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Table 1 

Values of the capacity factors calculated for one square meter of a sorbent in HPLC co- 

lumn. Packings: LiChrosorb Si 100 (SBET = 318 m2/g; Vp = 1.32 cm3/g; D = 16.0 rim) and CPG 

(SBET = 347m2/g; Vp= 1.16cm3/g; D =  13.4 nm). Mobile phase: hexane 

Substance CPG LiChrosorb Si 100 

Benzene 0.09 0.09 

Naphthalene 0.18 0.16 

Diphenyl 0.26 0.21 

Anthracene 0.33 0.27 

Nit robenzene 1.88 1.59 
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Figure 8. Chromatograms of testing mixture obtained on the columns: A) filled with CPG 

(SBET = 347 m2/g; D = 13.4 rim; Vp = 1.16cm3/g), B) packed with LiChrosorb Si-100 (SBET = 

318m2/g; D =  16.0 rim; Vp = 1.32 cm3/g). Column: 250 x 4 mm. Mobile phase: hexane at 1 

ml/min. Peaks: 1 = benzene; 2 = naphthalene; 3 = diphenyl; 4 = anthracene; 5 = nitrobenzene. 

They allowed to visualize an image of the CPG surface chemistry which appears to be 

more complex than silica gel surface. The conclusions from these works are as follows: 

1) The infrared spectroscopy shows the presence of surface SiOH groups [35,36]. Infrared 

spectra also reveal the surface B-OH groups but only after degasing of CPG at elevated 

temperatures  under vacuum conditions [32-34,37]. Geminal OH structures bonded with 

Si as well as B atoms can be detect among hydroxyl groups [38]. 
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2) The CPG surface is covered by adsorbed water. The desorption of water takes place 

at about 200~ [39]. 

3) When CPG is heated in the temperature above 400~ its surface gets enriched in boron 
atoms migrating from 

the interior of the siliceous CPG skeleton [35,40-44]]. The surface boron concentration 

increases with time and temperature. The infrared investigations suggest the formation 

of borate clusters on the surface of long thermally treated CPG [43]. B-O-B bridges 

formed on the surface of heated CPG hydrolyse much easier than B-O-Si or Si-O-Si 

bonds [35,43,43]. The Si-O-Si connections on CPG surface also hydrolyse much easier 

than the analogous silioxane bridges on the surface of silica gel thermally treated in the 

temperature above 400~ Such behaviour results from the influence of the adjacent 
boron atoms [35,42]. The water formed from silanol condensing at elevated tempera- 

tures hydrolyses B-O-B bridges appearing on the CPG surface as the result of boron 

migration from the interior of the CPG skeleton [43]. Consequently, the concentration 

of B-OH groups increases in this reaction. The condensation of hydroxyl groups bon- 

ded with silica atoms starts above 200~ whereas the B-OH groups are much more 

resistent thermally and condense above 600~ 
4) Kirutenko, Zhdanov, Bobrov et al. [43,45,46] proved the presence of hydroxyl groups 

bonded not only with three-coordinated but also with tetra-coordinated boron atoms. 

5) Beside boron atoms bonding hydroxyl groups, the CPG surface contains free boron 

atoms of strong electroacceptor properties [32,35,42,47,48]. 
The schematic picture of the CPG surface and the processes occuring during its thermal 

treatment can be illustrated as in Fig. 9. 
Investigations of surface free energy (SFE) of controlled porosity glasses and silica gels 

carried out more recently showed certain similarity in the properties of bare materials 
and important differences caused by thermal treatment [49-56]. Dispersive interactions 

expressed as dispersive component of SFE (@) and polar interactions expressed as polar 
component of SFE (~/P) measured by means of hexane and toluene respectively are similar 
for both materials. The average value of %a for silica gel equals 35.6 m J / m  2 and for CPG 
35.0 m J / m  2. The mean values of -yP for silica gel and CPG are 159.8 m J / m  2 and 159.2 
m J / m  2, respectively. The thermal treatment of both materials leads to a small increase of 
dispersive interactions and simultaneously causes a significant drop of polar interactions. 

The investigations of -yP changes resulting from the rehydroxylation process show that 

thermally treated CPGs are easily rehydroxylated (by water vapour), whereas silica gels 

require stronger hydroxylation, such as treating with diluted alkaline solutions. 
The kinetics of the suface rehydroxylation process depends on the boron content on the 
CPG surface: the bigger surface boron concentration, the quicker the rehydroxylation 
process. 

Adsorption of ions from aqueous solutions on CPGs and their surface charge are very 
sensitive to the solution pH. In this respect, the behaviour of CPG is similar to silica gel 
and other oxides and different from most aluminosilicates showing a fixed surface charge 
and low sensitivity to pH. Negative surface charge density (Cro) of CPG over a wide pH 
range promotes adsorption of cations, while adsorption of anions is generally low. The 
pH dependence of adsorption of multivalent cations on CPG is typical for oxides [57]. 
The uptake is negligible at low pH values and then it increases from 0 to 100 % within 
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Figure 9. A schematic picture of the CPG surface. 

about 2 pH units (typically around pH=6.0)  [58]. Thus, CPGs are good adsorbents 
of multivalent cations from neutral or basic solutions. This adsorption is reversible and 
pre-adsorbed cations can be easily removed by means of strong acids. 

The r potentials of CPGs are negative over the entire available pH range; thus, the 
isoelectric point (IEP) falls at pH ~ 2 [59]. This pH value is even lower than IEP of 
silica gel. The r potentials of CPGs are low in spite of high r This property is due 
to compensation of Cro by adsorbed cations. This explanation was confirmed in direct 

measurements. Analogously with silica gel and unlike other oxides [60], ~o of CPGs (and 
thus counterion adsorption) at given pH and ionic strength increases in the series Li < 
Na < K < Rb < Cs. It is convenient to introduce the coefficient 

[C Sadsorbed] [Nasolution] 
KCs/Na- [Naadsorbed] [CSsolution] (1) 
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to express the selectivity of cesium adsorption [61-63]. For silica the values of Kcs/N~ range 

from 1.5 to 6 and depend on the porous structure. Modifying the composition of raw glass 

(from which CPG is prepared) and the conditions of demixion process and leaching, one 

can obtain CPG showing the Kcs/Na selectivity factor as high as 60. Such CPGs have a 

very high SBET and, probably, very narrow pores. They may be applied to concentrate 

Cs-137 contained in rain or in fresh water for analytical purpose [64-66]. 
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Figure 10. Dependence between specific surface area and adsorption capacity in relation to CsOH 

for the following adsorbents: CPGs (rings), CPGs heated at 700~ for 2 hrs (squares) and silica 

gels (triangles). 

Cation adsorption capacities of CPGs and silica gels (in mmol/g)  are approximately pro- 

portional to the SBET (Fig. 10) [62]. Adsorption capacity of CPG and silica gel with respect 

to CsOH determined from Fig. 10 equals ca. 4 #mo l /m  2 and it is little sensitive to the ther- 

mal and chemical t reatment of CPG. 

This result confirms that  surface hydroxyl groups are responsible for the creation of sur- 

face charge on CPG as it is the case of silica gel. The number of these groups per nm 2 is 

similar for both adsorbents. However, due to neighbouring boron atoms, hydroxyl groups 

on CPG surface are more acidic than those on silica gel. By means of infrared measure- 

ments the pK~ value of the acidic groups of silica was estimated to be about 7.1 + 0.5 [67]. 

In Altug and Hair [68], pK~ of Si-OH groups on CPG surface equals 7, whereas B-OH 

surface groups are more acid with pK~ = 5.1. 

Investigations of the thermal t reatment  of CPG by means of infrared spectroscopy 

proved the enrichment of its surface in boron atoms and suggested the formation of borate 

clusters on the CPG surface after its long heating. The presence of these clusters has been 

proved by means of small angle X-ray scattering (SAXS) [69,70] and differential thermal 

analysis [71]. Is well known today that during the CPG heating in the temperature  range 

500-700~ a self-cleaning process of silica building the porous CPG structure takes place. 

Boron and sodium atoms remaining in CPG (as well as other elements polluting the 
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Figure 11. X-ray patterns for: silica gel heated at 700~ over 100 hrs (curve a), CPG (curve b) 

and CPG heated at 700~ during 105 hrs (curve c). (A) peaks correspond to a-cristobalite, (B) 

peaks correspond to a-quartz. 

siliceous skeleton of CPG) are "thrown out" of the CPG structure and accumulate on the 

surface. 
The siliceous CPG structure tends towards regularity. Diffractometric investigations [72] 

allowed to identify cristalites of c~- and ,3-cristobalite and even c~-quartz in thermally 

treated glass. They also showed that the structure of the non-heated CPG was amorphous 
(see Fig. 11). In borate clusters which are formed on the surface of a heated CPG complex 

forms of (Na20)i x (B2Oa)i system can be found (e.g. Na2[(B406)(OH)lxaH:O, [71]). The 
presence of surface borate clusters negatively influences the effect of the investigation of 

heterogeneity distribution in CPG by means of SAXS [69,70]. The SAXS method cannot 
be applied to the investigation of the pore size distribution in thermally treated glasses 

containing borate clusters. Borate clusters decrease the intensity of the X-ray scattering 
resulting from the presence of pores in CPG and suggest the absence of pores in the 
examined material, whereas porosimetry investigations indicate its significant porosity. 

The removal of borate clusters from CPG pores (e.g. by dissolution in acid) restores the 

X-ray scattering ability of the system (Fig. 12). 

4. S P E C I F I C  P R O P E R T I E S  OF T H E  S U R F A C E  O F  T H E R M A L L Y  

T R E A T E D  C P G s  

The presence of B-OH and B atoms on the CPG surface and the varied behaviour of 

CPG at elevated temperatures are the main features differentiating this material from 
silica gel. Although the surface of the initial CPG can sometimes be perceived as simi- 
lar to silica gel surface, such similarity is very distant after their thermal treatment. It is 



360 t '", A 

3,41 4,32 S,23 6,34 7,597 7,OS 

0.2 

10 30 50 

12. = 
by = 31.8 

100 = 28.1 
100 = 28.0 



80 

especially evident when a thermally treated CPG is used as a support of adhesively 

deposited and chemically bonded stationary phases or as a support of carbon deposit for 
carbosils preparation. 

4.1. A d s o r p t i o n  p rope r t i e s  of t h e r m a l l y  t r e a t e d  C P G  

Experiments with CPGs subjected to progressive thermal treatment leading to partial 

dehydroxylation of the surface and its enrichment in boron atoms showed specific adsorp- 

tion properties of these materials differentiating them from silica gels [30,31,73]. It was 

found that depending on the type of adsorbate two trends in the adsorption behaviour 

of heated CPG can be observed [30,31]. The increase of thermal treatment time leads to 

the increase of CPG adsorption properties in relation to water, chloroform or hexane [30] 
(e.g. see Fig. 13). 
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Figure 13. The adsorption isotherms of chlo- 
roform on CPG heated at 700~ for different 
periods of time. The values at curves mean 
the period of time heating in hrs. 

Figure 14. The adsorption isotherms 
of diethyl ether on CPG-see Fig. 13. 

The adsorption of diethyl ether or tetrahydrofurane decreases for shortly heated glasses 

in comparison to non-heated ones and increases for longer heated CPG (e.g. see Fig. 14). 

This can be attributed to the described processes occuring on the CPG surface during its 

thermal treatment (dehydroxylation of Si-OH groups, creation of B-OH groups, increase 

of surface boron and sodium concentration, borate cluster formation). Each of these pro- 

cesses differently influences the adsorption properties of CPG. The adsorption properties 

of silica gel treated thermally in the same conditions (above 400~ significantly decrease 

as the result of surface dehydroxylation. 

Additional information about energetic heterogeneity of the thermally treated CPG 
surface was supplied by measurements of isosteric heats of adsorption (QS:r) [73]. These 

investigations also partly confirmed the results obtained by means of infrared spectroscopy. 
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Figure 15. The isosteric heat of adsorption for diethyl ether adsorbed on CPG heated over 

different periods of time (see-Fig. 13) at 700~ 

Fig. 15 illustrates the changes of the isosteric heats of adsorption of diethyl ether as a 

function of adsorption amount for CPG heated over a longer and longer period of time. 

The molecules of diethyl ether seem to be particularly suitable for the study of adsorp- 

tion on surfaces with varying concentrations of boron atoms. The diethyl ether molecule 

has a donor electron-pair on the oxygen atom and in consequence it can specifically 

interact with boron atoms (which are electron acceptors) or hydroxyl groups of acidic 

character. Amines or pyridine, for example, have similar properties but, according to a 

preliminary study, their retention times in chromatographic columns filled with CPG par- 

ticles are very long and a remarkable contribution of chemisorption has been found. As 

seen in Fig. 15, diethyl ether adsorption on the initial glass (curve 0) indicates that the 

surface is heterogenous (a diminution of QsT vs. adsorption amount). The run of this 

dependence is understandable if one takes into account different types of hydroxyl groups 

bonded with Si or B atoms and free B atoms present in the CPG surface (see above). 

An increase in the time of heating (curves 2 and 6.5) has only a minor influence of the 

heat of adsorption, though a small increase in QST is observed. The surface seems to be a 

little more homogenous than that of the initial glass. This can be explained by a partial 

condensation of less thermally resistant OH groups existing on the CPG surface. Further 

heating of the glass for 20 and 100 hrs leads to a gradual increase of the CPG surface 

heterogeneity, which is connected with the enrichment of the surface of this material in 

boron atoms and with borate clusters formation. 

4.2. T h e r m a l l y  t r e a t e d  C P G  as s u p p o r t  of adhes ive ly  depos i t ed  phases  

The presence of boron atoms in CPG surfaces frequently influences the properties 

of stationary phases adhesively deposited on CPG used as support. It is especially well 

evidenced for phases whose molecules form a monolayer in which they are parerely oriented 

towards a support surface in the gas/solid or phase/solid interface [74]. The properties of 
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the mentioned monolayer depend frequently not only on the temperature but also on the 

properties of the support [75]. n-Octadecanol (n-ODL) deposited on silica gel surface is 
an example of such system [75,76]. This alcohol (like other long-chain aliphatic alcohols) 
forms two phases on the silica gel surface (Fig. 16): a) monomolecular film of the oriented 
n-ODL molecules and b) three dimensional drops in equilibrium with this monolayer. 
Because of autophobicity occuring in the system the drops do not wet the monolayer. 

n-ODL drop 

l, l ~ 1 ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ f" monomolecular film 
/ / / / / ! / ! ! / ! ! ! ! ! ! / ! ! / of oriented n-ODL molecules 

~-- Silica gel surface 

Figure 16. The distribution model of n-ODL deposited on silica gel. 

The monolayer may exist in two basic physical states: as a solid condensed phase and, 
in higher temperatures, as a liquid expanded phase. For example, in the n-octadecanol 
monolayer on silica gel surface the phase transition between these phases takes place at 

81-82~ As a result, the surface occupied by a single molecule in the monolayer, (~) 
increases from ~ = 0.21 to ~ = 0.27 nm 2 [74,76]. Phase transitions occuring in the n-ODL 
deposit can be investigated by means of inverse gas chromatography (on the basis of 

the shape of log Vs vs. 1/T dependence, where Vs and T are a retention volume and 
temperature in K, respectively) [77-79] or by the differential thermal analysis (DTA) 
[77,80]. Fig. 17 (thermogram A) illustrates a typical DTA curve for the discussed system. 
Investigations of analogous systems in which CPGs with differently boron-enriched sur- 

faces were employed instead of silica gel [77-80] showed that: 
1) the ODL monolayer is also present on boron eriched CPG surfaces; 
2) the temperatures of the phase transitions occuring in the ODL monolayer depend on 

the degree of boron enrichment of the CPG surface; 
3) the boron-enriched CPG surface is better wetted by n-ODL. A better distribution of 

the n-ODL phase leads to a bigger number of theoretical plates for chromatographic 

columns packed with sorbent in which n-ODL is deposited in boron enriched surface 

than for columns filled by silica gel with n-ODL on the surface [78]. 

Boron enriched CPG surfaces manifest also specific properties agains Carbowax, ano- 
ther popular stationary phase. Sorbents with non-extractable layer of Carbowax (which 
is immobilized on the surface, for example, to deactivate its adsorption properties) show 
a relatively high thermal stability, do not demand pre-column application and, contrary 
to materials modified with alkylsilanes, are wettable by aqueous solutions [81-84]. Ac- 
cording to Aue et al. [85], Carbowax chains in this non-extractable layer are placed on 
the surface in the form of an extended spiral in which a part of oxygen atoms interacts 
with adsorption sites of the support material (with Si-OH groups in the case of silica gel). 

Such Carbowax layer deposited on the silica gel surface is less polar than pure Carbowax 
[86]. The physicochemical investigations of analogous sorbents based on CPG show that 
the increase of surface boron concentration brings about a higher extention of Carbowax 
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Figure 17. Thermograms of n-ODL films deposited on: A) silica gel; B) CPG; C) CPG heated at 
700~ for 20 hrs. Peak I represents the heat of the 7 ~ c~ polymorphic transition occuring in solid 
n-ODL; Peak II- the melting of n-ODL not bonded with monolayer; Peak III is connected with 

phase transition in the part of the monolayer covered by melted n-ODL; Peak IV corresponds 

to the phase transition in the part of monolayer in contact with gas. 

spiral [87]. This phenomenon resembles the increase of the wettability of CPG with boron 

enriched surface by n-ODL. 

4.3. T h e r m a l l y  t r e a t e d  C P G  as s u p p o r t  of chemical ly  b o n d e d  phases  
Sorbents with chemically bonded alkyl phases are usually prepared by the chemical 

reaction which occurs between groups existing on the surface of support and a proper 
modifying agent. Among numerous sorbents of such type silica gels with chemically bon- 

ded octadecyl radicals are most widely applied in chromatography. As it was described 
above, a boron-enriched CPG surface (for example by heating CPG at 600~ is covered 
with a larger amount of hydroxyl groups bonded mainly with surface boron atoms than 

the surface of silica gel thermally treated at the same conditions. Due to the presence 
of surface hydroxyl groups CPG with a boron-enriched surface can also play the role of 
a support of chemically bonded alkyl phases. The investigations of Morel and Serpinet 

[88,89] showed that in Cls films chemically bonded to silica gel surface a phase transition 

takes place in the temperature range 18-28~ i.e. in the range in which most chroma- 

tographic measurements are performed. This transition is connected with the change of 

the bend of the chemically bonded radicals towards the surface and can be reflected as 

deviation from linearity of the log Vs = 1/T relationship in the mentioned temperature 

range (see Fig. 18). 
As a results of the described phase transition a change of the chromatographic properties 
of sorbent is observed. Investigations of sorbents with Cls radicals chemically bonded 

with the boron-enriched CPG surface [90,91] prove the absence of phase transition in the 
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Fiure 18. Relationship between log Vs of n-heptane and the reciprocal column temperature, 1/T 
for sorbents" 1) C18 radicals chemically bonded with CPG; 2) C18 radicals chemically bonded 
with CPG whose surface was enriched with boron atoms. 

mentioned temperature range (Fig. 18). The structure of the bonded film is so rigid that 
phase transition does not occur below 90~ [91]. Thus, to obtain high reproducibility of 
the retention data of an analyte a very precise temperature controll is not necessary. 

4.4. T h e r m a l l y  t r e a t e d  C P G  as s u p p o r t  of ca rbon  d e p o s i t  

Materials with carbon on the surface used as column packings for chromatography inc- 
lude carbosils, which are prepared mainly by pyrolysis of aliphatic alcohols [92], aromatic 
hydrocarbons [93], chloroalkanes [94], and other organic compounds on the surface of silica 
gel. The carbon deposit obtained under the standard pyrolysis conditions is amorphous 
and possesses different physicochemical properties than graphitized carbon blacks. The 
transformation of such amorphous carbon deposit to graphitized carbon black on a silica 
gel surface is not possible because of the high temperature of the graphitization process 
(ca. 3000 K). 

Investigations of carbosils obtained by pyrolysis of alcohols on CPGs revealed specific 
carbon deposit properties resulting from the presence of boron on the support surface 
[95,96]. They can be summarized in the following points: 
1) the amount of carbon deposit is proportional to the amount of surface boron atoms, 
2) pyrolysis of alcohol takes place mainly on boron centres, 

3) the carbon formed by alcohol pyrolysis on boron-enriched surface is unreactive both 
with hydrogen and with a precusor of isobutane, 

4) the results of hydrogenization of carbosils prepared on CPG with boron-enriched 
surface show the formation of carbon deposit with a highly regular structure, 

5) X-ray diffraction measurements prove the presence of graphite cristallites in the carbon 
deposit formed by alcohol pyrolysis on the b~176 CPG surface (cf. Fig. 19). 
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Figure 19. X-ray patterns (iron tube with manganese filter) for the following materials: A) 

x - C P G  and r  obtained using this CPG; B) x - C P G  with the boron enriched 

surface and � 9  carbosil obtained using CPG with boron enriched surface. 

5. C P G s  AS S U P P O R T S  O F  B I O L I G A N D S  A N D  E N Z Y M E S  

The wide application of CPGs as supports of ligands for affinity chromatography or as 

matrices of immobilized enzymes used in various biotransformation processes [2-4,97-104] 

results from the described properties of CPG, namely: the possibility of CPG preparation 

in a wide range of mean pore diameter; its excellent premeability resulting from narrow 

pore size distribution; hardness; thermal stability up to 650~ resistance towards pH 

higher than that of silica gel, and the presence of surface hydroxyl groups allowing its sur- 

face modification. Systems with immobilized ligands or enzymes are prepared by covalent 

at tachment of a ligand (substance bioselectively interacting with separated biomolecules) 

or enzyme with the CPG surface. Because the hydroxyl groups present on the siliceous 

surface are rather unsuitable for direct bonding of ligands and enzymes, and because a 

highly polar CPG surface is very often responsible for deactivation or even for denatura- 

tion of biological materials (ligands, enzymes, purified substances), ligands and enzymes 

are covalently coupled with the modified surface. For this purpose CPGs modified by 

"7-aminopropyltriethoxysilane or -~-glycidoxypropyltrimethoxysilane are mostly used [3]. 

The amino and epoxy groups allow the bonding of a great number of biological and biolo- 

gically active species but they are frequently not so effective as other reactive groups. This 

is why on the basis of these two materials a series of the reactions were worked out leading 
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to CPG derivatives with benzoylazide, bromoacetamide, azidoaryl, aldehyde, carboxylic 

acid, acid chloride, isothiocyanate, iminocarbonate etc. groups. Methods, reaction condi- 
tions and examples of their application for ligand bonding and enzyme immobilization 
are the subject of many publications and reviews [3,97,105] which will not be discussed 
in this chapter. However, some properties are worth noticing which differentiate CPG 
from silica gel as support of ligands and enzymes. Due to the high cost of enzymes and 

most ligands and due to the cost of reactions involved in the preparation of sorbents and 
biocatalysts these materials are exceptionally expensive. They are often exposed to atacks 
by microorganisms and polluted by impurities typical for natural samples. Negligent work 
frequently leads to their wast. These considerations are extremally important from the 
economic point of view when such materials are employed in large scale processes. The 
application of CPG as a support of a biological material allows to diminish the losses 
resulting from the system deactivation. 
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Figure 20. Affinity chromatography of xylanase on CPG with bonded xylan. A) Xylan bon- 
ded with initial CPG" B) Xylan bonded with regenerated CPG. Xylanase activity-open rings; 
absorbance at 280 nm-black rings. Column: 6 x 1 era. 

Due to the thermal resistance of CPG this support material can be recovered form the 
deactivated material and reused to synthetise a new one. It is enough to burn up the 
organic compounds bonded with CPG surface, for example by heating the affinity sor- 

bent or biocatalyst in the presence of air or oxygen in the temperature range 550-650~ 
Chromatograms illustrated in Fig. 20 present the result of such operation. 

Almost every work dealing with the application of CPG as support for affinity chro- 
matography or enzyme immobilization emphasizes the possibility of a negative influence 
of the surface boron atoms on the purified biomolecule or on the immobilized ligands and 
enzymes. However, there are chromatographic data. showing the resolution increase resul- 
ting from the increase of surface boron atoms on the surface of CPG used as a support of 
affinity ligands [106]. A good example is the separation of fungal proteins on sorbents in 
which vanillin as bioligand is chemically bonded with CPG surface and a boron-enriched 
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CPG surface. As appears from the comparison of the elution profiles illustrated in Fig. 21, 
the sorbent prepared on CPG with boron enriched surface (chromatogram B) allows to 
separate partly the proteins of fraction III eluted by (NH4)2SO4 gradient, whereas the 
analogous material prepared from the initial CPG (with the surface not enriched in boron 
atoms) does not give a such possibility. 
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Figure 21. Affinity chromatography of fungal proteins on columns packed with sorbent: A) 
vanillin chemically bonded with the CPG surface; B) vanillin chemically bonded with the 
boron-enriched CPG surface. Peroxidase activity-open rings; absorbance at 280nm-black 
rings. 

6. H Y D R O T H E R M A L  T R E A T M E N T  OF C P G  

The characteristic feature of most silica gels is their globular structure [24]. The porous 
network of these materials is formed by mutual contact of non porous spherical particles 
(Si02)nx(H20)m. The geometric parameters and physicochemical properties of silica gels 
are determined by the packing density and diameter of the (SiO2)nx(H20)m spheres. Po- 
ssibile modifications of the silica gel porous structure have been investigated for a long 
time. Particularly worth-while are the investigations of silica gel rebuilding by hydrother- 
real treatment. Hydrothermal rebuilding of silica gel is performed by its heating (usually 
above 100~ in the presence of water or water vapour. This rebuilding is connected with 
the growth of larger (SiO2)nx(H20)m spheres and the dissolution of smaller ones because 
of their different solubility in water [107]. In this process the physicochemical properties 
of silica gel change due to the changes occuring in the globular structure. The increase 
of the time and temperature of the hydrothermal modification leads to the drop of the 
specific surface area and to the increase of the mean pore diameter. 
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As it was described above, the siliceous structure of CPG resembles a sponge-like struc- 

ture. Because it differs from the globular structure of silica gel the question appeared 

about its resistance and behaviour in hydrothermal modification [108,109]. The conclu- 

sions from the investigation of hydrothermally treated CPGs can be divided into two 

groups: one dealing with the changes of CPG structure and the other with the changes of 

the CPG surface properties. 

CPG does undergo hydrothermal modification and the observed changes depend on time 

and temperature of the modification process. Like in silica gel, the structural changes in 

hydrothermally treated CPGs are caused by the dissolution of SiO2 in one place and its 

condensation in another. In CPG, silica dissolves in large pores and precipitates in small 

ones. As a result hydrothermal treatment the mean pore diameter in CPG increases. 

Figure 22. Scanning-microscopy photos of: A) CPG; B) CPG which underwent hydrothermal 

modification at 300~ 

A secondary structural phenomenon occuring during hydrothermal process can be ob- 

served in modified CPG: the formation of globular silica structures. On the flatter and 

flatter CPG surface huge globules made of SiO2 are formed (see Fig. 22). 
The rebuilding of CPG structure in hydrothermal process causes a significant enrich- 

ment of the surface of the final product in boron atoms [109]. Moreover, the thermogra- 

vimetric analysis of modified CPGs suggests the formation of micropores, the amount of 

which increases with the temperature and time of hydrothermal treatment. Such micro- 

pores can result from the washing away of components building the walls of CPG pores 

or are present in the globular structures formed in CPG after its hydrothermal treatment. 

In consequence of these two phenomena, the hydrothermal treatment of CPG leads to the 

increase of the adsorption properties of the material surface (Fig. 23). 
As indicated at the beginning, the presented discussion of CPG is selective. It focuses 

on the many properties distinguishing CPGs from silica gels. These differences are found in 

the porous structures of these materials and -  mainly-  in their surface properties. Both are 
built of SiO2 and have surface covered with hydroxyl groups, but boron residue remaining 
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Figure 23. The adsorption isotherms of chloroform on CPG hydrothermally treated for 6 hrs at 
different temperatures. 

on the surface and in the silica skeleton of CPGs gives these materials specific surface 
properties strongly evident after thermal treatment. 
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Chapter 1.3 
Influence of pH of precipitation of hydroxides on the structure of 
co-precipitated adsorbents 

V.S. Komarov 

Institute of General and Inorganic Chemistry, Academy of Sciences, 

220072, Minsk, The Republic of Belarus 

1. I N T R O D U C T I O N  

Formation of the structure of co-precipitated adsorbents depends on many factors, 
among which the pH of precipitation of mixture components is one of the most important 

factors. It should be noted that porosity of the co-precipitated adsorbents is a func- 

tion of the pH of initial and final precipitation of hydrogels: in the case of hydrogels, 

the pH of initial and final co-precipitation is different, adsorbents formed have a maxi- 
mum in the sorption capacity (Vs) - composition curve; and, vice versa, when the pH 
of co-precipitated hydrogels coincides, adsorbents produced have the sorption capacity 

directly proportional to Vs of the components in mixture. It cannot be excluded that the 
phenomenon revealed is of a general nature and occurs in natural conditions with the 

appropriate combination of the pH of the medium and the presence of suitable salts. In 
the present work universality of the found relationship will be proved by numerous exam- 
ples. This relationship is extremely useful in the synthesis of complex adsorbents with the 
predicted structural parameters. From the sorption capacities of individual components 

it is also possible to calculate the mixture composition corresponding to the maximum 

sorption capacity of porous materials produced. 

2. T H E  S T R U C T U R E  OF A D S O R B E N T S  W I T H  T H E  C O M P O N E N T S  

H A V I N G  T H E  S A M E  pH OF P R E C I P I T A T I O N  

Among the various methods for controlling the porous structure of adsorbents [1--3], 
one of the most popular is synthesis of co-precipitated adsorbents with the structure 

depending on the pH of the initial and final precipitation of hydroxides. This method has 

not been yet developed and grounded theoretically. 
In view of characteristic features of each of the components in the mixture, co-preci- 

pitation of hydroxides from binary solutions can be divided into four distinctive cases: 

1) the pH of the initial and final co-precipitation of the components coincides; 
2) the hydroxide of one of the components precipitates at a lower pH than the second 

does, while pH values of complete precipitation of the components are the same; 
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3) the pH values of the initial and final co-precipitation of the hydroxides do not coincide; 

4) the pH of the initial precipitation of hydroxides concides while pH values of the complete 

precipitation do not. 

Each of the enumerated cases of co-precipitation of hydroxides has its distinctions in 

forming the porous structure of the adsorbents produced. 

In paper [4] the first case is considered. The fact that the compositions of the solution 

and hydroxide remain the same from the beginning to the end is its distinction. This 

is caused by coincidence of the pH values of the initial and complete precipitation of 

components that is accompanied by implantation of one hydroxide into the network of 

the other to produce a mixed structure. Properties of the final product depend on the 

size of hydroxide particles and their capability of isomorphic substitution.The character 

of these substitutions and the type of their mutual penetration change substantially with 

alterations in composition of the components. 

Here two cases can be distinguished. The first case: the shape and size of hydroxide 

particles are the same. In the samples produced no substantial differences in the po- 

rous structure are observed, i.e., the adsorption-structural properties of the individual or 

co-precipitated hydrogels should not differ substantially. In this case porosity is charac- 

terized by one type of particles or a mixture of particles different in nature but equal in 

size, which introduce no changes into the skeletal architecture of the co-precipitated gel 

and its structural parameters. This is corroborated by the sorption capacity of a sample 

of the Cr(OH)a - Zn(OH)2 system, whose components, in addition to the coincidence of 

the pH values of the initial and complete co-precipitation of hydrogels, have also almost 

equal sorption capacities at P/Ps = 1 (Fig.l, curve 1). 

Vs, cm3/g 

0,3 

0,2 

0,1 
0 20 40 60 80 

A, % mass 

Figure 1. The limiting sorption capacity - composition curves for the following systems: 1 - 
Cr(On)3 - Zn(On)2; 2 - Zn(On)2 - Cu(On)2; 3 - Ni(OH)2 - Co(OH)2 (A - content of the 
second component of the system). 

The second case: the shape and size of particles for co-precipitated hydrogels are dif- 

ferent. As a result, the probability of mutual arrangement of particles increases, which 

results in formation of the samples with a sorption capacity that changes linearly in the 

direction from a less to a more adsorbing component, depending on the composition. As 
mentioned earlier, such a behaviour of the Vs-composition curves is typical for binary 
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systems, in which pH values of the initial and complete precipitation of hydroxides of the 

first and the second components coincide (Table 1). 

Table 1 
The pH values of precipitation of metal hydroxides 

Hydroxide pH of the initial pH of the complete 
precipitation [5] precipitation [6] 

Zn(OH)2 5.2 8-10 

Cu(OH)2 5.3 8-10 
Ni(OH)2 6.7 9-10 

Co(OH)2 6.6 9-14 

Cr(OH)3 5.3 6-11 

A dsorption-structural properties of co-precipitated specimens of the Zn(O H)2-Cu(O H)2 

and Ni(OH)2-Co(OH)2 and other systems, whose components meet the indicated require- 
ments, can serve a good confirmation to the aforesaid. In this case the structure-formation 

mechanism does not involve exhibition of any unpredictable changes leading to a maxi- 

mum or minimum of the Vs - composition curve. 
Just as for the samples produced from different mixtures of a similar type, the linear 

dependence of Vs on their composition is general. Samples for the study were synthesized 
under conventional conditions and pH of 9.5 was assumed. Under these conditions the 
effect of pH on formation of the porous structure was eliminated. Adsorption structural 
properties of the gels after washing-out salts, granulation and drying were found from 
adsorption of CC14 in vacuum. The results of the study are presented in Fig.1 (curves 
2,3) and Table 2. One can see that V~ of the samples can be calculated at any point of 

the curve as the sum of the products of the sorption capacity (V1 and V2) for each of the 

hydroxides by its percentage content in the mixture (Cl and c2): 

Vs _- Vl c1 -3v V2c2 (1) 
100 

With sorption capacities of the initial hydroxides known, it is possible to calculate 
Vs of the co-precipitated samples from formula (1) or to evaluate it from the straight 

line connecting the sorption capacities of individual hydroxides without experimenta- 
tion. Irrespective of the number of components involved, the mechanism of forming such 
structures consists in the fact that the compositions of the solution and co-precipitated 
hydroxides are equal at every point, i.e., equality of the pH of co-precipitation does not 
result in selective removal of particular components from the mixture. The structure of 
the co-precipitated hydrogels is characterized by uniform volume distribution of particles 

forming the skeleton of porous body. In this case, the content of a particular component 
changes in a sample depending on the composition, but the contribution of each to the 
adsorption properties of the sample produced does not change. It is likely that the partic- 
les of the first or second component substitute each other in an isomorphic way to form 
a common framework, whose architecture depends on the particle size and packing. Here 
two types of contacts are possible: at a low concentration of the component in the mi- 
xture its particles only interact with those of the second component. At medium or close 
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Table 2 
Data  on adsorption of CC14 vapour by co-precipitated hydroxide samples calcinated at different 
temperatures (t~ 

Composition, %mass p/ps Sorption capacity of CC14 (cm3/g) asp 
of hydroxide t~ at at p/ps of (m2/g) 

I II I l l  i.p.h.* 0.1 0.3 0.6 0.9 1.0 

Zn(OH)2-Cu(OH)2 

100 120 0.36 0.022 0.018 0.032 0.125 0.153 28 

400 0.35 0.024 0.020 0.036 0.132 0.172 32 

10 90 120 0.30 0.052 0.052 0.065 0.320 0.341 82 

400 0.30 0.061 0.061 0.072 0.333 0.363 84 

30 70 120 0.26 0.045 0.051 0.061 0.235 0.296 80 

400 0.26 0.050 0.058 0.070 0.245 0.318 88 

50 50 120 0.28 0.031 0.035 0.061 0.230 0.255 75 

400 0.28 0.034 0.041 0.068 0.240 0.271 80 

70 30 120 0.26 0.030 0.031 0.041 0.182 0,214 70 

400 0.27 0.034 0.035 0.052 0.211 0.232 77 

80 20 120 0.34 0.025 0.020 0.082 0.145 0.193 37 

400 0.30 0.024 0.024 0.090 0.156 0.215 54 

90 10 120 0.30 0.012 0.012 0.025 0.128 0.179 33 

400 0.30 0.014 0.014 0.028 0.132 0.192 45 

100 120 0.30 0.035 0.035 0.051 0.252 0.360 66 

400 0.30 0.040 0.040 0.053 0.275 0.380 71 

Ni(OH)2-Co(OH)2 

100 120 0.28 0.019 0.022 0.032 0.111 0.132 52 

400 0.30 0.025 0.025 0.036 0.122 0.142 50 

10 90 120 0.26 0.026 0.027 0.038 0.190 0.214 51 

400 0.26 0.028 0.029 0.040 0.208 0.230 60 

30 70 120 0.26 0.027 0.032 0.048 0.169 0.181 51 

400 0.27 0.029 0.036 0.052 0.182 0.210 57 

50 50 120 0.28 0.012 0.014 0.030 0.149 0.165 23 

400 0.29 0.016 0.019 0.041 0.162 0.182 32 

70 30 120 0.30 0.023 0.023 0.038 0.122 0.143 30 

400 0.28 0.025 0.031 0.042 0.141 0.165 40 

90 10 120 0.31 0.040 0.039 0.048 0.112 0.130 44 

400 0.30 0.042 0.042 0.055 0.129 0.151 50 

100 120 0.28 0.036 0.044 0.065 0.205 0.225 81 

400 0.28 0.040 0.052 0.072 0.222 0.240 88 

Cu(OH)2-Cr(OH)3-Zn(OH)2 

10 45 45 120 0.26 0.081 0.086 0.111 0.153 0.165 100 

20 40 40 120 0.28 0.092 0.104 0.142 0.176 0.186 110 

30 35 35 120 0.27 0.046 0.049 0.078 0.192 0.240 75 

50 25 25 120 0.30 0.047 0.047 0.091 0.212 0.252 77 

70 15 15 120 0.32 0.048 0.045 0.112 0.258 0.300 58 

90 5 5 120 0.32 0.050 0.047 0.125 0.265 0.320 62 

100 120 0.26 0.029 0.032 0.051 0.124 0.151 67 

* i .p .h . -  initial point of hysteresis 
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to medium concentrations, each of the components forms its own space network and, as 
a result, homogeneous particles contact both with one another and with the particles 
of the other component. Moreover, intermediate types of particle interaction cannot be 
excluded and their probability increases with the number of components in the mixture. 

The character of the interaction of gel particles in the structure is also determined largely 
by concentration fluctuations of atoms in the solution which results in forming aggregates 
of gel-like structures of both mixed composition and those enriched with particles of one 
type. 

Moreover, the structure of gels produced depends substantially on precipitation con- 

ditions and is determined by the precipitation temperature, pH of the medium, initial 
composition of solution, its concentration, of sequential mixing of solutions or condi- 

tions of introduction of precipitating agent [7]. It should be noted here that even in 
the production of one-component gel, periodicity of precipitation gives a product with a 
non-homogeneous structure which, as a rule, forms adsorbents with a set of pores different 
in size. Therefore, strict observance of all the conditions of sample synthesis enumerated 

above is absolutely necessary. 

Calcination of specimens has not changed the general regularity of their sorption ca- 
pacity, except for a slight increase in Vs caused by an increase in the pore volume due to 

removal of hydrate water (Table 2). 
The linear Vs composition relationship obtained for the binary co-precipitated systems 

was confirmed with the samples synthesized from a three-component mixture containing 
different amounts of copper, chromium and zinc salts (Table 2). The results suggest that 

the V~ - composition relationship found is general. This generality is confirmed by the 
samples obtained from three-component systems, and therefore, using formula (2), similar 
to Eq. (1), it is possible to calculate the adsorption capacity of the sorbent at any point 

of compositions: 

V~ - - V l c l  + V2c2 + V3c3 (2) 

100 

The studies have shown that irrespective of the composition of the initial mixture, as a 
result of uniform distribution of components in the structure of samples, the shape of their 
adsorption isotherms is transformed gradually from the typical isotherm for one individual 
component to the isotherm for the second component. In this case, as the content of the 
second component, having a higher sorption capacity, increases, transitional isotherms 
accumulate features inherent in its structure: the micro- and mesopore volume, limiting 
sorption capacity Vs, and specific surface area Ssp increase. The latter increases because 
of the fact that along with development of porosity of samples, their more open structure 

accessible to adsorbate molecules is formed. 
To conclude the section it should be noted that the mechanism of formation of the po- 

rous structure of co-precipitated adsorbents from binary or multicomponent systems with 
components having the same pH values of the initial and final precipitation of hydroxides 
follows the cooperative type determined by the contribution of each of the components 

to the total sorption capacity of the specimen. 
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3. T H E  M E C H A N I S M  OF S T R U C T U R E  F O R M A T I O N  OF 

C O - P R E C I P I T A T E D  A D S O R B E N T S  

In spite of a number of relevant publications [8-11], the mechanism of formation porous 
structure of co-precipitated adsorbents has not been theoretically substantiated yet and 
it comes mainly to a protective action of components in the mixture relative to one 
another. This does not facilitate the development of scientific basis for understanding of 
porosity formation process of co-precipitated solids, and for predicting their structure and 
component composition that would ensure necessary properties. 

Komarov, Repina and Skurko [12] studied the regularities of structure formation for 
the samples obtained from binary and three--component solutions of salts with coinciding 
pH of the initial and complete precipitation of hydrogels. This is the simplest case of 
synthesis of adsorbents, virtually the same as mechanical mixing of hydroxides. 

Binary mixtures, whose components have different pH of initial and complete precipi- 
tation of gels, are the most interesting both from theoretical and practical standpoints 
(Table 3). 

Table 3 

The pH of precipitation of metal hydroxides [14] 

pH values of 

Hydroxide initial precipitation complete precipitation initial complete 
(concentration of (residual dissolution of dissolution of 

precipitating ion concentration precipitate precipitate 
1 M) < 10 -5 M) 

Fe(OH)3 1.5 4.1 14.0 
Mg(OH)2 9.4 12.4 

Cr(OH)3 4.0 6.8 12.0 
Cd(OH)2 7.2 9.7 
Al(OU)a 3.3 5.2 7.8 
Mn(OH)2 7.8 10.4 14.0 

15.0 

10.8 

Authors of paper [13] considered the systems, in which the pH of complete precipitation 
of one component differs from the pH of initial precipitation of the other. In particular, 
in mixtures of 5% solutions of iron and magnesium, chromium and magnesium sulfates, 

the differences between the pH of final precipitation of Fe(OH)3 - Cr(OH)3 and the pH 
of initial precipitation of Mg(OH)2 is 6.4 and 4.5 pH - units, respectively. In the Fe(OH)3 
- Cd(OH)2 system this difference is 3.1, and in the system Fe(OH)3 - Cr(OH)3 it is 
zero. This set of systems characterized by succession of gelation of components should 
lead to adsorbents with composition represented by a mechanical mixture of individual 
hydroxides. As is known [12], depending on composition, the sorption capacity of such 
porous bodies must be expressed by a straight line connecting sorption capacities of 

individual components. However, real curves of limiting sorption capacites have maxima 
(Table 4, Figs. 2 and 3). 

This suggests that in spite of substantial distinctions in composition of co-precipitated 
gels, the process of their structure formation is accompanied by building-up of particles 
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Table 4 
Adsorption-structural properties of co-precipitated metal hydroxides 

Composition, % mass of hydroxide 

I II 

V8 
(cm3/g) 

Ssp 

(m2/g) 

reff 

(hi) 
Fe(OH)3-  Mg(OH)2 100 0 0.225 

90 10 0.255 
8O 20 0.283 
7O 30 �9 0.312 
60 40 0.341 
50 50 0.358 
40 60 0.352 
30 70 O.336 
2O 8O 0.300 
10 90 0.265 
0 100 0.244 

Cr(OH)3 - Mg(OH)2 100 0 0.151 
90 10 0.182 
80 20 0.210 
70 30 0.243 
60 40 0.265 
50 50 0.281 
40 60 0.300 
30 70 0.310 
20 80 0.298 
10 90 0.271 
0 100 O.244 

Cd(OH)2-  Fe(OH)3 100 0 0.078 
90 10 0.085 
8O 2O O.O96 
70 30 0.121 
60 40 0.148 
50 50 0.195 
40 60 0.265 
30 70 0.252 
20 80 0.242 
10 90 0.230 
0 100 0.225 

Cr(OH)3-  Fe(OH)3 100 0 0.151 
90 10 0.185 
80 20 0.220 
70 30 0.255 
60 40 0.280 
50 50 0.275 
40 60 0.270 
30 70 0.265 
20 80 0.250 
10 90 0.240 
0 100 0.225 

290 
295 
300 
310 
310 
300 
28O 
250 
205 
160 
86 
67 
8O 
89 
97 

103 
107 
105 
100 
95 
9O 
86 
27 
35 
5O 
6O 
75 
85 

102 
130 
165 
26O 
29O 

67 
115 
143 
160 
170 
180 
190 
2OO 
220 
240 
29O 

1.6 
1.7 
1.9 
2.0 
2.2 
2.4 
2.5 
2.7 
2.9 
3.3 
5.7 
4.5 
4.6 
4.7 
5.0 
5.1 
5.3 
5.7 
6.2 
6.3 
6.0 
5.7 
5.7 
4.8 
3.8 
3.2 
3.9 
4.6 
5.2 
3.9 
2.9 
1.8 
1.6 
4.5 
3.2 
3.1 
3.2 
3.3 
3.1 
2.8 
2.7 
2.3 
2.0 
1.6 

*rr - effective size of particles 
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of hydrogel that  was precipitated first and as seen in Fig.2, the effect of its exhibition on 

the increase in the sorption volume of the samples dominates over the contribution of the 

Vs of the component with a higher sorption capacity. The succession of precipitation of 

hydrogels results in a change of both homogeneity and structure of the samples. 

V s, cm3/g V s, cm3/g 

0.3 

0.2 

0.1 

0.3 

0.2 

' 0.1 
0 50 100 0 50 A, %mass 

Fe(OH) 3 Mg(OH) 2 ca(OH) 2 Fe(OH) 3 

Cr(OH) 3 Cr(OH) 3 

Figure 2. The limiting sorption capacity - composition curves for the systems: 1 - Fe(OH)3 - 
Mg(OH)2; 2 - Cr(On)3 - Mg(OH)2; 3 - Cd(OH)2 - Fe(OH)3; 4 - Cr(OH)3 - Fe(OH)3. 

Vs, cm3/g 

0.3 

0.2 

0.1 

)/ 6 
4 

m 

1 2 3 ~P/ 

0 0 0 0 0 0 0 0 P/Ps 

Figure 3. Isotherms of CC14 vapour adsorption by the samples of the composition (% mass): 

1 - 100% Fe(OU)3; 2 -  90% Fe(On)3 + 10% Mg(OH)2; 3 - 80% Fe(OH)3 + 20% Mg(OH)2; 

4 -  70% Fe(OH)3 + 30% Mg(On)2; 5 -  50% Fe(On)3 + 50% Mg(OH)2; 6 -  30% Fe(OH)3 + 

70% Mg(OU)2; 7 -  10% Fe(OH)3 + 90% Mg(OH)2; 8 -  100% Mg(OH)2. 

Two types of structure formed were found. One is associated with the hydrogel of the 

component with a lower pH of precipitation and with adsorption of the other component 

ions on the surface of its particles. The second type consists in formation hydrogel of 
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the component with a higher pH-precipitation. In this final stage of hydroxide precipita- 
tion, the porous structure is determined by the size and mutual arrangement of particles. 
Moreover, changes in concentration of the compound in solution also contribute to the 
mechanism of structure formation. As a result, hydrogels obtained in the final precipita- 
tion stage are hydrated substantially, and, as is known, their drying is accompanied by 
large volume shrinkage, resulting in formation of fine porous structure. Consequently, it 
is evident that hydrogels of such systems are highly diverse in composition and struc- 
ture. Therefore, adsorption-structural properties of a sample produced from solution of a 
particular concentration are the sum of properties of the various microstructures formed 
during co-precipitation of hydroxides. As the composition of initial solutions changes, 
the character of the microstructures and, consequently, the sorption capacity of samples 
produced will change too. In particular, as the content of the component with a higher 
pH of initial precipitation of hydroxide increases, the accretion in Vs due to growing of 
hydrogel particles precipitated first, increases (Table 4, Fig. 2) and reaches the highest 
value in the sample synthesized from the mixture with an optimal component ratio, i.e., 
when the content of the component with a higher pH of precipitation is quite sufficient 

for limiting adsorption on the surface of particles of the gel precipitated first. 
This process depends essentially on the concentration of cations of the component pre- 

cipitated as the second, for example, in the systems studied at low concentration of Mg 2+ 
adsorbed completely by the surface of iron or chromium hydrogel particles. The latter are 
encapsulated by magnesium hydroxide. The thickness of this coating depends on both the 
nature of cation and its valence. As the Mg 2+ content in the solution rises further, i.e., 
above the capacity of the potential- controlling layer of particles of the hydrogels men- 
tioned above, two independent processes occur: increase in the amount of homogeneous 
material (Mg(OH)2) in the encapsulated particles and formation of individual magnesium 
hydroxide particles. The former is aimed at increasing the sorption capacity of samples 

obtained and the latter, at its decreasing. 
In other words, after the first stage of co-precipitation of hydrogels, further forma- 

tion of the structure of samples is subjected to counteracting effects, the result of which 
is expressed in deviation of the V~ -composition curve from the additive straight line, 
connecting sorption capacities of individual components, in formation of maxima, and 
determination of their position on the composition axis. In this process, the pH of pre- 
cipitation of hydrogels and the difference in V~ of individual components of the mixture, 
depending on which, the maximum in the Vs-composition curve can be shifted towards 
one or the other component, are of great importance. Between the extreme cases of the 
synthesis of co-precipitated samples other combinations of compositions, responsible for 
the behaviour of the V~-composition curve, can occur. Therefore, with suitable selection 
and combination of the components in solution with different pH of initial and complete 
precipitation of hydrogels, the samples different in composition and position of the ma- 
ximum in the curve can be synthesized. This takes place both for binary and ternary 
systems. The only difference is that the probability of varying the structure in multi- 
component systems increases much due to a suitable combination of properties of their 
components and complication of the mechanism of the porosity formation of the samples 
produced. 

Analysis of the results on the structural and adsorption properties of Fe(OH)3 -Mg(OH)2 
and Or(OH)3-Mg(OH)~ systems has shown that in the V~-composition curves there are 
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maxima, whose positions on the composition axis do not coincide, in spite of uniformity 
of the systems studied. For example, for the samples containing Fe(OH)3 the maximum 
in the curve is shifted leftward and lies at a concentration of Fe(OH)3 of 55% mass, while 
for Cr(OH)3 - Mg(OH)2 systems with a differing nature of the threevalent ion, it occurs 
at 30% mass of Cr(OH)3 and 70% mass of Mg(OH)2. This difference in positions of the 

maxima is caused by different dispersities of hydroxide particles and distinction in pH of 

their complete precipitation. 
All binary mixtures represented by hydroxides with different pH of initial and complete 

precipitation are such systems. These systems differ from those discussed above only in the 
fact that, as mentioned earlier, depending on the order of precipitation of components, the 
height and position of the maximum in the Vs -composition curve will be determined by 
the properties of the solution. However, the mechanism of porosity formation and factors 
that cause departure of the sorption capacity of the samples produced from additivity are 
the same. Undoubtedly, each of the cases mentioned [12] has its specificities introduced 

by components to the s t ructure-  formation mechanism and a common characteristic of 

passing the Vs -composition curves through a maximum. 
Adsorption characteristics of co-precipitated samples with the composition Fe(OH)3 - 

Cd(OH)2 and Fe(OH)3 - Cr(OH)a confirm this statement and generality of the regularity 
found follows from the structural formation mechanism considered. This regularity inhe- 
rent in all two- and multicomponent systems with different pH of initial and complete 
precipitation of components opens a broad perspective for scientifically justified and pur- 
poseful selection of conditions for the synthesis of adsorbents with the given structure and 
catalysts with the component precipitated first being a carrier and the other, an active 

phase. 

4. D E P E N D E N C E  OF T H E  S T R U C T U R E  OF A D S O R B E N T S  ON pH OF 

C O - P R E C I P I T A T E D  H Y D R O G E L S  

In papers [12,13] the extreme cases of structual formation of binary and ternary sys- 
tems, whose pH of precipitation of components occupy diammetrically opposite positions, 
are considered and the mechanism of porosity formation and its connection with different 

properties and composition of solutions has been studied. 
Apart from these, binary mixtures of salts with components whose pH of precipitation 

are overlapping (pH of complete precipitation of one component is higher than pH of 
initial precipitation of the other) are also of certain interest [15]. In co-precipitation of 
hydrogels from such systems a section of simultaneous precipitation of hydroxides of the 

first and second components is inevitable. 
In this case, the mechanism of the porous structure formation can be subdivided into 

several stages that differ from one another by the gel particle size, composition of gel, 
and particle arrangement. Undoubtedly, these parameters will change with composition 
of the solution. In particular, at a high concentration of the first component (with a lower 

pH of precipitation) and insignificant content of the second, completely adsorbed on gel 
particles, precipitated by the first component, the structure of the adsorbent obtained 
will be represented by gel partially encapsulated by the other component. As the con- 
centration of the second component increases, the number of encapsulated particles will 
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Table 5 
Adsorption-structural properties of co-precipitated metal hydroxides 

Composition, % mass of hydroxide 

I II 

V s S sp r eft 

(cm3/g) (m2/g) (nm) 

Ni(OH)2 - Cr(OH)3 100 0 0.130 52 5.0 

90 10 0.181 65 5.6 

80 20 0.225 79 5.7 

70 30 0.264 91 5.8 

60 40 0.300 101 5.9 

50 50 0.326 110 5.9 

40 60 0.351 124 5.7 

30 70 0.340 120 5.6 

20 80 0.292 108 5.4 

10 90 0.215 88 4.9 

0 100 0.151 67 4.5 

Mn(OH)2 - Zn(OH)2 100 0 0.169 26 13.0 

90 10 0.232 33 14.6 

80 20 0.290 52 11.1 

70 30 0.333 74 9.0 

60 40 0.351 80 8.8 

50 50 0.350 82 8.5 

40 60 0.312 78 8.0 

30 70 0.291 67 8.7 

20 80 0.230 48 9.6 

10 90 0.200 37 10.8 

0 100 0.153 28 10.9 

AI(OH)3 -Fe(OH)3 100 0 0.332 210 3.2 

90 10 0.362 240 3.0 

80 20 0.375 260 2.9 

70 30 0.380 290 2.6 

60 40 0.386 310 2.5 

50 50 0.372 330 2.2 

40 60 0.350 340 2.1 

30 70 0.332 335 2.0 

20 80 0.300 325 1.8 

10 90 0.272 315 1.7 

0 100 0.221 290 1.5 

rise and at concentrations exceeding the sorption capacity of the gel, apart from comple- 

tely encapsulated particles, individual particles of the second component will appear in 

the mixture. 

In view of the fact that concentrations of components in the mixture exceed the sorp- 

tion capacities of hydrogels present,in the section of co-precipitated gels, the structure- 
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formation mechanism of samples produced consists both in growing particles of both 
components and in the structure formation of the prevailing hydrogel. 

As the concentration of the component with a higher pH of complete precipitation 
increases, the composition of the precipitate will be represented by grown particles of 
hydrogel with a lower pH of complete precipitation and individual particles of the second 

component (Tables 1 and 3). As the ratio of components changes further, the mentioned 
trend changes towards increase in the concentration of particles of the second component 
and decrease in the sorption capacity of the adsorbents produced (Table 5, Fig.4). 

Vs ,cm3/g 

0.3 

0.2 

0.3 

02  

0.3 

0.2 

' .. 0 . 1  ' 0.1 
010 50 100 0 50 100 0 

NiO Cr20 3 MnO ZnO A120 3 

I 

50A, % mass 

Fe203 

Figure 4. Limiting sorption capacity V~ - composition curves for the systems: a -  NiO - C r 2 0 3 ;  

b -  MnO - ZnO; c -  A1203 - Fe203. 

Analysis of the results obtained shows that in the systems studied the greatest de- 
parture of the Vs -composition curve from additivity is observed for NiO - Cr203 and 
MnO - ZnO samples with very close sorption capacities of individual components. In the 
systems, whose sorption capacities differ markedly from each other (A1203 - Fe203), the 
effect of building-up of hydrogel particles is masked slightly by the contribution to Vs of 
the portion of the oxide with the highest sorption capacity. As a rule, in this case the 
position of the maximum in the Vs -composition curve is shifted towards the component 
with a higher sorption capacity and its height is exhibited less distinctly as compared to 
the N i O -  Cr2Oa and M n O -  ZnO specimens. 

Of course, it does not mean that in this case the effect of building-up of particles 
on the growth of the sorption capacity is exhibited to a smaller extent. The main reason 
seems to be the fact that two main factors that make contributions different quantitatively 
but having the same directions are involved here. In particular, excess of the absorption 
capacity of A12Oa over that of Fe2Oa is 0.111 cm3/g, which itself makes a substantial 
contribution to the growth of the total sorption capacity of the samples, when they are 
enriched with aluminium oxide. Nevertheless, this contribution is markedly lower than 

the increase in Vs of the samples due to hydrogel particles building- up (Fig.4), though 
in this system the effect of this factor is not very great as compared to the other systems 
studied. This can be explained by the fact that fine iron hydroxide particles that are 
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precipitated first, when built-up by aluminium hydroxide, are not substantially increased 
in volume. As a result, as the specimens become enriched with iron oxide and especially 
when the free phase of Fe2Oa with a lower sorption capacity is formed, accretion in Vs of 
the specimens is aimed at fine-porous structures formation that, as formation is known, 

do not facilitate the increase in the sorption capacity. 
Analysis of the structure formation mechanism of the studied systems and others with 

maxima in the Vs -composition curves has revealed their similarity, which suggests unifor- 
mity of processes involved in porosity formation of co-precipitated adsorbents. Analogy is 
also seen in the determination of sample composition in maxima in the V~ -composition 

curves in terms of sorption capacities of components [2]: 

C1 ~--- Vsl" 100 (3) 
V~ �9 2 

Such systems and the mechanism of the adsorbent porous structure formation can be 
used for purposeful modification of the nature of their surfaces and the value of their 

sorption capacity. In this case, during calcinating of a sample, the modifying additive can 
interact with the prevailing component, forming a new crystalline compound with proper- 
ties differing essentially from those of the initial compounds. This fact opens unrestricted 
possibility of changing the chemical nature of the solid surfaces and, consequently, their 

adsorption and catalytic properties. 
This matter will be considered in more detail later here, and now it should be no- 

ted that as is shown by calculations, the value of the shift of the maximum in the V~ 
-composition curve towards the component with a higher sorption capacity follows the 
relationship: the larger the difference between the sorption capacities of individual com- 

ponents,the greater the shift of the maximum towards the most active component and 
the maximum is exhibited at a smaller content of the second component. In should be 
noted here that as a result of insignificant growing of particles and increase of their size, 
the height of the maximum drops continuously and the sorption capacity of the sample 

produced approaches V~ of the individual component. 
Thus, apart from pH of initial and complete precipitation of hydrogels responsible for 

growing of particles, the formation of the structure of specimens is also affected by sorp- 
tion capacities of individual components, which do not affect the gel structure formation 
mechanism, but distort the shape of the V~ -composition curve and to some extent, cre- 

ate illusive impression of effective growth of the particle size and V~ of the sample in the 

process of co-precipitation of hydroxides. 
Apart from the changes in the sorption capacity of samples, other parameters of their 

structure also change in a specific way. In particular, the curves of the specific surface 
area and the average effective pore radius are similar in shape to the Vs -composition 
curves, especially, with equal or relatively similar values of Ssp of individual components 

in the mixture. 
The reason for these changes and causative factors will be considered in more detail 

later here. Therefore, we will not dwell on this matter and only note that apart from the 
factors considered, the character of the porous structure formation is affected essentially 

by the nature of hydroxide, the shape of its particles, tendency for crystallization, etc. 

In other words, the action of the controlling factor (the pH of hydroxide precipitation), 
responsible for structure formation and shape of the V~-composition curve, is also affected 
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by the nature of hydroxide, which is exhibited by the value of sorption of samples and the 

chemical nature of their surface. Depending on combination of components in a mixture, 

conditions of precipitation and drying of hydroxides, the action of surfactants, etc., the 

efficiency of these factors can be directed towards increase of the structural parameters 

of samples produced or towards their decrease. 

In this connection it should be noted that varying the porous structure of solids by 

various combinations of components with different pH of the initial and complete preci- 
pitation of hydrogels (and these combinations are innumerable and diverse, especially in 
multicomponent systems), it is possible to carry out purposeful synthesis of porous bo- 

dies not only with a prescribed structure but also with prescribed properties. Moreover, it 

may be possible to predict the presence of a maximum in the Vs -composition curve and 

the behaviour of the structure of precipitated materials with variations of relative con- 
tents of the components from sorption properties of individual components in the mixture 
designed. 

5. THE E F F E C T  OF THE S O L U T I O N  C O N C E N T R A T I O N  A N D  pH OF 

P R E C I P I T A T I O N  OF H Y D R O G E L S  ON T H E I R  S T R U C T U R E  

Apart from the investigations of the mechanism of structure formation of adsorbents 
by successive building-up of hydrogel particles [16], it seems of interest to make these 

studies specific, in particular, to elucidate the effect of concentrations of initial solutions 
on the behaviour of the porous structure of adsorbents produced. Solution of this problem 

is of basic importance both as regards finding the regularities of changes in the sorption 
capacity and the shape of the Vs -composition curve as well as changes in the sorption 
capacity of co-precipitated materials as a function of their composition and concentrations 
of initial solutions. 

Studies have been carried out with the binary mixture Ni(OH)2 - Cr(OH)3 with 5, 10, 
and 15% concentrations of initial solutions and with the component compositions ranging 

from 0 to 100% mass. Because of this, it was possible to obtain a sufficiently complete 
picture of the behaviour of the properties of synthesized materials as a function of the 

composition and concentration of the solution. 
In Table 6 and Fig.5 it can be seen that concentrations of initial solutions and the 

calcination temperature of the samples do not change the shape of the Vs -composition 

curve but only promote the growth of the sorption capacity of the products, as shown in 
some works [2,17,18]. The reason for it has been considered in detail in papers [2,19], the 

authors of which have ascribed it to the presence of association complexes, the size and 

complexity of which increase with the concentration of the solution. 

As shown by calculations, changes in Vs of the products in the process of building-up 
of particles are more effective in more diluted solutions. It seems probable that this can 

be explained by the fact that every building-up of fine gel particles, the number of which 
per unit volume is larger than that of large particles, is accompanied by formation of a 

structure with a larger pore size, excluding formation of macropores. On the contrary, 

changes in the size of initial gel particles obtained from more concentrated solutions that 
slightly increase in size during building-up inevitable result in appearance of macropores 
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VS s s ,  s s p  s s p  vs s sp  v, s sp  

(cm3/g) (m2/g) (m2/g) (m2/g) (m2/g) 

100 0.130 52 0.175 68 0.180 63 0.241 80 0.220 70 0.270 80 

90 10 0.181 65 0.202 81 0.231 78 0.292 94 0.270 87 0.325 94 

80 20 0.225 79 0.250 96 0.280 91 0.332 110 0.322 102 0.371 110 

70 30 0.264 90 0.305 110 0.325 105 0.370 125 0.355 115 0.410 120 

40 0.300 104 0.340 121 0.360 120 0.409 138 0.390 127 0.451 135 

50 50 0.326 110 0.379 131 0.380 125 0.439 146 0.410 135 0.480 146 

40 0.361 124 0.405 134 0.401 135 0.481 150 0.420 140 0.500 150 

30 70 0.340 110 0.375 122 0.385 130 0.440 145 0.415 135 0.475 145 

20 80 0.292 96 0.325 108 0.340 120 0.409 140 0.365 126 0.425 140 

10 90 0.215 80 0.255 91 0.290 110 0.335 121 0.320 115 0.375 126 

100 0.151 67 0.200 75 0.235 96 0.292 110 0.261 103 0.341 120 
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in the structure of the sample, which are not filled by condensed vapour in the sorption 

process. This is evidenced by the value of the total sorption capacity, which, as was shown 

experimentally, for the products obtained from 10 and 15% solutions with composition 

(60% mass of Cr203) corresponding to the maximum in the Vs -composition curve, differs 
from V~ of compounds synthesized from 5% solution by 0.04 and 0.06 cm3/g, respectively, 

i.e., the maxima differ in height from each other by 0.04 and 0.02 cm3/g. In other words, 

at the points of maxima, sorption capacities of the samples drop as the concentrations 
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Figure 5. The Vs -composition curves for the system Ni(OH)2 - Cr(OH)3 obtained: from 5 (1), 
10 (2) and 15% salt solutions (3). Calcination temperature is 120~ (a) and 500~ (b). 

of salts in solutions decrease, while the difference between the total sorption capacity of 

compounds with compositions indicated and Vs increases. This implies that in the struc- 
ture of materials, obtained from more concentrated solutions, accumulation of macropores 
occurs, which is known not to promote the growth of the sorption capacity of the mate- 
rials. It is important that the position of the maximum in the Vs composition curve does 
not change, while its height does, which suggests that the mechanism of its formation is 
the same. In other words, building-up of hydrogel particles is of general character and 

any changes in experimental conditions may affect its course only partially. Moreover, it 

is of interest to follow out the structural changes in thermally treated specimens. Depen- 

ding on the properties of individual components, nature and composition of the built-up 
compound and the presence of phases of individual components, several cases can be di- 

stinguished: 1) one of the components in the mixture has a high thermal resistance, the 

other is easily sintered; 2) all components of the mixture are heat resistant; 3) components 
are not stable under the temperature effect, etc. 

Of course, in each of the above cases, the interaction of components with each other, at 
high temperatures producing new crystal structures with properties that differ substan- 
tially from those of the initial compounds, cannot be excluded. In other words, a new ther- 
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modynamically stable phase is formed which encapsulates the surface of the component 

that is precipitated first. It should be noted that as the compositions of co-precipitated 
hydrogels change, not only the composition of the encapculated phase changes but also 
the ratio of the components as well, which will result in prevalence of one or the other 
component. Therefore, in order to understand the essence of the processes and to predict 
the behaviour of the structure of co-precipitated compounds subjected to calcination, 
each of the above cases must be considered in every detail. 

The first case can be implemented in two versions: the component that is precipitated 
first is thermosensitive or, on the contrary, thermostable. In the first version, hydrogel 
particles are encapsulated by the thermostable compound. As a result, in calcination 
of such a globule, its inner part decreases substantially, while the outer shell remains 
almost unchanged. This leads to formation of intraparticle porosity and, as shown by the 
experimental results, increase in the sorption capacity of the compounds after they were 
calcinated at the temperature of intense sintering of the component contained inside the 
globule. 

The situation changes essentially when components are co-precipitated in the inverse 

order, i.e., when a thermostable component is inside the globule and the easily sintered 
component, which at a high temperature on the surface of the particle "core" forms a 
nonporous layer with a low or zero sorption capacity, in its outer shell. 

Results of the adsorption-structural studies on building-up of iron hydroxide particles 
by aluminium hydroxide followed by calcination have shown that with account of phase 
and structural changes, the sorption capacity of the samples increases with the calcination 

temperature and content of Fe203 in their composition (Table 7, samples 5-8). 
This behaviour of the sorption capacities of the samples indicates that the value of 

the volume shrinkage of thermally treated iron hydroxide is noticeably higher than the 
accretion in its sorption capacity. As it was mentioned above, this is caused by forming 
an additional pore volume inside the built-up globule. 

The inverse order of building-up of hydrogels (Table 7, samples 9-12) results in a 

reduction of the sorption capacity of both initial and calcinated samples. These changes 
are caused by the fact that when being calcinated, Fe(OH)3 occurring on the surface' 
on a built-up AI(OH)3 particle forms a sufficiently dense porous material that excludes 
formation of additional intraglobular porosity, a source of growth for the sorption capacity 
of adsorbents obtained. 

Comparison of sorption capacities V~ of built-up samples with the additive quantities 

of sorption (Vs add.) shows that depending on the composition and thermal treatment, the 
latter vary from 0.32 to 0.39 cm3/g, i.e., they are substantially lower than the experimental 
values. However, in reality, in the case of mechanical mixing of individual hydroxides of 
iron or aluminium Vs values must coincide since the sorption capacity is a statistical mean 
determined by the particle size of the components mixed and their arrangement. In the 
present case one of these conditions is violated as the particle size increases substantially 

as a result of building-up of particles. This is the main reason for the differences between 
V~ of the samples obtained and the additive sorption capacities (V~ add.). Moreover, 

shrinkage of hydroxide components in the process of drying and calcination makes a 
noticeable contribution to this process, which is observed especially distinctly for the 
samples of iron hydroxide built-up by aluminium hydroxide (Table 7). 

It is doubtless that between the extreme cases considered intermediate versions are 
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Table 7 
Adsorption-structural characteristics of samples obtained by building-up of gel particles 

Composition of sample 
Calcination Vs Ssp refr Vs add. 

temperature (cm3/g) (m2/g) (nm) (cm3/g) 
o C 

AI(OH)z 

Fe(OH)3 

42% Fe(OH)3 + 58% AI(OH)3 

45% Fe(OH)3 + 55% AI(OH)3 

42% AI(OH)3 + 58% Fe(OH)a 

44% AI(OH)3 + 56% Fe(OH)3 

120 0.440 250 3.5 - 

500 0.491 210 4.7 - 

120 0.225 212 2.1 - 

500 0.250 180 2.8 - 

120 0.690 195 7.1 0.350 

500 0.725 121 12.0 0.390 

120 0.750 167 9.0 0.341 

500 0.885 149 11.8 0.380 

120 0.512 168 6.1 0.316 

500 0.537 99 10.8 0.350 

120 0.538 134 8.0 0.320 

500 0.570 103 11.0 0.355 

possible, determined by thermostability of components in the mixture, i.e., with a high 
stability of one component, the other may have most different sintering temperatures. Be- 

cause of this, it is possible to control the intraglobular porosity within certain ranges,thus 

controlling also the sorption capacity of samples obtained. 
In adsorbents of the second type, i.e., in the case of equal thermostability of compo- 

nents, no essential changes proceed during calcination. The present system is indifferent to 
the fact which of the components is in the core and which is on the surface of the particle. 

However, when properties of one of the components do not meet the conditions enumera- 
ted above, the mechanism of formation of the porous structure of calcinated samples will 

follow the scheme considered in the first case. 
In systems of the third type i.e., in combination of substantially sintered components, 

the behaviour is slightly different as the structure of the samples is reduced. As a rule, 
such systems are useless in practice, especially in catalytic processes occurring at high 
temperatures, in which unstability of the structure of the catalysts is exhibited, which 

is accompanied by changes in their size and chemical nature of the surface, activity, 

selectivity and kinetic characteristics. 

It should be noted here that systems of the first version are preferable as with the 
same particle size they ensure the highest development of porosity and specific surface 

area of the samples obtained. Depending on conditions of usage, components ratios of 
these systems can be extremely diverse but must satisfy the condition: at a specified 
temperature, the volume shrinkage of either component must be noticeably higher than 

that of the other. When components in the system interact chemically to produce the 

layers of crystalline compound, impermeable for adsorbed molecules, at the interface, the 

sorption capacity will be smaller by an "intraparticle" volume. 
In the second type systems, irrespective of the succession of settling of the components, 

the behaviour of the structure of samples with components that do not interact chemically 
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is similar to that of individual components in the system studied. However, this does not 

concern the chemical nature of the surface, the behaviour of which is specific for each of 

the components. Thus, it is important, which of the components is superposed, especially, 

when a catalytic active metal or metal oxide is used as a superposed material. 

6. T H E  M E C H A N I S M  OF S T R U C T U R E  F O R M A T I O N  OF 

C O - P R E C I P I T A T E D  A D S O R B E N T S  F R O M  T H R E E -  A N D  
F O U R - C O M P O N E N T  S Y S T E M S  

Apart from examination the porous structure formation of binary co-precipitated ad- 

sorbents as a function of pH of initial and final precipitation of hydroxide components 
[4,15,20] it was interesting to investigate more complex compositions and the mechanism of 

their structure formation. Komarov, Repina and Skyrko [21] studied the three-component 

systems Fe(OH)B - Zn(OH)2 - Cu(OH)2, Fe(OH)3 - AI(OH)3 - Zn(OH)2 and Fe(OH)a - 

Cr(OH)B - Ni(OH)2. The fact that in the first of the systems the pH of initial and final 

co-precipitation of zinc and copper coincide is a characteristic feature of these systems. 

In this case the Vs -composition curve is represented by a straight line connecting the 
sorption capacities of individual components [15]. In the first and third systems pH values 
of initial and final precipitations of hydroxide of all the components of the mixture do 

not coincide (Tables 1 and 3). This selection of compositions allows the mechanism of 

co-precipitation of hydroxide components and relations of porous structure formation of 
adsorbents obtained to be followed. 
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Figure 6. The limiting sorption capacity Vs -the composition curves for the following systems" 
1 ~ Fe(OH)3 - Cu(OH)2; 2 - Fe(OII)3 - Cu(OH)2 - Zn(OH)2; 3 - Fe(OH)3 - Zn(OH)2; 4 -  
Fe(OH)3 - A I ( O H ) 3  - Zn(OH)2; 5 -  Fe(OH)3 - Cr(OH)3 - Ni(OH)2. 

Thus, for the system Fe(OH)a - Zn(OH)2 - Cu(OH)2 the co-precipitation of com- 

ponents follows the mechanism of a two-component mixture since, as mentioned ear- 
lier, zinc and copper hydroxides are co-precipitated simultaneously. Therefore, in the 
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three-component mixture considered and binary mixtures Fe(OH)3 - Cu(OH)2 or Fe(OH)3 

- Zn(OH)2; the Vs -composition curves only differ by the fact that sorption capacities 

of Cu(OH)2 and Zn(OH)2 are not equal and consequently, in the Vs-composition curves 

the sorption maxima are shifted towards the most actively sorbed component (Fig.6). 

In this case the arithmetical mean of V~ of binary systems studied follows almost exactly 

the V~ -composition curve of the ternary system Fe(OH)3 - Zn(OH)2 - Cu(OH)2, thus 

indicating identity of the structure formation. The only difference is that in the ternary 

system, because of equality of pH of precipitation of zinc and copper gels, particles are 

built-up by two components simultaneously, while in the case of binary systems, by only 

one component. It is this component that determines the position of the Vs -composition 

curve relative to this curve of a ternary system. 
Because of a genetic relation between the Vs -composition curves of the systems stu- 

died, with a common component of Fe(OH)3, it, is possible from the sorption data of the 

ternary system and those of binary systems to calculate the V, -composition curve for 

the second binary system or from these data for two binary systems to calculate the V~ 

-composition curve for a ternary system containing the same components. 

The fact that iron hydroxide particles are built-up by a mixture of zinc and copper 

ions not. selectively but in the same ion and quantitative proportion which is prescribed 

in the initial solution is a characteristic feature of the ternary system Fe(OH)3 - Zn(OH)2 

- Cu(OH)2. Alternatively, i.e., when this condition is not observed, the Vs -composition 

curve of the three--component mixture cannot be calculated from the sorption data for 

two-component systems. 
The mixtures Fe(OH)3 - Al(OH)a - Zn(OH)2 and Fe(OH)3 - Cr(OH)3 - Ni(OH)2, in 

which the pH of initial and complete precipitation of metal hydroxides do not coincide 

(Table 8), are an example of such systems. In this connection, building-up of iron hydro- 

xide particles precipitated first follows a more complicated scheme since the component 

and concentration composition of the mixture building-up a colloid particle continuously 

change. In a four-component system containing iron, chromium, aluminium and nickel 
hydroxides, i.e., the same components that occur in various combinations in compositions 

of two- and three-component mixtures, the mechanism of these changes is almost the 
same. Because of this, from the analysis of simpler systems it is possible to find relations 

of the structure formation, to reveal the mechanisms of the processes involved in copre- 

cipitation of metal hydrogels and to determine the general character of the interaction of 

components in the mixture, in particular, the effect of their ions on building-up of colloid 

particles precipitated first. 
Knowledge of the effect of composition of initial mixtures and the pH of initial and 

final precipitation of their components on the formation of porous bodies will allow to 

understand deeply the processes involved in co-precipitation of multicomponent samples 

and to suggest a mechanism of their structure formation. 
It should be noted that irrespective of complexity of a system, its component composi- 

tion and properties, the principle of formation of porosity of adsorbents found for binary 

mixtures holds for more complicated systems too. The only difference is final results, i.e., 

the shape of the Vs composition curves that is different from those of the adsorption 

curves of samples synthesized from binary systems. Several explanations can be sugge- 
sted for this difference but the main reason is sorption characteristics of the components, 

which can be identical, slightly or substantially different from one another. As reported 
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Table 8 
Structural parameters of co-precipitated adsorbents from three and four-component systems 

Composition, % mass of hydroxide 

I II III IV 

Vs Ssp 
(cm3/g) (m2/g) 

Fe(OH)3-Zn(OH)e-Cu(OH)2 

100 0.225 290 

90 5 5 0.271 278 

80 10 10 0.306 267 

70 15 15 0.341 251 

60 20 20 0.372 217 

50 25 25 0.391 193 

40 30 30 0.400 158 

30 35 35 0.375 135 

20 40 40 0.332 83 

10 45 45 0.290 71 

50 50 0.255 75 

Fe(OH)3-  AI(OH)3- Zn(OH)2 

90 5 5 0.262 259 

70 15 15 0.315 190 

50 25 25 0.340 160 

30 35 35 0.310 130 

10 45 45 0.263 81 

50 50 0.238 76 

Fe(OH)3 - Cr(OH)3 - Ni(OH)2 

90 5 5 0.281 234 

70 15 15 0.350 181 

50 25 25 0.390 167 

30 35 35 0.381 160 

10 45 45 0.320 121 

50 50 0.282 110 

Fe(OH)3 - Cr(OH)3 - Ni(OH)2-  AI(OH)3 
50 50 0.245 104 

5 5 45 45 0.275 117 

10 10 40 40 0.300 140 

15 15 35 35 0.305 148 

20 20 30 30 0.280 170 

25 25 25 25 0.250 162 

30 30 20 20 0.215 148 

35 35 15 15 0.175 130 

40 40 10 10 0.150 123 

45 45 5 5 0.125 92 

50 50 0.102 86 



78 

in papers [4,15,20], the shape of the Vs -composition curves is determined by individual 

characteristics of the processes involved in co-precipitation of hydroxides. 

The four-component system Fe(OH)3 - Cr(OH)3 - Ni(OH)2 - AI(OH)3 is not an exclu- 
sion from the general mechanism of structure formation, especially, because the mechanism 

of building-up of gel particles is similar to that of the process occurring in co-precipitation 

of simpler systems, except for some peculiarities. 
A distinctive feature of this four-component system is that the quantitative compo- 

sition of components is chosen in such a way that each pair of them in the mixture 

constitutes from 10 mass% (5 mass % of each component) to 100 mass% (50 mass % 
of each component). Because of this it was possible to avoid diversity of concentration 

combinations of the components and to investigate it in the simplest case of a mixture of 

two binary components Fe(OH)3- Cr(OH)a and Ni(OH)2 - AI(OH)a containing 50% mass 
of each of the oxides. Equality of the compositions and conditions of co-precipitation of 

components in binary mixtures implies equality of sorption capacities of the adsorbents 

obtained. Therefore, upon mechanical mixing of hydrogels of these binary mixtures the 

Vs -composition curve is a straight line. However, in reality, because of interaction of hy- 

droxides during their co-precipitation a structure is formed which differs essentially in its 
parameters from the structure of samples synthesized from the binary mixtures considered 

from a mechanical mixture of their hydroxides (Fig. 7). 
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Figure 7. The limiting sorption capacity Vs -the composition curve for the four-component 
system Ni(OH)2 - AI(OH)3 - Fe(OH)3 - Cr(OH)3. 

In order to understand the porous structure formation of adsorbents co-precipitated 

from both three and four-component systems, succession of formation of hydrogels and 
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accompanying processes will be considered. Analysis of the data in Tables 1 and 3 shows 
that proceeding from the pH of its initial precipitation, iron hydroxide is formed first, sor- 
bing Cr 3+, A1 a+ and Ni 2+ ions on its particle surfaces. Among the ions just enumerated, 
aluminium ion is preferred that has the lowest size and a high charge and a lower pH of 

the initial precipitation of hydrogel is preferable. Because of this, aluminium functions as 
a component building-up iron hydroxide particles. As the pH in the solution increases fur- 

ther, chromium-modified iron and aluminium hydroxides co-pricipitate. In the final stage 
of co-precipitation of hydroxides the individual phase of nickel hydroxide is developed. 

Undoubtedly, in multicomponent mixtures the structure-formation process obeys a 
more complicated scheme, the essence of which can be described as follows. When the 
modifying component is present in the mixture in excess, it becomes an object of modifi- 

cation by ions of different metals with a higher pH of precipitation of hydroxides. Cases 

of simultaneous precipitation of two or three hydroxides with the same or different pH 
of their complete precipitation cannot be excluded. Other combinations of components, 
whose properties determine the shape of the Vs composition curve and the order of their 
modifying action, are possible. 

The scheme of successive reactions involved in co-precipitation of hydrogels of multi- 
component systems only gives a general idea about the mechanism of structure formation, 

and a detailed analysis of a particular problem for a given mixture must be carried out 
proceeding from individual properties of its components. It should be noted that any 
quantitative change in the mixture makes a certain contribution to the mechanism of 
structure formation of the products, leaving the order of gelation unchanged. For exam- 
ple, when the composition of the initial solution is enriched with the component with a 

high sorption capacity, Vs of porous bodies obtained increases due both to the presence 
of a hydroxide with a high sorption capacity and to building-up of particles. The lat- 
ter depends functionally on many factors, primarily, on ion-exchange capacity of colloid 
particles, the valence of ions and their size. Moreover, the initial composition of a colloid 
particle and the nature of the built-up compounds are also important. These are only 
some of the reasons that determine the mechanism of the growth of colloid particles that 
are probably of a vital importance for the increase of their size. 

In spite of complexity of building-up of colloid particles, especially in co-precipitation 
of hydrogels out of multicomponent mixtures, where these factors impose over one another, 
it is possible to simplify this process essentially by dividing it into binary systems according 
to the pH of precipitation of hydroxides of individual components and the whole path of 
the structural formation of the adsorbents obtained can be followed. 

When two components with the same pH of initial and complete precipitation of hy- 
droxides are present in the mixture, the situation changes essentially and in the presence 
of three such components with the same pH, a four-component mixture becomes similar 
to a binary system in the structure formation mechanism. 

To conclude the section, it should be noted that the new approach to understanding the 
mechanism of the porous structure for co-precipitated hydrogels considered in [4,15,20] 
may be extremely useful for the purposeful selection of component compositions and their 
percentage in the solution to ensure a maximum sorption capacity of the porous material 
synthesized. 
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7. T H E  E F F E C T  O F  F R E E Z I N G  A N D  T E M P E R A T U R E  O F  

C O - P R E C I P I T A T I O N  O F  H Y D R O G E L S  O N  T H E  S T R U C T U R E  O F  

A D S O R B E N T S  P R O D U C E D  

Apart from the investigations of the relations governing the porous structure formation 

of coprecipitated adsorbents in terms of the pH of initial and complete precipitation 

of hydrogels, it was of interest to find out how the temperature  of co-precipitation of 

hydrogels and freezing of salt solutions and hydrogels affects the structure of adsorbents 

produced. 
Komarov et al. [22] have carried out such investigations with the systems Zn(OH)2 - 

Cu(OH)2, Fe(OH)a - Mg(OH)2 and Cr(OH)3 - Mg(OH)2. For the first system, the V s -  the 

composition curve is a straight line with a maximum which is located in the composition 

axis at different concentrations of the components. 

Since the structure formation mechanism is described in detail in [4,13,15,20], I will not 

dwell on the reasons for the changes in the sorption capacity of the adsorbents obtained. 

The present studies were carried out to investigate formation of a porous structure of 

coprecipitated adsorbents as a function of their composition and physical effects. With 

this aim, 5~ salt solutions and hydrogels were frozen a t -  8~ then defrosted at room 

temperature  and brought to 20~ Then hydrogels were precipitated, washed to remove 

salts, shaped as rods, dried at room temperature  for 24 h and finally in a drying cabinet 

at 120~ 
Studies of the adsorption structure of the materials produced (Table 9, Fig.8) show that  

after freezing their sorption capacity is much higher than that of the initial materials. The 

difference is that  the sorption capacity of materials synthesized from frozen solutions is 

preferable over that of frozen hydrogels. 
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Z n ( O H ) 2  C u ( O H )  2 F e ( O H ) 3  M g ( O H ) 2  C r ( O H ) 3  M g ( O H ) 2  

Figure 8. The limiting sorption capacity Vs -composition curves for the systems Zn(OH)2 - 
Cu(OH)2 (a); Fe(OH)3 - Mg(OH)2 (b); Cr(OH)3 - Mg(OH)2 (c): 1 - initial samples; 2 - frozen 
gels of the samples; 3 - obtained from frozen solutions; 4 - obtained at 50~ 5 - obtained at 
80~ 

As mentioned in monograph [2], the reason for these differences is that  the structure 

formation mechanism of hydrogel produced from frozen solution is essentially different 
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Table 9 
Adsorption-structural characteristics of co-precipitated adsorbents obtained from frozen solu- 
tions and hydrogels 

Composition Initial Samples obtained from 

% mass of hydroxide samples Frozen solutions - Frozen gels 

I II Vs Ssp Vs Ssp Vs Ssp 
(cm3/g) (m2/g) (cma/g) (m2/g) (cma/g) (m2/g) 

Zn(OH)2- Cu(OH)2 
100 0 0.153 28 0.223 38 0.200 35 

20 80 0.321 80 0.440 82 0.395 82 

40 60 0.275 77 0.382 79 0.352 78 

60 40 0.235 73 0.330 75 0.300 74 

80 20 0.193 37 0.282 57 0.250 50 

0 100 0.360 66 0.487 88 0.450 80 

Fe(OH)3 -Mg(OH)2 
0 100 0.244 86 0.291 116 0.260 100 

20 80 0.300 205 0.350 207 0.310 213 

40 60 0.352 280 0.402 328 0.362 294 

60 40 0.341 310 0.395 330 0.362 324 

80 20 0.283 300 0.340 325 0.306 320 

100 0 0.225 290 0.260 310 0.235 302 

Cr(OH)3 -Mg(OH)2 
0 100 0.244 86 0.280 116 0.260 100 

20 80 0.298 95 0.371 122 0.362 112 

40 60 0.300 105 0.366 120 0.355 115 

60 40 0.265 103 0.335 115 0.315 109 

80 20 0.211 89 0.270 100 0.250 96 

100 0 0.151 67 0.210 81 0.190 75 

from that of hydrogel having a prescribed porosity. 
While in the first case ions associate in the solution and their size and composition are 

responsible for porous structure, in the second and third cases formation of the porous 

structure is caused by already formed colloid particles and their conglomerates. These two 

processes differ substantially in the mechanism of structure formation, but the directions 

of their actions coincide and both of them promote the increase of the sorption capacity 

of the adsorbents produced. 
A distinctive feature of the processes occurring in the systems studied is the fact that in 

spite of their complexity and physical effects, the shape of the Vs -composition curves and 

the position of the maximum in the composition axis remain unchanged. This suggests 

that as a result of internal changes, salt solution and hydrogel subjected to freezing differ 

from the initial state only by qualitative indices, i.e., the factor of ion association in the 

solution subjected to freezing plays a main role and its contribution to the structure 
formation mechanism constitutes 15 to 40%, depending on the nature of the systems 

obtained. 
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For hydrogels this effect is noticeably lower, which is caused by a lower possibility of 

aggregation of already aggregated particles into larger ones. It is interesting to note that 
for each of the mixtures, the increase of Vs is approximately the same, which suggests 
uniformity and correlation of changes of both association of ions in the solution and ag- 
glomeration of hydrogel particles in the course of their freezing. Undoubtedly, individual 
properties of the systems affect, to a certain extent, the course of these processes deter- 
mined by the size, polarizability and charge of ions and especially, by the increase of their 
association as the temperature decreases. 

The fact that the reasons responsible for the structure formation of adsorbents produ- 
ced when freezing solutions are plausible is confirmed by the results of co-precipitation 
of gels at temperatures 50 and 80~ i.e., under the conditions when the ion association 
in solution is minimum. In such solutions gelation is characterized by a rather small size 
of particles, which fully or partially lose the stability factor (the double electric layer, so- 
lvate shell, etc.) and stack to one another, forming compact aggregates. Having reached a 
certain size, these aggregates form a dense coagulate, which, as shown by X-ray analysis, 
has a crystalline or pseudocrystalline structure. As a result, the particles stacking to one 

another at these sites, form a spatial network, meshes of which contain disperse material; 
removal of this material is accompanied by development of porosity. 

Adsorbents, co-precipitated at 80~ whose sorption capacity is 20-25% lower than 
that of the initial compounds and the specific surface area is 1.4 to 1.7 times lower, are 
an example of the systems of the first type (Table 10). Moreover, a substantial difference 
is found in the shape of the sorption isotherms, which have a smoother rise at low relative 
pressures and narrow hysteresis loops as compared to the initial materials. 

Table 10 
Adsorption-structural characteristics of Fe(OH)3-Mg(OH)2 systems co-pricepitated at various 
temperatures 

Composition of sample 

% mass of hydroxide 
Co-precipitation temperature, ~ 

20 50 80 

Vs Ssp V~ S~p V~ Ssp 
Fe(OH)3 Mg(OH)2 (cma/g) (m2/g) (cma/g) (m2/g) (cma/g) (m2/g) 

0 100 0.244 86 0.220 75 0.200 70 
20 80 0.300 205 0.275 130 0.247 120 

40 60 0.352 280 0.315 180 0.275 162 

60 40 0.341 310 0.300 200 0.255 190 

80 20 0.283 300 0.250 220 0.220 205 

100 0 0.225 290 0.200 210 0.170 200 

Adsorption-structural properties of adsorbents obtained at 50~ have intermediate 
indices, lower than those of the initial materials and slightly higher than those of the 
samples formed at a temperature of 80~ which corresponds to strong destabilization of 

the interlayer of a disperse material between the particles, leading to formation of the 
strongest but simultaneously, the most brittle structures (Table 10, Fig.8). 

It is undoubted that co-precipitation of hydrogels at a higher temperature is accompa- 
nied by other reactions aimed at decreasing the structural parameters of porous materials 
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synthesized. One of these processes is hydrothermal aging of gel, which, as shown by some 

authors [1,23], has great importance. The essence of the aging can be described as follows. 

If in the same vessel, under the solution there are simultaneously fine and coarse particles 

of some compound, the fine particles are dissolved gradually and the coarse ones grow. 

This can be ascribed to different thermodynamic properties of fine particles that differ 

substantially from the properties of coarser ones or the macrophase. An increased vapour 

pressure of fine droplets or an increased solubility of fine solid particles is an example 

of this statement. Consequently, solutions saturated relative to coarse particles are yet 

unsaturated relative to fine particles. The latter are dissolved, the concentration of the 

solution increases, and a part of the compound dissolved is deposited on the surface of 

larger particles. Theoretically this process can continue for a very long time until one 

large particle or several particles of the same size and volume are formed. 

The increased pressure of vapor of fine particles can be calculated from the Kelvin's 

equation [24]: 

RTln P___L= 2 a . V  (4) 
P~ r 

where Pr is the pressure of a droplet with the radius r, Poo is the pressure of vapour over a 

flat surface, ~r is the surface tension, V is the molecular volume of the liquid. The equation 

relating an increase in the vapour pressure to the surface curvature and consequently, to 

the size of droplets of liquid can be applied, to crystals and amorphous solid particles. 

Since real crystals are shaped as polyhedra, whose surfaces are characterized by different 

surface tensions, the question arises here about the values of cr and r to be used here. 

Wulff's theorem [25] states that cr/r is invariant for all faces. Therefore, the result 

obtained from the Kelvin's equation must be independent of the choice of a face. 

Thus, the results of studies on sorption properties of adsorbents synthesized at elevated 

temperatures are affected by some factors whose action, as shown by the analysis, is 

directed towards reducing parameters of the structure of adsorbents produced. It is more 

difficult to answer the question about the contribution of each of them to this process and 

to estimate their effects. The difficulty consists in the fact that the effects of these factors 

are simultaneous and it is impossible to neglect at least one of them. It is only possible 

to suggest that the following two factors are the most effective: decrease of association in 

solution that is responsible for formation of fine disperse particles and destabilization of 

their aggregative state, which facilitates formation of the crystal phase. It is a joint action 

of these factors that largely determines properties of the materials synthesized. 

8. S Y N T H E S I S  OF C O - P R E C I P I T A T E D  A D S O R B E N T S  O N  T H E  B A S I S  

OF T W O  B I N A R Y  S Y S T E M S  

As shown in [21], complexity of forming the structure of multicomponent adsorbents 

consists in selection of suitable components of the mixture that would provide successive 

building-up of hydrogel particles during their precipitation. In this case several combina- 

tions of components are possible, among which the following can be distinguished: 



84 

1. Two components in the mixture have equal pH of initial precipitation of hydrogels 

and the pH of the third component is different. According to the mechanism of struc- 

ture formation, the mixture can be considered binary. In the presence of the fourth 

component whose pH differs from the others' ones, the mixture is ternary. 
2. If the mixture consists of four components with different pH of initial precipitation 

of hydroxides, the system is a four-component mixture according to formation of its 

structure. 

3. When the pH of three components of the mixture coincide and the pH of the fourth 

component is different, the system behaves as binary. A similar situation is observed in 
mixtures, in which two components have equal pH of initial and complete precipitation 
and the pH of the two other components differ from those of the two first components 

but coincide between each other. 

In other words, irrespective of the number of components, whose pH of initial and 
complete precipitation coincide, the components behave as one component with a cer- 
tain sorption capacity. Therefore, their participation in forming a porous structure of 
co-precipitated adsorbents can increase or decrease, to a certain extent, the optimum 
sorption capacity of the synthesized material, depending on the size and shape of hydro- 

gel particles. 
Of course, these examples do not exhaust the whole diversity of combinations of com- 

ponents in a mixture, especially, if we take into consideration differences in the pH of 
initial and complete precipitation of their hydrogels. Nevertheless, it is quite sufficient for 

confirmation of reasonability of the above suggestions. 
Komarov and Repina [26] investigated the structure formation in three- and four- 

component systems, in which binary mixtures with compositions corresponding to the 
maximum of the sorption capacity in the Vs -composition curve, function as individual 

components. 
A characteristic feature of these mixtures consists in selection of individual compo- 

nents, whose pH of precipitation promotes increasing the size of colloid particles in 
co-precipitation of hydroxides. In order to satisfy this condition it is necessary that pH 
of initial precipitation of hydroxides in the mixture do not coincide and that the com- 
ponent composition of the samples differ at the sorption maximum. Moreover, the use 
of other compositions of binary systems cannot be excluded. However, in this case the 
highest structure forming effect is not achieved. In spite of the fact that such systems are 

multicomponent, the mechanism of forming porosity is almost the same as the mecha- 
nism of structure formation in binary mixtures [13,15]. The difference only consists in the 
number of built-up components and the order of their deposition onto colloid particles 

precipitated first. 
The behaviour of AV at the maximum of four-component systems depends on the 

sorption capacity of binary systems taken for synthesis. There are several reasons for it 
and all of them are caused by the sorption capacity of adsorbents obtained from binary 
systems, the presence of micropores in their structure and deceleration of the particle 
growth. Moreover, the increase of the sorption capacity of four-component systems de- 
pends on the combination of its components. Therefore, not optimum mixtures of binary 
systems providing the highest sorption capacity of the products are presented here but it 
is only shown that development of porous structure of adsorbents synthesized is possible 
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Figure 9. The Vs composition curves for the systems [A+B]- [C+D]: 
1 -  [40% Ni(OH)2 + 60% Cr(OH)3]- [50% Mn(OH)2 + 50% Zn(OH)~]; 
2 -  [60% Al(On)3 + 40% Fe(OH)3]- [40% Fe(OH)3 + 60% Cu(On)2]; 
3 -  [60% Fe(OH)3 + 40% Cr(On)3]- [60% Co(OH)2 + 40~163 Mn(OH)2]. 

in principle. In this case binary systems are of vital importance in formation of structu- 
ral parameters of the products. The systems are selected in such a way that in one of 
them [60%Al(OH)3 - 40%Fe(OH)3]- [40%Fe (OH)3 - 60%Cu(OH)2] one component (Fe) 
is common, because of which it can be considered as a three-component system with a 
high content of iron and the two others, as four-component ones. The results of adsorp- 
tion-structural studies show that (Fig.9) the Vs -composition curves have a maximum, 
the height of which is markedly higher than the sorption capacity of the corresponding 
binary systems. It should be also noted that the character of structure formation in these 
systems is peculiar [21] and therefore determination of the component composition for- 
med at the maximum of the sorption capacity from equation (3) is impossible. The thing 
is that structure formation in such a complex mixture depends on many factors, which 
(together with the process of growing particles) are responsible for structure formation 
of synthesized adsorbents and for appearance and the height of a maximum in the Vs 

-composition curve. 
Apart from the reasons enumerated above, the efficiency of these factors depends on 

the conditions of co-precipitation of hydrogels promoting more complete implementation 

of the mechanism of growing of hydrogel particles [16]. 
Analysis of the results obtained shows that the sorption capacity of samples of the 

systems studied increases at the maximum by 36.0-65.9% as compared to that of binary 
systems. It is quite possible that depending on the component composition of the systems, 
the figures will be higher or lower. The amount of these changes is determined by the values 
of Vs of binary systems: the higher the sorption capacity of both binary systems used in 
the mixture, the lower the increment AV of four-component adsorbents, and vice versa, 
the lower the Vs of binary systems at a maximum, the higher the probability of obtaining 
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multicomponent samples with a higher AV. 

Porous materials of this type are interesting as regards possibility of modifying their 

composition, structure, chemical nature of the surface and its kinetic properties favourable 
for sorption, activity and selectivity of catalysts. 

In other words, the present studies based on of the relationships of the porous stucture 

formation of binary systems are promising for synthesizing porous materials from compo- 

nents with different surface properties and sorption parameters. This allows researchers 

to change properties of porous materials, enhancing the useful functions and suppressing 
active surface sites responsible for by-processes. 

More thorough and comprehensive studies of multi-component porous materials will be 

extremely useful for synthesis of new adsorbents and catalysts with a prescribed structure 

and nature of the surface and sorption as well as catalytic properties. 

9. D E P E N D E N C E  OF THE SPECIFIC S U R F A C E  A R E A  OF 

C O - P R E C I P I T A T E D  A D S O R B E N T S  ON T H E I R  C O M P O S I T I O N  

The surface area and chemical nature of the surface of adsorbents and catalysts are 

their most important characteristics. However, the behaviour of the specific surface as a 

function of composition of samples has not been studied inadequately so far. There are 

only fragmentary data on the effect of some factors on the specific surface area of binary 

systems, whose structure-formation mechanism differs essentially from that of individual 

porous materials. It is impossible to extend the regularities of porosity formation and 

specific surface area of individual hydroxides to co-precipitated systems. 

For example, as one can see in Fig.10, the specific surface area passes through a maxi- 

mum, whose position coincides with that of the maximum in the Vs -composition curve. 

Before considering this problem, it is necessary to answer the question: what determines 

the value of the specific surface area? It is generally known that Ssp depends on the me- 

thod and conditions under which adsorbents are obtained and is mainly determined by 

the nature of the hydroxide itself. Under the same conditions of production, hydroxides 

have different values of specific surface areas. This question is answered, to some extent by 

Berestneva and Kargin [27]. It appears that each metal hydroxide has a certain crystalli- 

zation period determined by the rate of formation of ordered areas inside the amorphous 

phase and by the number of these areas. It cannot be excluded that the size and shape of 

various hydroxides differ from one another. Moreover, the specific surface area is a relative 

value that does not reflect the reality. The thing is that real densities (d) of adsorbents 

sometimes differ substantially and therefore, commensurable values of the surface areas 
can be obtained only if they are based not on gramm but on cm a in this way: 

Ssp" d = S, m2/cm a (5) 

This expression of the surface area seems the most covenient as it gives a realistic 

characteristic of any adsorber or a catalytic reactor. 

Moreover, even if all conditions of precipitation of hydroxides (temperature, concentra- 

tion, nature of the precipitant, etc.) are observed, the hydroxides are not identical as each 
of them has individual pH of initial and final precipitation, solubility, shape of particles 

and calcination temperature. It is well known that different hydroxides calcinated under 
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Figure 10. The V~ -composition (1 - 4) and S~p - composition (1 ' -  4') curves for systems" 
1, 1'- Fe(OH)3 - Mg(OH)2; 2, 2 ' -  Ni(OH)2 -Cr(OIt)3, 
3, 3 ' -  Mg(OH)2 - Zn(OH)2; 4, 4 ' -  AI(OH)3- Fe(OH)3. 

the same conditions contain different amounts of bound water. A similar situation is ob- 
served with sintering 50 of the hydroxides, which, according to the Tamman's rule, occurs 
at different temperatures, which may probably be attributed to the structure and energy 
of crystal lattice, surface energy and surface tension of oxide and hydroxide particles. 

Thus, the specific surface area of synthesized adsorbents and catalysts is a quantity 
depending on many factors and in its explanation it should be borne in mind that none 
of the factors determines definitely the value of the specific surface area of adsorbents 
synthesized. In this connection, the structure formation of each of the hydroxides should 
be considered only individually and all components of this process should be analyzed. 
Moreover, manifestation of a particular factor is different for other hydrogels. It is most 
likely that only the joint effect of all the factors under required conditions determines the 
final structure of synthesized porous materials. Therefore, it is unnecessary to seek for 
some general relationships describing the structure-formation process. In this case some 
individual factors that make the most appreciable contributions to the behaviour of the 
structure can be indicated. 

Moreover, even though the precipitation conditions are observed most strictly, the 
process is periodical because it is unsteady in its nature and occurs, as a rule, with 
changing conditions of precipitation. For example, if at the beginning of precipitation 

the system is supersaturated,at the end it has different parameters. As a result, hydrogel 

particles or crystals that were formed upon initial precipitation can have different sizes, 
especially because for many hydroxides the pH of initial and final precipitation occur in 
the acid region, i.e., pH < 7, while for others, the pH of initial precipitation lie in the acid 
medium and those of the final precipitation, in the alkaline medium, etc. 
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Hence, peculiarities of precipitation and structure formation of hydroxides and their 

effect on physico-chemical properties of porous materials (sorption capacity and surface 
area) are evident. 

All the said above on the effect of the various factors on Ssp of individual hydroxides 
cannot be extended automatically to co-precipitated hydroxides, whose structure forma- 
tion follows different laws, in spite of certain analogy with the individual hydroxide.The 
essence of these laws consists in the fact that in co-precipitation of hydroxides, the spe- 
cific surface area of samples produced increases in comparison with those of individual 
components [2,13,15,28-30]. 

Milligan et al. [31,32] have shown in many works that in precipitation of hydroxides 
they prevent crystallization of one another and as a result, materials are produced that 
are amorphous according to X-ray analysis. Milligan has ascribed this effect to adsorption 
of one oxide on the surface of another. "The mutual protection" must be accompanied by 

an increase of the specific area. This view is shared by many authors, in spite of the fact 
that it neglects the nature of components in the mixture and their interaction and, which 
is most important, does not clear up the mechanism and compositions necessary for the 

development of the most extensive specific surface area. 
The reason is that in co-precipitation of hydroxides with different pH of initial gelation, 

particles of the hydrogel that is precipitated first are built-up [13,15,27]. As a result, the 
process of increasing the particle size prevents, to a certain extent, or minimizes origi- 
nation of new finer colloid formations, thereby preventing polydispersity of the systems 
and consequently, their dense packing. It is well known that if the space between larger 
particles is filled with finer ones, a packing is formed, some of the inner surface of which 
is inaccessible for adsorbate molecules. On the contrary, particles on which the second 
component is deposited are more uniform in size and form a porous structure with the 
surface that is the most accessible for the adsorbate molecules. In this case maximum 
development of micro- and macropores in the structure of co-precipitated adsorbents is 

the limit for the growth of the specific surface area and sorption capacity. 
In this case, as shown by numerous studies, the largest specific area corresponds to 

the maximum in the Vs -composition curve and, as mentioned above, the condition of 
manifestation of the maximum is noncoincidence of the pH of initial co-precipitation of 
hydroxides of components in the mixture. 

Because of this we can argue with Klyachko-Gurvich and Rubinstein [33] who suggested 
that there was a relation between the specific surface area and phase composition of the 

system and that this relation was general for binary oxide systems. 
This view based on reciprocal solubility of the components of the mixture contra- 

dicts recent experimental results [2,13,15,22,28-30]. In particular, there are some binary 
systems, whose structure-forming mechanism does not involve any unpredictable changes 
leading to the presence of maxima in the Vs -composition and Ssp -composition curves [4]. 

In this case, depending on the composition of the initial mixture, only the content of a 
particular component in the sample changes, not disturbing the additive contribution of 
each of them to the sorption capacity and specific surface area (Fig. 11). 

Of course, in many binary systems, with certain concentrations of components and 
under appropriate conditions, a phase of solid solutions or a chemical compound may 
be produced. Each of these phases differs in its physico-chemical and crystallographic 
properties from the initial components, which affects, to a certain extent, the values of 
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Figure 11. The Vs-composition (1, 2) and Ssp -composition (1', 2') curves for systems Zn(OH)2 
- Cu(OH)2 - (1, 1') and Ni(OH)2 - Co(OH)2 - (2, 2'). 

the specific surface area. It is only unclear if these phase changes facilitate growth of the 

surface. 
Bearing in mind that spontaneous formation of chemical and crystalline formations is 

accompanied by a decrease of the free energy of the system, which can be much smaller 

than its initial value (~1), especially when the newly produced compound is more stable 

than the mixture of initial components. The inverse case of ~2 >> ~3 is seldom encountered 

(nitrogen oxide or N2 + 02 mixture) or when ~2 = (/91 (HI or g 2 + 12 mixture). As a rule, 
for porous materials phase transformations are accompanied by reduction of their specific 

surface area. 
In view of the above said, it is difficult to realize that the factors considered are con- 

nected with formation of new phases, chemical compounds or isomorphic substitutions of 

ions in the crystalline lattice, etc. and aimed at substantial changing the specific surface 

areas of synthesized samples. Therefore, without any extensive hypotheses, we will for- 

mulate conditions that should be satisfied by the initial binary system providing the most 

extensive surface and a high sorption capacity of the samples. 
These conditions are presented in this work and require that the relation between the 

pH of precipitation of hydroxides binary system and the specific surface area samples be 
general. This statement is consistent with the mechanism porous samples and formation 

of their structural parameters. 
In this case the position of maxima in the Ssp -composition curve fully coincides with 

those in the Vs -composition curves of synthesized porous materials. Depending on the 

value of the sorption capacity, the positions of maxima in the composition axis can be 
shifted towards the most sorbed component or be in its center when the sorption capacities 

of individual components in a binary mixture are equal. 
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Thus, the present analysis of the dependence of the specific surface area on the compo- 
sition of samples shows that the area of co-precipitated porous materials is higher than 
that of each of the components only in the case when the pH values of precipitation of 
hydroxides in the mixture are different. This condition is a part of the mechanism of 
formation of the structure of co-precipitated materials with the most extensive porosity. 
Of course, under the action of the various factors affecting the process of structure for- 
mation, the absolute value of Ssp can both increase and decrease, but the general trend 
in Ssp remains unchanged and persists for all binary systems meeting the requirements 
listed above. 
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Chapter 1.4 
Colloidal silicas 

S. Kondo 

School of Applied Physics and Chemistry, Fukui Institute of Technology, 

Gakuen, Fukui 910, Japan 

1. I N T R O D U C T I O N  

Silicas and silicates are the most abundant solid materials on the earth and there are 

various forms of natural and synthetic colloidal silicas which have numerous applications. 

In this chapter, the term colloid is used for the gaseous and liquid dispersions and/or  their 

aggregates of silica particles, the diameter of which ranges from about 10 .5 to 10 ..9 m. 

This term also includes glasses such as porous silicas which usually have a high surface 

area and porosity. Also, adsorption is used not only as the adsorption of gases on the solid 

surface but also as the physical and chemical interactions of materials at the solid-solid 

and solid-liquid interfaces. The silica mentioned here has 3 dimensional networks. There 

are no compounds having 1 or 2 dimensional networks such as the silicate clay minerals 

or organosilicone compounds. The properties of silicas from the chemical point of view 

were described in detail, particularly on silica sol by R.K. Iler[1,2]. Some recent aspects 

of silica research and development were reported [3,4]. 

In nature, there are large deposits of silica-rich volcanic ashes in coarse amorphous col- 

loidal particles, some of which are fairly pure and quite readily soluble to alkali solutions. 

They are used often as an industrial source of silica. Impure volcanic ash which contains 

alumina is used as a detergent, filter aid and mild ion-exchange agent after alkali or acid 

t reatment  and as a raw material for the synthesis of zeolite and porous glass. 

There is macroporous silica diatomite or diatomeceous earth as biological deposits of 

sea algae "diatom". This is used as an industrial filter aid and heat insulator. The inside 

space of the bamboo stems and the rice straws contain silicas of high purity. 

Quartz silica sand of high purity is used as the most important source of silica and 

glass in industry, although most of them are coarse granules and difficult to dissolve in the 

alkali solution at normal pressure. The jewel stone opal is made of very densely packed 

periodic precipitate of monodispersed silica particles. 

There are numerous industrial products of colloidal silicas in various forms. The me- 

thods of industrial synthesis and main applications are briefly surveyed as follows. Ultra- 

fine particles of nanometer order such as aerosil (commercial name) are produced by the 

hydrolysis of tetrachlorosilane in air. A similar material can be obtained from oxidation of 

tetralkoxysilane in a gas phase. The former is used as a thixotropic additive of composite 

materials, heat insulator and etc. 
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Fine powders being composed of particle aggregates such as precipitated silicas or white 

carbon are made by the decomposition of sodium silicate by sulfuric acid in an aqueous 

phase at high temperature. This material has microporosity as well as macroporosity due 

to a rapid growth and aggregation of primary particles as will be discussed later. These 

are used as rubber filler, paper sizing and etc. 

Silica sol which is a stable sol of monodispersed particles is made by the decomposition 

of sodium silicate at low concentration under controlled pH and surface treatment and 

then evaporation of water. A stable floccular aggregates of silica particles are made by 

the peptization of dilute hydrogels under controlled pH. The former material is used as 

fiber and paper sizing, binder and the latter is used for water treatment. 

Particle aggregates with high and low packing densities such as silica hydro- and xe- 

rogels are obtained in industry by the decomposition of sodium silicate by sulfuric acid of 

medium concentration and in controlled pH and temperature. They have a wide variety 

of surface area and porosity and are used as hydrophilic and acid- resistant adsorbents, 

catalyst carriers, composite materials and etc. Since this material contains various impu- 

rities, the material obtained by the hydrolysis of tetraethoxysilane is sometimes used for 

research purposes because of its purity. 

The so called porous silica is made by the acid etching of annealed sodium borosilicate 

glass. The bulk structure is glass mainly of silica, and has a uniform pore size distribution 

in the mesopore region. These are used as a source of silica glass. 

Porous silica fiber was synthesized by the acid etching of sodium silicate fiber of molar 

ratio 3 [5,6]. This material has ultramicropores and adsorbs water and alkali ions in the 

acidic environment and can be used for the removal of water from acid and of alkali 

radioisotope ions such as Cs +, from the environment. 

High silica zeolite crystal is synthesized by the hydrothermal reaction of tetralkylami- 

nosilane. The crystal thus grown consists of the ordered 3-dimensional network of siloxane 

bonds having a host amine compound in the network. This material is then calcined to 

burn off the organic compound and only silica network remains keeping the original regu- 

lar structure. These have uniform micropores with hydrophobic surface and are used as 

hydrophobic adsorbents and catalyst carriers. Recently, mesoporous silica crystals were 

synthesized from long-chain alkyltrimethylaminosilane which forms cylinder-shaped mi- 

celles as a template [7,8 ]. Silicate ions precipitate around these micelles forming a tubular 

siloxane network, and these tubes aggregate to each other and precipitate as a honeycomb 

structure. This material is then calcined and the template organic compound is oxidized, 

leaving the skeleton silica tubes. They have uniform and ordered tubular or cylindrical 

mesopores with the hydrophobic surface. 

This article presents the research on amorphous colloidal silica aggregation. 

2. T H E  A T O M I C  O R B I T A L  OF S I L I C O N  A N D  O X Y G E N  A T O M S  

Silicon atom belongs to group IV of the periodic table and its orbitals consist of l s  2 

2s 2 2p 6 3s 2 3p 2 similar to carbon. The outer electrons form covalent tetrahedral sp a and 

octahedral spad 2 hybrid orbital with other atoms such as silane and potassium silicone 
hexafluoride respectively, but no stable sp or sp 2 hybrid orbitals are found. Since the 

electronegativity of Si atom is smaller than that of carbon, the bond between Si and 
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heteroatoms such as oxygen having greater electronegativity is more ionic than that of 

carbon. This allows for a slight variation of both the bond angles and distances as well as 

the internal rotation of Si-O r~-bond, depending upon the overall structural stability such 

as in silicate minerals and some of the organosilicone molecules. This would be also true 

for the stability of the polymorphism of natural crystals such as a -  and fl-cristobalites, 

a -  and/?-quartz ,  various forms of tridymites, keatites, coesites and stishovites and the 

amorphous or glassy silica as well. The colloidal silicas are usually composed of highly 

amorphous silica particles because of the rapid growth of solid phase as in the industrial 

processes in contrast to the natural processes. This gives rise to an initial formation of 

not only an amorphous structure but also of a very fine particle size of nanometer order. 

The atomic orbitals of oxygen are ls 2 2s 2 2p~ 2ply 2plz . The covalent bond with hetero- 
1 1 atoms is made of the unpaired electrons of 2py2pz. The bond angle thus formed, however, 

is greater than 90 ~ They have the tendency to hybridize with 2 sets of lone pair of electrons 

to create sp 3 orbital. This situation is more clearly seen in the structure of ice where oxy- 

gen atoms take diamond-like tetrahedral positions and the hydrogen-bonding H-atoms 

are located in double minimum positions on the straight line connecting oxygen atoms. 

Thus the hydrogen bond is composed of not only the ionic bond but also the covalent 

bond orbital between the donating 2p2y and/or 2pz 2 electrons of oxygen atom and adja- 

cent protons of neighboring molecules, keeping the tetrahedral orientation and straight 

line relation of O-H---O bond. This structure may be applied to other hydrogen-bonding 

systems involving oxygen atoms and should be taken into account while considering the 

steric relation of hydrogen bond between silanol groups and water molecules or other 

electron-donating and electron-seeking molecules. 

/ 

3. T E T R A H Y D R O X Y S I L A N E  

Colloidal silica consist of primary particles of nanometer order. Sometimes, these can 

grow to a much larger size as a stable discrete particle and form silica sol in a liquid 

phase. The polymerization starts from tetrahedral tetrahydroxysilane or orthosilicic acid 

Si(OH)4. 
A physical identification of silanol groups is made by the IR spectra, and recently by 

29Si NMR chemical shift. The former method is based on the frequency and intensity 

changes of the stretching and bending vibrations in the fundamental and overtone regions 

of O-H band, which can be identified by H-D isotope exchange by, for example, adsorption 

of heavy water. IR spectroscopic measurement can be made easily in situ. The stretching, 

bending, combination and first overtone vibration frequencies of free silanol groups are 

3740, 810, 4556, 7316 cm -1 respectively. It is recommended to use the combination and 

overtone region in near the IR region in order to distinguish the silanol groups from other 

hydroxyl groups such as water and alcohol. High resolution NMR is based on the chemical 

shift of 29Si nuclear resonance influenced by the change of atomic orbital surrounding the 

respective Si nucleus and can analyze the environment of Si nuclei in a very short range. 

Therefore, one must be very careful to interpret the chemical shift for the identification 

and assignment of the functional surface groups bonded to the oxygen atom. 

Both the Si-O and O-H bonds in silanol groups are more ionic than C-O and O-H 

groups in carbinol groups. Both the proton or hydroxyl ion can be easily released from the 
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silanol group depending upon its environment such as pH. The isoelectric point of colloidal 

silica is about 3, above and below which the silica surface has negative and positive charges, 

respectively. Silanol groups act as both the electron-acceptor (proton) and electron-donor 

(2 lone electron pairs of oxygen). The name orthosilicic "acid" originates in the weak 

Br6nstead acidity of this surface. 
The plural number of hydroxyl groups can be attached to a single silicon atom in the 

aqueous phase or perhaps in the water vapour phase where the hydrogen-bonding of water 

can stabilize such a structure. However, it is not known to what extent twin [=Si(OH)2] or 

even triplet [-Si(OH)a] hydroxyl groups are stable in the gas phase. It should be difficult 

to form a stable intramolecular hydrogen bond between these hydroxyl groups, due to the 

linear bonding principle as mentioned above. The same must be true for the hydrogen 

bond between the vicinal silanol groups on the surface. It is difficult to assume such a 

configuration both from chemical and structural points of view. 

The solubility of amorphous silica is roughly 100 ppm at ambient temperature and 

neutral pH, although its solubility in pure water depends very much on the structure 

of the surface and the particle size of silica. The solubility increases exponentially by 

temperature increase, for instance to about 1000 ppm at 100~ It also increases drastically 

by increasing pH as shown in the solubility-pH relation in Fig. 1. This behaviour is used for 

the hydrothermal reaction of silica and related compounds in industry or in the geothermal 

reaction in nature. 
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Figure 1. The solubility of amorphous silica against pH at 303 K. The full and dotted lines show 
the original and alkali-treated materials, respectively. 

In most industrial processes, tetrahydroxysilane is prepared by the decomposition of 

aqueous sodium silicate of the molar ratio about 3 by sulfuric acid as mentioned below. 

The particle size would be smaller or larger if the decomposition were carried out in the 

acidic or alkaline environment, respectively. The final product by this method contains 

a lot of impurities such as alkali, alkali earth, A1, Ti, Zr and etc. depending on the raw 

materials used. It is rather difficult to remove these impurities completely by acid washing. 

Therefore, in order to obtain a high purity silica, distilled tetraethoxysilane is hydrolyzed 

by water at controlled pH, temperature and concentration. 
The electrolysis of sodium silicate in the dilute solution may produce tetrahydroxysilane 
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at the anode. When this compound is produced by the hydrolysis of tetrachlorosilane or 

the oxidation of tetraethoxysilane in the gas phase, the polymerization reaction may take 
place successively and instantly, since in the gas phase, tetrahydroxysilane is not stable. 

The high temperature heating of silica with carbon in the electric arc or plasma pro- 

duces fine powder silica called pyrogenic silica which is hydrophobic. 

4. SILICA P O L Y M E R -  SILICA P R I M A R Y  P A R T I C L E  

The hydroxyl groups of tetrahydroxysilane monomer can form intermolecular hydrogen- 

bond easily with other adjacent monomers and then dehydroxylate to dimer or oligomer 

forming siloxane bond and releasing water in the aqueous or gas phase such as: 

Si(OH)4 + Si(OH)4 = (OH)3Si-  O - Si(OH)3 + H20 (1) 

when its concentration is increased to more than a few hundred ppm. Since the reac- 

tion product such as in Eq. (1) still has many silanol groups, the dehydroxylation and 

condensation reaction continues to produce cyclic and/or spherical oligomers. There are 

two different ways of polymerization from these oligomers. (a) When the concentration 

of oligomers is low and the separation between oligomers is too long for them to join, 
the oligomer continues to grow to a larger spherical polymer of various sizes having a 

few pores inside the bulk of the polymer, as is in an ordinary condition. (b) When the 
concentration of oligomers is high, these oligomer units aggregate and form a polymer 

of nanometer size including small spaces or ultramicropores inside the polymer. After 

drying, they are ultramicroporous polymers having a pore diameter of less than 1 nm. 

This reaction is carried out in a special environment such as in the aqueous solution in a 
confined space of water-in-oil microemulsion [10]. Both particles are siloxane polymers, 
but they are different in bulk structures. 

These polymers still hold quite many silanol groups on the surfaces and possibly a 

little amount in the bulk structure. These silanol groups act as the binder of polymer 

particles with the hydrogen bond. The stronger covalent siloxane bond is formed after 
dehydroxylation of these hydrogen-bonding silanol groups. When the concentration of 

these polymers is low and hence the distance between polymers is long, and the protons 
of surface silanol groups are ion-exchanged to cations, (that is, positively charged) or the 
hydroxyl groups are modified with hydrophobic functional groups to make the surface 
hydrophobic, the aggregation of these polymers is prevented and the polymer becomes a 

stable silica sol. The silica concentration of silica sol by weight thus produced can reach 
as much as 40 %. 

5. T H E  A G G R E G A T I O N  OF SILICA P O L Y M E R S  

The silanol groups on the polymer particle surface play a very important role upon 

the particle aggregation such as the interparticle hydrogenbonding and the hydrothermal 

reaction thereafter. The hydrogen bond between these particles is about 5 times stronger 
than that of electrostatic and van der Waals forces, but weak enough to be broken by a 
mechanical force in such cases as the thixotropic behaviour of aerosil powder mixed in 
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the hydrophobic organic solvent and the peptization of dilute hydrogel to flocculent silica. 

However, these hydrogen bonds can be transformed to the covalent siloxane bonds easily 

by dehydroxylation and the interparticle bond becomes much stronger than the hydrogen 
bond. 

The aggregation will commence between particles if the concentration of the polymers 

is high and/or there are no hindering factors against aggregation such as the surface mo- 

dification of the silanol groups of the particles. As the aggregation proceeds, the viscosity 

of the sol becomes higher and, finally, the sol is set to a hydrogel or jelly. The rate of 

aggregation depends upon (1) the concentration of primary particles, (2) temperature, 
(3) pH, and to a less extent (4) the nature of the solute such as inorganic ions or organic 
solvents. 

5.1. The  effect of concentrat ion  

When the concentration of the particles is low, there appear at first fairly dense and 
independent groups of aggregation such as floc called primary aggregation. These primary 

aggregates join together and make the viscosity higher. If the reaction is rapid in such cases 

as the high temperature decomposition of fairly dilute sodium silicate by sulfuric acid in 

alkali environment, these primary aggregates may be precipitated as a white carbon. This 

product has a microporosity as well as macroporosity. When the aggregation is carried 

out at ambient temperature, a dilute jelly or hydrogel is made and it can be peptized 
by heating in a weakly alkali solution when it is fresh. It is stable as a flocculent sol as 
mentioned above. The IR spectroscopic observation shows that these hydrogels possess a 

lot of free silanol groups and hydrogen-bonded silanol groups as well, after exchanging 
water contained in hydrogel to, for instance, carbon tetrachloride. 

When a very dilute hydrogel is aged, or hydrothermally treated at temperatures above 
100~ or at pH higher than about 10 for a suitable time, the interparticle hydrogen 

bond changes to the siloxane bond. In this hydrothermal treatment the convex surface 

of particles is ready to dissolve and the solute thus made precipitate into the concave 
contact points of the interparticle bond because of the high solubility as shown in Fig. 1 
and the solubility difference of the convex and concave surface. Thus the particle contacts 
are filled with the siloxane structure and the silica surface becomes more homogeneous. 

The linking of the interparticle bond both inside the primary aggregates and between 

primary aggregates becomes stronger by 3-dimensional network and becomes more and 
more rigid. The material cannot be peptized any more. When this material is dried very 

slowly near or above the critical temperature and pressure in an autoclave, or when the 
water is exchanged to a volatile solvent, the shrinking of the hydrogel and the destruction 

of the whole structure do not occur during dehydration. Then a silica aerogel is formed 

with a density as low as 0.02 g/cm a and a very large macroporosity which was occupied 

before by water is produced between primary aggregates. This mechanism may be the 

origin of macropores of silica gel . This material is used to measure the intensity of high 
energy radiation. 

It is obvious that the higher the concentration of silica primary particles is the denser 
primary and secondary aggregations and heavier density of the hydro- and xerogels. 
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5.2. The effect of hydrothemal  treatment  
The hydrothermal treatment (called HTT) or the hydrothermal reaction process can 

be observed more clearly with hydrogels of higher concentration of silica particles [11-13]. 
A hydrogel was obtained by the hydrolysis of 1 mole of redistilled tetraethoxysilane in 

10 moles of water (about 33 % SiO2 in water by weight) at pH 2.0 and 70~ for about 

100 min. This condition produces silica polymer with a small particle size. Silica sol thus 
obtained was cooled immediately to 0~ and was set to hydrogel in 24 h at 17~ as a thin 
film. This hydrogel was washed sufficiently to remove alcohol and chloride ion, stored in 
a refrigerator before the use as a raw material of HTT. HTT was carried out by keeping a 
necessary amount of hydrogel film samples in a pyrex ampoule with water being adjusted 
to a fixed pH=5.9 or other values, when necessary. This was placed in an autoclave, if 
necessary, and heated at desired temperatures for mostly 2 h. After HTT, the hydrogel 

was dried slowly at about 10~ for 48 h in the refrigerator in order to minimize the 
change of the structure of the sample during drying. The samples obtained were used for 
the measurements of the nitrogen adsorption isotherms, IR spectra, thermodilatometry, 

Vicker's hardness and etc. 
The longer the time of HTT was the larger the pore volumes (ml/g), whereas the 

surface area increased to maximum at about 2 h and then decreased slowly. This result 

indicates that the longer HTT time strengthened the particle aggregation by burying 
the concave space of interparticle contact with siloxane as mentioned in the end of the 
previous section. Therefore, the period of HTT was set to 2 h in order to compare the 

effect of HTT at different pH and temperature conditions. 

5.2.1. The effect of temperature  
The rate of shrinkage of hydrogels during drying decreases as the temperature of HTT 

increases because of the reinforcement of the silica skeleton structure. This makes the pore 
size and pore volume of xerogels larger by higher temperature of HTT. This process then 
gives the variety of adsorption isotherms as illustrated in Fig.2. The aging is immature 
by low temperature HTT and the hydrogel shrinks distinctly by drying and results in a 
microporous and mechanically brittle or fragile gel. The temperature increase of HTT to 
100 and 163~ gives mesoporous gels. The drastically high temperature HTT produces 

macroporous and mechanically strong gels. 
The change of the shape of the isotherms in Fig.2 is discussed in terms of the change 

of BET specific surface area, As, and pore volume Vp computed from these isotherms 

(Fig. 3.). 
The pore volume increased as the HTT temperature was raised. This is reasonable 

considering the mechanism of HTT. However, the strength of the interparticle binding 
is smaller at the beginning but rises above 100~ as seen in the Vicker's hardness per 

particle contact point in Fig. 4 in which the curve shows a mild HTT below 100~ 
It is interesting to see that the As increased up to 100~ and then decreased gradually. 

The reason for this change can be interpreted as follows. A moderate HTT may contribute 
mainly to the strengthening of the particle contact (siloxane bond) and not to the particle 
growth. Therefore, the shrinkage by drying becomes smaller, making the pore size wider 
and keeping the original particle size. This would make more nitrogen molecules possible 

to access to the silica surface of this material than that by low HTT and would give a 
larger apparent specific surface area than that at low HTT. In other words, the area of 
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Figure 4. The Vicker's hardness per interparticle contact point versus the HTT temperature.  

surface approached  by ni t rogen becomes  close to the  real surface area. 

The  microporous  gel may have a fract ion of micropores  so narrow tha t  n i t rogen mo- 

lecules cannot  enter  and cover the  to ta l  silica par t ic le  surface. This would result  in the  

smaller  apparen t  specific surface area  t h a n  the  real area  because  we use n i t rogen molecule  

as the  probe.  This shows tha t  the  surface area e s t ima ted  by the  gas adsorp t ion  m e t h o d  

is dependen t  on the  size of the  p robe  molecule  even in case of ni t rogen.  

An es t imat ion  of the  real surface area Atotal was m a d e  from the  measu red  As m2 /g  
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(the apparent surface area covered by nitrogen molecules), pore volume, Vp ml/g, the 

coordination number, N, of particle contact points; the number of contact points of a 

particle calculated from the density of irregular packing of uniform spherical particles 

[14], the size relation between nitrogen molecule, and radius of the primary particle, r 

nm, as shown in Table 1 [15]. 

Table 1 
The relation between the HTT temperature and the specific surface area As, pore volume Vp, 
coordination number N, particle radius r, total surface a rea  Atotal and the surface area obtained 
from the OH concentration of free silanol groups (AoH) 

HTT A~ Vp N r Atotal AOH 
~ (m2/g) (ml/g) (nm) (m2/g) (m2/g) 

10 580 0.25 8.8 1.23 1107 1073 

50 742 0.35 7.0 1.24 1104 1052 

100 839 0.42 5.9 1.24 1100 1038 

163 495 1.02 3.9 2.48 551 552 

201 214 0.97 4.0 6.04 226 220 

253 64 1.17 3.8 21.1 65 88 

It is interesting to see that Atotal from 10 to 100~ of HTT where HTT is mild, is 

almost the same. The total number of silanol groups of each HTT material, which can 

be measured by ignition loss, divided by the apparent specific surface area, As gives the 

apparent OH concentration as shown in Fig.5. This curve shows a peculiar behaviour. 
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Figure 5. The number of OH groups per As ( full line ) and Atotal (dotted line) vs. the HTT 
temperature. 

At low HTT, this value is about 5.5/nm 2 and decreases to about 4 at 100~ but then 

increases finally to a surprisingly high value of about 18. The reason for the initial increase 

is because As approaches Atota by HTT. Therefore, the value 4/nm 2 should be close to 

the real OH concentration. The marked rise afterwards is because the inlet of nitrogen 

to the pores becomes narrower and narrower by the drastic HTT, leaving the silanol 
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groups inside the pores which are the inner OH groups. Thus As becomes smaller and the 

apparent concentration of OH groups per As becomes very large. 

The number of free silanol groups on the outer surface of silica per surface area can 

be obtained from the intensity analysis of IR OH bands which contains various kinds 

of OH groups at different frequency on each HTT material. These values are shown by 

the dotted line in Fig.5. It is interesting to see that this value is much smaller than 

the number of total OH/As and is nearly equal to 3. These free silanol groups produce 

interparticle hydrogen-bonded and inner silanol groups. This value Nfree ,~ 3/nm 2 agrees 

very well with other studies of concentration of free silanol groups such as those measured 

by surface alkoxylation [16], ion exchange [17], and adsorption of water and alcohol [18], 

all made by IR spectroscopy, and by heat of immersion [19 ]. Under the assumption that 

the whole silica surface is covered with free silanol groups with Nfree ~ 3/nm 2, the total 

OH groups of the material per gram divided by Nfre~, gives the total surface area covered 

with free silanol groups, and is, as expected, nearly equal to Atotal, as listed in the last 

column of Table 1. Both values are in excellent agreement taking into account the degree 

of approximation. It is not unreasonable to assume that all the surface of amorphous silica 

which have silanol groups before the thermal treatment would have the similar structure 

being basically composed of free silanol groups with Nfr~e ~ 3/nm 2. 
The change of surface silanol groups during HTT was studied by the IR transmis- 

sion spectroscopy [11]. All the samples were vacuum dried at 150~ before measurement. 

The shape of OH band at the fundamental stretching region changes by the HTT tem- 

perature as shown in Fig.6. The analysis of the IR spectra such as the spectral deco- 

nvolution of heat-treated [20], surface-modified [19 ,21], ion-exchanged [22 ], and H-D 

g 
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Figure 6. The IR spectra of silanol groups of silica gels in the OH stretching region at the 
different HTT temperature. 

isotope-exchanged silica gels showed that this band consists mainly of a sharp free sila- 

nol band, very broad interparticle hydrogen-bonded silanol band and skewed inner silanol 

band which are located inside closed pores and even water cannot enter, as revealed by 

the H-D isotope exchange with heavy water as listed in Table 2. 
The sample by low temperature HTT had a very small fraction of free OH, a large 

fraction of interparticle OH and a small amount of inner OH groups. This would be 
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Table 2 
The wave numbers of silanol groups in fundamental stretching vf, bending ~'b, combination vc 
and first overtone u0 vibration modes 

/'If //b Pc PO 

Free OH 3748 810 4556 7316 

Inner OH 3670 - - - 

Interparicle OH 3500 . . . . .  

Surface H-bonded OH 3500 

Water (gas) assym. 3756 1595 5332 7252 

Water (gas) sym. 3652 - - - 

Methanol (gas) 3682 1340 4410 - 

because the HTT is immature and the interparticle bond is weak and hydrogel shrinks 

greatly. Therefore, this microporous gel has a high packing density (the high coordination 

number) and has a large number of interparticle OH and possesses a small fraction of 

closed pores due to a dense packing. This is the reason for the comparatively small As 

and pore volume, as shown in Fig.3, and a fairly high total OH concentration in the left 

part of the full line in Fig.5. 
The medium HTT gives a fairly strong interparticle bond. The hydrogel shrinks less 

and produces mesopores and a larger pore volume. Hence, the relative amount of free 

OH becomes larger and these of interparticle OH and inner OH are smaller. As of this 

material becomes larger and approaches Atot~l. The same is true for the fraction of free 

OH to total OH groups. 

The intense HTT makes the interparticle binding very strong as shown in Fig.4, but 

the As becomes smaller, because the apparent particle size becomes bigger close to the size 

of primary aggregates as described below. The fraction of both free OH and interparticle 

OH is greatly decreased but that of inner OH is large as shown in the spectrum of HTT 

at 253~ in Fig.6. This is because this drastic HTT would close small pores of primary 

aggregation holding silanols inside and thus the apparent particle size becomes rapidly 

large and the OH concentration per apparent surface area As becomes astonishingly high 

as seen in Fig.5. 

5.2.2. T h e  effect of pH 
The change of aggregation state by HTT of different pH is very similar to that of 

temperature mentioned above. For instance, HTT at low pH gives an immature gel which 

has microporosity and high pH HTT gives a larger pore size. 

However, HTT at pH higher than 10 gives a different kind of surface property than 

that of pH lower than 10 from where the solubility of silica rises sharply in Fig. 1. HTT of 

hydro-, xerogel and aerosil at pH = 11 adjusted with either sodium hydroxide or ammonia 

at 100~ gives a new perturbed OH band at about 3500 cm -1 with interesting physical 

and chemical properties, as illustrated in Fig.7 [13]. This band disappears by vacuum 

heating at 400~ but revives again easily by the adsorption of water with no change of 

surface area, in contrast to other kinds of hydrogen-bonded silanol groups which show an 

irreversible behaviour by sintering. This band shifts to OD band easily by H-D exchange 
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Figure 7. The IR spectrum of silica gel by HTT at pH 11.2 for 2 h and its change by heating in 
vacuum at different temperatures. 

but cannot be cation-exchanged with Co 2+, similar to other kinds of hydrogen-bonded 

silanol groups. Therefore, this hydrogen-bonded OH group must be located on the surface, 

but may not be the so called geminal silanol groups. A reasonable model of such a kind of 

silanol groups is that on the (110) plane of cristobalite, where adjacent Si atoms can have 

OH groups which make a zigzag chain of hydrogen bonds without strain. The solubility 

of this material is half that of medium HTT and almost similar to that heat- t reated at 

1473 K as shown in Fig.1 by a dotted line [23]. 

6. T H E  P R O P E R T I E S  O F  S I L I C A  A D S O R B E N T S  

In this section, not only some of the physical and chemical properties of silica adsor- 

bents, but also some of their industrial applications are described when necessary. 

6.1.  T h e r m a l  s t a b i l i t y  

The surface of adsorbents must be cleaned before the use in order to adsorb desired 

molecules. The ordinary procedure is to heat the material at a suitable temperature and 

time in the flow of carrier inert gas or under vacuum, in order to give the adsorbate 

molecules the thermal energy larger than that of adsorption enough to desorb from the 

adsorbent surface. The temperature of desorption must be chosen to be high enough to 

desorb the adsorbate completely and yet must preserve the original surface and bulk 

structure of the adsorbent which can be easily destroyed. 

Silica adsorbents have free silanol groups both acting as the electron-donor and ac- 

ceptor adsorption sites as well as the adsorption potential of ultamicro- and micropores. 

When they have both sites, the energy of adsorption is quite high so that the evacuation 

temperature should be higher than 100~ However, they tend to sinter easily by heating, 

since silica adsorbents are the colloidal aggregates of fine particles. This sintering pheno- 

menon is enhanced by the presence of impurities and surrounding gas. Commercial grade 

colloidal silica such as precipitated silicas contain a lot of Na + ion, in contrast to a high 

purity silica gel after sufficient HTT. 
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The sintering effect to the properties of silica adsorbent has been studied using si- 

lica gels synthesized from tetraethoxysi lane and impregnated with various amounts  of 

Na + ion and heated in various atmospheres [24]. Figs. 8, 9, 10 and 11 show the change 

of specific surface area with the samples loaded with various amounts  of Na + impurity, 

and atmosphere,  the thermogravimetry  and the thermodi la tomet ry  of the sample with the 
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Figure 8. The specific surface area of silica 

gel containing various amounts of Na + impu- 
rities versus the temperature of heating. 
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Figure 9. The specific surface area of silica gel 

containing 40 ppm of Na + versus the tempe- 
rature of heating under various atmospheres. 
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Figure 10. The weight loss of silica gel conta- 
ining various amounts of Na + impurity aga- 
inst temperature. 
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Figure 11. The dilatometry of silica gel con- 
taining various amounts of Na + impurity. 

different amount  of Na + impurities with a heating rate of 5~  in air, respectively. 

The change of specific surface area in Figs. 8 and 9 depends very much on the amount  

of Na + impurity and the kind of atmosphere.  As the amount  of Na + ion increased, the 

decrease of surface area s tar ted at as low as 200~ whereas in case of 5 ppm Na +, the 

area starts  to decrease at about 500~ Therefore, silica can be used as a catalyst  carrier 

at tempera tures  as high as 500~ The heating in s team decreases the surface area. This 

indicates that  during the heating of silica adsorbent even under vacuum, pores would be 

filled with s team evolved from the pore surface and would damage the surface to some 

extent. That  is to say, one should be careful enough to increase the t empera tu re  slowly 

enough to remove the s team from the pore before t empera tu re  evaluation. The weight 
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begins to decrease at temperatures as low as 200~ in Fig.10. It is sometimes difficult 

to distinguish the desorption of water from the dehydroxylation of surface silanol groups 

when the temperature  of sintering is low. This difference can be identified by the near 

IR spectroscopy using the frequency difference of bending and/or  combination band of 

silanol groups and water. 

Water may be desorbed from the micropores at about 150,,~170~ The dilatometry in 

Fig.11 shows that  high purity silica starts to shrink or sinter at as high as about 500~ 

There are changes of the curves at points a and b. After point a, bubbles appear in the bulk 
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Figure 12. The OH concentration of silica gel 
containing various amounts of Na + against 
the temperature of heating. 
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Figure 13. The IR spectra of silanol groups 
heated at various temperatures. 
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Figure 14. The intensity change of 5 bands deconvoluted from the spectra in Fig.13. 

structure as shown in Photo 1 of the optical transmission microscope photograph, which 

shows the expansion of closed pores mentioned above by the steam pressure of heating. 

SEM photos 2, 3 and 4 show the silica gel after point b. One can see the outburst  of the 

bubbles which appeared above the point a. The material now looks like white bread. Photo 

4 shows the crystal growth. Points a and b are shown in other figures when it is neces- 

sary. The concentration of silanol groups as measured from the weight loss decreases as the 
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temperature of heating is raised as shown in Fig.12. At the point a, the OH concentration 

seems to increase because of the generation of closed pores. 

The change of various kinds of silanol groups can be studied in more detail by IR 

spectra as shown in Fig. 13. Not only the intensity but also the shape changed markedly 

by heating. These curves can be deconvoluted approximately into roughly 5 component 

bands at 3750 (free), 3670 (inner), 3490+3290 (interparticle) and 3030 (wate r )cm -1 as 

illustrated in Fig.14. The 3030 cm -1 band disappeared, first the 3290 and 3490 cm -1 band 

decreased accompanied by the sintering and these at 3750 and 3670 cm -1 remained at 

high temperature. 

6.2. T h e  impur i t i e s  

This section deals with the impurities which are present in the silica adsorbent as 

small amounts in the bulk structure and/or  on the surface of silica. These impurities have 

usually their origin in the raw materials and in the environment during synthesis and 

adsorption- desorption cycles. 

In the industrial process sodium silicate is made of natural silica sand and natural and 

synthetic sodium carbonate. They contain impurities such as Ti, Zr, A1, Ca, Mg and etc. 

depending upon the area. Alkali and alkali earth impurities can be removed fairly easily 

from silica gel by acid washing to as low as 50 ppm. Other kinds of impurities than these 

go to the final product. They remain not only inside the bulk structure but also on the 

surface. The heating of the material would make the diffusion of these impurities faster 

and thus there would be more fraction of these on the surface than in the bulk. The 

foreign atoms on the surface have different ionic valence and/or electronegativity from 

those of Si atom. Therefore, these impurities may act as BrSnstead or Lewis acid sites for 

catalytic reactions. On the other hand, the impurities such as aluminum which can form 

the stronger covalent bond than mono or divalent atoms retard the sintering and increase 

the mechanical strength. If this kind of adsorbent is used in the presence of organic com- 

pounds, however, this adsorbs and decomposes the adsorbed organic molecules, leaving 

the carbon atoms inside the pore. This residual carbon may change the surface area and 

porosity at least. 

The purification of fine powder precipitated silica is difficult by this method. In some 

applications of white carbon such as a rubber filler, a certain amount of Na + cation remains 

in order to adjust the acidity of the surface to achieve a better dispersion of particles. 

The silica products are fairly pure when SIC14 and Si(OC2H5)4 purified by distillation are 

used. 

6.3. M i x e d  oxides  

A larger amount of foreign atoms than that mentioned above can be introduced on 

purpose as a form of mixed oxide such as silica- alumina. This material is produced by 

mixing silica sol and alumina sol in a molar ratio about 1:1 and used as the Lewis acid type 

oil cracking catalyst. The mixed oxide can be obtained also by the hydrolysis of the mixed 

solution of metal alkoxides. Various kinds of metal cations can be impregnated into the 

pores of silica adsorbent. In a dilute solution, these ions can exchange the proton of free 

silanol groups [24]. The exchange ratio of divalent cation was one cation to 2 free silanol 

groups. This property can be used for the ion exchange trapping of, for instance, long half 
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life radio isotopes of very low concentration, after which material can be made to glass [22 ]. 

When a larger amount of metal ions is doped and dried, excess electrolyte remains as 

crystals in the pore as in the case of blue-colored silica gel as a humidity indicator. This 

is obtained by the immersion of hydro- or xerogel in the cobalt chloride solution and 

they have cobalt complex salt in the pore. The impregnation of silver compound produces 

the adsorption sites of organic halides [24]. They are also used as a sterilizer by surface 

coating of various fibers, clothes, and plastics such as a telephone receiver. There are 

numerous applications of silica gels as the carrier of transition metal catalysts in the 

acidic atmosphere such as the oxidation of sulphur oxide in sulfuric acid production by 

vanadium pentaoxide, of carbon monoxide etc. The temperature resistance of high purity 

and macroporous gels is now up to 600~ In these cases, metallic compounds in the pores 

are usually reduced to metallic clusters on the surface by hydrogen. 

6.4. The adsorption interaction 
The surface of silica taking part in the adsorption of molecules consists of mostly free 

silanol groups in varied surface concentrations and siloxane bonds. The silanol groups act 

as both an electron acceptor and donor such as the hydrogen bond with OH and NH gro- 

ups and the lone pairs of nitrogen- and oxygen-containing molecules and electron transfer 

interaction with electron-donating molecules such as unsaturated and aromatic compo- 

unds forming weak adsorption complex molecules. These potentials are usually stronger 

than that of van der Waals potentials. Therefore, the adsorption of these molecules is 

"quasi" irreversible in the sense that they have to be desorbed at higher temperature 

than that of adsorption, although there are few chemical reactions on the surface at an 

ambient temperature. 

One cannot estimate the surface area of polar surface such as silica having silanol 

groups by means of the adsorption of polar molecules, since the effective molecular ad- 

sorption cross section of these molecules varies depending on the concentration of free 

silanol groups. The structure of the adsorbed layers is complex compared with that of 

the homogeneous surface which has no specific adsorption sites. The orientation of mole- 

cules of the first layer depends on the configuration of silanol groups and that of second 

layer depends on the molecular configuration of the first layer and so on. Perhaps the 

structure above the third layer would be a little similar to that of liquid. Because of the 

hydrophilic surface surrounding the adsorbed water, the structure of this water would be 

more structure-breaking or less ordered (higher density) than that of bulk water or that 

which is surrounded by the pores of hydrophobic surface such as graphitic carbon and 

is structure-forming. From a colloid chemical viewpoint, the surface is more hydrophilic 

when there are more free silanol groups. 

There are also pores in silica adsorbents which act as fairly strong adsorption potentials. 

Ultramicropores can adsorb only water molecules due to the relative size fitting of the 

pore and adsorptive molecule. Micropores can adsorb molecules such as nitrogen and 

these having similar molecular diameter. These pores exhibit the enhanced van der Waals 

force from the surrounding wall. The diameter of these pores can be estimated by the t -  

or as-method. When there are free silanol groups inside these pores and the adsorption 

interaction is of the electron transfer type, the energy of adsorption is quite strong. The 

above mentioned characteristics of adsorption interaction is used to adsorb selectively 
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the hydrogen-bonding molecules from non hydrogen-bonding molecules, and polar from 
nonpolar molecules. Mesoporous silica with a high surface area is used as a low humidity 
desiccant in such applications as the desiccation of dual glass window, the storage of food 

and drug, antiblocking of dry powder etc. 
The pores can be used in such a wide range of applications as mentioned below. The 

mesoporous silica can control the air humidity to a medium humidity range at the ambient 

temperature because the water adsorption isotherm of mesopores rises fairly sharply in 

the medium of the relative humidity. They adsorb water when the air humidity goes up 
and release adsorbed water when the humidity goes down. This mechanism lasts almost 
forever, and is used for the adjustment of the humidity in the medium relative humidity 

range inside the precious music instruments, sculptures, and paintings etc. made of wood 

and fabrics, so that these fine arts are not exposed to the dew drops in the aircraft or 

ocean transportation, for instance. There is an interesting application of charcoal to dry 

the underneath of the floor above the ground in ancient Japan when silica gel was not 

available. Today silica gel is used to speed up the construction time, to keep the wall, 

floor and room of the living section and kitchen of houses and ocean-going ships away 

from high humidity. They also restrict the growth of fungi and insects. They can be used 

to fix enzymes in the pores for biological application. Powder porous silicas of controlled 

particle size are used as antiblocking agents of polymer films and printing ink for the 

efl:icient process. They are also mixed with paint and varnish to decrease the gloss of 
the coating surface to give a natural look and to retard the reflection of light, due to 

the minute roughness of the painted surface. They are made so fine that they cannot be 
detected with human touch and bare eyes. Since these paint liquids are adsorbed in the 

pores of silica, the refractive index of silica becomes almost equal to that of the liquid. 

This makes the silica particles not observable. 
Silica adsorbents with controlled macropores in the form of xerogel and hydrogel can 

adsorb proteins and high polymers selectively by size difference. This mechanism is used 
for the removal of unnecessary proteins from the edible fermented liquids such as beer, 
wine, vinegar and etc. (Japan Patents 1242401, 1277849, 1630838, 1792050). This selective 

adsorption can help preserve the quality of the liquid and yet prevents the liquid from 

the turbidity caused by the coagulation of proteins during the storage. This can make the 

time of aging and filtration short and easy. 
The enthalpy of adsorption of silica has been studied to some extent. However, it takes 

a long time to reach the equilibrium compared with the fluctuation of the temperature of 
measuring instrument in static and flow types owing to the slow diffusion of adsorbate into 
the pore. Therefore, most studies were carried out on the enthalpy of immersion (wetting), 

which can look into some aspects of adsorption energetics especially when the heat of 

adsorption is large. Fig.15 illustrates the heat of immersion of silica gel heat-treated at 

various temperatures into various liquids [19 ]. In this figure the OH concentration per A~ 
is shown in a horizontal axis instead of heating temperature. The heat of immersion of 
nonpolar hexane was small and did not change by the concentration of silanol groups but 

those of aromatic toluene and polar chloroform were proportional to the OH concentration 

of 3-4/nm 2. The same tendency was observed for water and various aliphatic alcohols. 

These results indicate that the adsorption interaction would be mainly caused by the free 
silanol groups and their maximum number would be about 3-4/nm 2. 
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Figure 15. The heat of immersion of silica gel with 40 ppm Na + and having different surface 

free silanol concentrations into cyclohexane (o), benzene (A), toluene(O) and chloroform ([]). 

6 . 5 .  T h e  s u r f a c e  m o d i f i c a t i o n  

Silica is used to coat the surface of other particles such as titania and organic and glass 

fibers. The surface of titania pigment is modified by a thin layer of silica to decrease the 

photocatalytic reaction on the surface. Glass and organic fibers are coated with silica sol 

to increase the surface roughness so as to make the weaving easy by the adsorption of 

silica particles on their surface. Synthetic fiber stockings and cloths are coated with silica 

in order to keep the humidity in the medium range and thus to prevent the surface from 

the electrostatic charge. Silica particles are sometimes coated with other oxides such as 

titania to improve the cosmetic properties. 

The surface of newly made silica is hydrophilic. There are many applications where less 

hydrophilicity is required such as in adsorption-separation of various kinds of polar, and 

nonpolar compounds, and in mixing silica with hydrophobic materials. In these cases, it 

is rather easy to modify the free silanol groups by substitution to other functional groups 

by heating at the ambient or high pressure. 

- S i - O H + X Y -  = S i - O - Y + H X  ( 2 )  

The compound XY can be alcohol, organosilicon or reactive alkali alkyl, and alkyl- 

halosilane compounds. These so called coupling agents can change the silanol groups to 

other functional groups such as short or long chain normal and branched alkyl, amino, 

carbonyl and other groups. However, not all the free silanol groups can be substituted 

to other functional groups owing to the steric hindrance between the substituted groups. 

There seems to be no way to substitute the hydrogen-bonded and inner silanol groups. The 

stability of these substituted groups is not long enough compared with the price of these 

materials due to the hydrolysis of these groups to silanol groups. There are many attempts 

to elongate their life by polimerization of the substituted functional groups to oligomer 

or polymer so that these surfaces would last longer and become more hydrophobic. 
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One of the most important applications is the gas and liquid chromatography. In this 
application, not only the chemical nature of their surface but also the particle size distri- 
bution, pore size distribution and the packing density, influence the separation efficiency 
such as resolution and retention time significantly. 

7. S U M M A R Y  

Occurrence, synthesis, properties and applications of silica adsorbents are presented. 
The surface characterization of the materials are described in detail. Same attention was 
given to the use of pores of silica adsorbents. 
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t h e i r  m o d i f i c a t i o n .  

R.Leboda and A.Da~browski 

Faculty of Chemistry, Maria Curie-Sktodowska University, 20031 Lublin, Poland 

1. I N T R O D U C T I O N  

It is known that the adsorption processes play an important role in numerous fields 

of modern technique, in medicine, analytical chemistry etc. In the initial period mainly 

carbon adsorbents and silica gels were used. Later the metal oxides mainly A12Oa, mixed 
oxides prepared on the basis of A1203 as well as zeolites became to be more and more 
widely used as adsorbents and catalysts. These are not obviously all materials needed for 

carrying out different adsorption and catalytic processes. There exists constant the need 

for new materials. Such materials should be characterized by high efficiency in different 

adsorption and catalytic processes as well as by high mechanical resistance especially to 

oxidizing media. 
Carbon-mineral adsorbents represent a new type of materials containing two com- 

ponents: mineral and carbonaceous. Their properties depend on the amount of carbon 
deposited on the mineral matrix. In different adsorption processes occurring on the sur- 

face of such adsorbents it can utilize the advantages of either carbonaceous or mineral 
components. Silica, porous glass, aluminum oxide, aluminosilicates, zeolites, diatomites 

and other natural and synthetic adsorbents are the most popular mineral components of 
such adsorbents. The original surface properties of carbon-mineral adsorbents can pre- 
dict very promising future for them. Our paper presents the analysis of current state of 
art related to preparation, physicochemical properties and application of carbon-mineral 

adsorbents. Preparation of carbon-silica adsorbents (carbosils) possessing a regular topo- 

graphy of adsorption sites is of special interest. Moreover, the effects of topography on 

thermodynamic properties of various adsorption systems is shown. 
The studies on preparation of carbon-mineral adsorbents, modification of their surface 

properties as well as application carried out up to 1990 were presented in two comprehen- 

sive review papers [1,2]. Tarasevich published also an interesting paper on application of 

complex adsorbents in water purification technology [3]. The papers by Kamegawa and 
Yoshida [4,5], Kyotani et al. [6], Sonobe et al. [7-10], Fenelonov and Okkel [11], Bandosz 

et a1.[12-16], Putyera et al. [17], Vissers et al. [18] as well as Baumgart and co-workers 
[19] are worth mentioning as they constitute a new trends in the studies and application 

of complex carbon-mineral adsorbents. 
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2. P R E P A R A T I O N  M E T H O D S  

From the literature review the following methods of complex adsorbents preparation 
could be distinguished [1]: 

1) mechanical mixing of the graphitized carbon black particle or active carbon with 
the mineral adsorbent particles; 

2) incorporation of the carbon adsorbent particles between the gel particles (usually 

silica gel or alumina) by the addition of carbon particles to the sol before gelation; 
3) total or partial carbonization of organic substances previously bonded physically or 

chemically with the surface of the mineral adsorbent; 
4) the process of carburization of adsorbents and catalysts. 
The adsorbents produced by the latter two methods are the most interesting from 

either a practical or cognitive view-point. The processes of carbon matter formation from 

organic substances are in generally very complex, and depend on many factors [20]. The 
most general picture of the carburization process can be presented by the following scheme 

of the cracking of hydrocarbons [21]: 

paraffins ~ olefins -- high-molecular olefins and naphthenes 

unsaturated cyclic hydrocarbons -- aromatic hydrocarbons 

high molecular condensed aromatic hydrocarbons -- 

asphalt-like substances -- carboids - coke. (1) 

Formation of coke from hydrocarbons is determined by different thermodynamic factors 
and by kinetic characteristics of the process [21]. The thermodynamic characteristics of 

the process indicate the reality of the process and its general trends consisting in the 
shift of the process towards formation of defined condensation products including the 
graphite-like structures. Kinetic characteristics determine not only the rate of the process 

but also its peculiarities, accumulation of different intermediate products as well as the 

full course of the reaction. 
The process of carbon deposit formation in complex carbon-mineral adsorbents may 

be initiated and terminated in any stage or stages of scheme 1. This is dependent on 

the chemical nature of the carbonized substance, porous structure and chemical nature 
of adsorption and catalytic sites of the mineral matrix, etc. For this reason, the complex 
adsorbents prepared by the third and fourth methods have the carbon deposits consisting 

of the substances of different chemical and physical structure formed during the defined 

stages of Scheme 1. 

3. M O R P H O L O G Y  A N D  C H E M I C A L  C O M P O S I T I O N  OF C A R B O N  

D E P O S I T  

In general the following types of carbon which may be formed during the carburization 

of adsorbents and/or catalysts can be distinguished [21]: 

1) polycrystalline graphite; 
2) tube-like graphite fibers; 
3) dendrites; 
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4) carbon blacks; 

5) carbon films and pyrocarbon layers. 

The formation of carbon-mineral adsorbents containing carbon deposits in the form of 

dendrites, whiskers or carbon black is not advantageous because of the poor mechanical 

properties of these deposits. The morphology of the coke depends on the mechanism and 

conditions of its formation on the mineral surface. Two main mechanisms of formation 

of carbon deposits can be distinguished: consecutive reactions and carbide-forming. The 

latter mode consists in the thermal decomposition of hydrocarbons. 

From the view-point of the expected properties of carbon-mineral adsorbents the cokes 
formed in the consecutive reactions are more interesting than those formed in a carbide 
cycle because in such reactions it is mostly the carbon deposits characterized by good 
mechanical properties that are obtained, although these deposits are less homogeneous 

and more poorly ordered than the cokes formed during the carbide cycle. However, they 

are characterized by a stronger adhesion to the mineral matrix. In practice, independently 

of formation condition, these deposits are usually mixtures of different types of carbon. 
As a result they are too small or to a greater extent morphologically heterogeneous. 

Thus we will consider coke formation on the surface of the adsorbent/catalyst as the 
polycondensation of starting organic substances or the products of an earlier reaction of 
these substances which are capable of further reactions [13]. The process of formation of 

polycondensation products cannot be presented by only one chemical reaction (Scheme 1 

illustrates only the general mechanism of coke formation.) This process can be imagined 

as a multitude of different polycondensation reaction processes leading to hypermolecular 
structure of the condensation products. 

It is obvious that chemical composition of carbon deposit depends not only on the 
conditions in which pyrolysis is carried out but also on the chemical composition of car- 

bonized organic substances on the surface of the solid carrier. As a result, carbon matter 

deposited on the surface of mineral carrier, besides C and H , can contain heteroatoms 

(S,N,O). The problem was discussed in the paper [2]. Similarly, the morphological com- 
position depends on the conditions in which carbonization reaction is carried out. Gierak 

and Leboda showed [22], that it was possible to obtain graphitized carbon deposit of good 
mechanical properties under very mild conditions. The obtained adsorbents are applicable 

in chromatography in separation of polar substance mixtures [22,23]. 

4. C A R B O S I L S  AS T H E  M O D E L  A D S O R B E N T S  

4.1. Gas - so l id  adsorpt ion sys tems  

It is known [24,25] that the theory of adsorption on heterogeneous solid surfaces distin- 

guishes two main models of distribution of energetic sites. The first model of the surface 

assumes the so-called patch-wise topography distribution of adsorption sites, and the 

second one random topographical distribution of the energetic sites. The transmission 
electron microscopy (TEM) investigations of carbosil demonstrate that its surface satisfy 
the conditions imposed upon adsorbents possessing a patch-wise distribution of adsorp- 

tion sites, and some among them also correspond to the second model [26-28]. Carbosils, 

therefore become excellent model sorbents (because they are real and it is possible to 

regulate the size and properties of "carbon patches") in the studies of vapours, gases and 
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liquids adsorption. 
Figure 1 illustrates differential distributions of the adsorption energy of n-hexane on 

partially dehydroxylated silica gel (1) and on carbon-silica adsorbents prepared through 
the pyrolysis of n-heptyl (2) and benzyl (3) alcohols and their different mixtures (4-6) 
on the solid surface. The energy distribution function X(E) of n-hexane was measured 
chromatographically from the pressure dependence of the retention volume [24,25]. 
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Figure 1. Energy distribution X(E) of n-hexane adsorbed on partially dehydroxylated silica gel 
(1) and on the carbon-silica adsorbents (2-6)(see text). 

Distribution of adsorption centers on the surface of a non-modified silica gel is rather 
exponential, while in the case of carbon-silica adsorbents it is double or triple gaussian. 
Correlations were found between the topography and morphology of carbon deposits and 
the adsorption properties of carbosils (magnitudes of qs~ shape of the function X(E) and 
TEM photographs)[15-17]. Topography of the carbosils is of an evident patch-wise type, 
which is indicated by the distinct peaks in the X(E) curves. It also follows from the fact 

that the global function X(E) for such surfaces may be expressed as [29]: 

X(E) = ~ X~(E) (2) 
k = l  

Here, X(E) denotes the distribution function for each subsurface k, 

following way: 

and is defined in the 

Xk(E) for E C A k  (3) 
Xk(E)=  0 for E E F t - A K  

where ~ represents the range of possible values of the adsorption energy, E, on the adsor- 
bent surface, and Ak represents the range of the adsorption energy on a "homogeneous" 

k-th subsurface (patches).  
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As follows from Eqs. (2)  and (3) the shape of the X(E) function depends on the local 
heterogeneity, Ak,  of the particular patches of a heterogeneous surface. If the subsurfaces 

(patches) existing on the surface of the adsorbent radically differ in the Ak values, i.e. 

Ak-a ~ Ak then there are clear maxima in the global X(E) curve, as in the case of 
carbon-silica adsorbents (Fig. 1). However, if Ak-1 C Ak, the X(E) function can assume 
the shape of an exponential distribution, or become similar to the distribution X(E) for 
a non-modified silica gel (Fig.i). The X(E) function for this adsorbent can also be a 
superposition of several local quasi-gaussian functions. 

Using two chemically different alcohols and their mixtures in the pyrolysis made it 
possible to change both the size of carbon "patches" on the silica substrate surface and 
chemical structure of carbon deposit (see Scheme 1). 

From IR spectroscopic and reaction gas chromatographic data it results that the car- 
bon deposits prepared by pyrolysis of aliphatic and aromatic alcohols and their mixtures 
contain either aliphatic or aromatic segments and are to a considerable extent hydrogena- 
ted [30]. The larger the content of aliphatic substances in the pyrolyzed mixture, the more 
hydrogenated carbon depositis. It results there in a simple correlation between the cha- 

racteristics of the carbosil surface and the composition of pyrolyzed mixture [26-28,30], 

which is also connected with the amount of carbon obtained. It was shown also, that 
the differences in the surface properties of the complex adsorbents are reflected in their 
resolution ability in gas chromatographic separation of organic substances [26,31-34]. 

The method of adsorption sites topography regulation discussed here does not permit 
to prepare the adsorbents of "random" type topography due to a poor transformation of 
alcohols into carbon matter. Another noteworthy type of reaction consists in the decom- 
position of methylene chloride on the surface of mineral adsorbents [35,36]: 

CH2C12 temp_ C + 2HC1 (4) 

The ease of formation of carboneous substance in the above reaction results from the 
stoichometry of this reaction as well as the high energy of HC1 formation. Reaction (4) 
performed on the surface of a solid adsorbent permits to obtain practically any amount 
of carbon [36]. Owing to that both "patch-wise" and "random" topography of carbosil 
adsorption sites can be easily regulated. 

The carbon deposits obtained in the decomposition reaction of methylene chloride on 
the silica surface possess of completely different properties. IR measurements showed [30] 
that such deposits might consist of pure carbon and were characterized by a globular 
structure [35,36]. The adhesion of carbon deposit to the silica gel surface is very strong in 
this case. Moreover, such carbosils are characterized by high hardness. The silica matrix 
tightly screened by the carbon layer is inaccessible for small HF molecules. Such matrices 
are useful for application in researches and practice [37-39]. The paper [40] presents some 
interesting properties (among others, electrical ones) of carboaerosils prepared in reaction 
(4) carried out on the pyrogenic silica surface. 
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4.2. Efect  of the  mosaic  surface  on p rope r t i e s  of l iquid phases  

4.2.1.  G a s - s o l i d - l i q u i d  s y s t e m s  
In the papers [41,42] the thermodynamic properties of polyethylene glycol PEG 4000 

and silicone oil DC 550 of different quantities deposited on the heterogeneous surface 
of carbosils were investigated. The surfaces of tested adsorbents were similar to those 
described by the patch-wise model including local energetic heterogenities. 

A complex adsorbent (carbosil) was prepared by n-octanol pyrolysis on the surface of 
silica gel (a particle size 0.15-0.20 mm, POCh, Gliwice, Poland) [41]. Alcohol pyrolysis 
was carried out in a steel autoclave of 0.3 1 capacity at 500~ for 6 hrs. 1 ml of octanol 
was used per lg of silica gel. The obtained carbosil contained 7.72 mass%C. Various 
amounts of polyethylene glycol with molecular mass of 4000 (PEG 4000) were deposited 

on the adsorbent surface (carbosil and initial silica gel). Some adsorption properties of the 
discussed systems, obtained from gas chromatography and sorptomatic measurements, are 
presented in Figs. 2-4. 
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Figure 2. Adsorption heat of n-hexane as a function of polyethylene glycol percentage on carbosil 
surface and degree of carbosil coverage (O) corresponding to this percentage. 

The nature of adsorption sites of an adsorbent surface (silica gel, carbosil) and the 
properties of deposited liquid phase (PEG 4000), which partially or completely block the 

sites, influence the thermodynamic properties of investigated systems. Surface hydroxyl 
groups of various kinds and narrow pores, which are the source of energetic heterogeneity, 
are the adsorption sites on non-modified silica gels. Pyrolytic processes that take place 
during the carbosil preparation change the nature of silica energetic sites. A part of the 
initial silica gel adsorption sites is blocked by formed pyrogenic carbons which become 
energetic sites of a new type. Physical heterogeneity on the surface of carbon patches, 
which is responsible for non-specific adsorption, is connected with the fluctuation of car- 
bon film thickness [41]. Chemical heterogeneity, which is the source of specific adsorption, 
is connected with unsaturated bonds and aromatic elements of carbon deposit [30]. 
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Figure 3. Adsorption heat of benzene as a function of polyethylene glycol percentage on carbosil 
surface at 160 (2) and 200~ (1) and degree of carbosil coverage (O) corresponding to this 
percentage. 
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Figure 4. Adsorption heat of acetone as a fuction of polyethylene glycol percentage on carbosil 
surface at 160 (2) and 200~ (1) and degree of carbosil coverage (O) corresponding to this 
percentage. 

On the surface of silica gel these are narrow pores and different kinds of hydroxyl 

groups, respectively [43]. Active sites of PEG 4000 phase a r e : - O H  groups, si tuated at 

chain ends and oxygen from ether groups -CH2-O-CH2- .  These are energetic sites ca- 

pable of specific interactions. They can block the most active carbosil adsorption sites 
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through short-distance interactions, i.e. hydrogen bonds with s u r f a c e - O H  groups and 

7r-complexes with unsaturated elements of carbon deposit. 

Figures 2 - 4 show substantial, though various or individual test compounds drop of 

heat of adsorption values caused by the addition of very small amount (about 2% mass) 

of PEG 4000; when PEG 4000 amount  on the carbosil surface is higher the relation- 

ship becomes more complex. Extremes occur on the plots of the investigated relationships 

qs O f (%PEG) in a similar way as in the case of graphitized black covered with PEG 1500 

[44,45]. The occurrence of maxima and minima on the discussed type of plots was expla- 

ined by the authors of the referred papers by formation of successive monolayers of liquid 

phase on the surface of carbon adsorbent. From the above and the well known [26,30,35] 

fact that  heats of adsorption are usually higher on carbosils than on the non-modified sur- 

face of silica gel one would expect that  the first portions of PEG 4000 are adsorbed on the 

surface of carbosil carbon patches. The fact that pores can on the surface of non-modified 

silica are narrower than on a carbosil surface [27] seems to confirm such a conclusion in- 

dicating reduction of adsorption site number on the silica surface. Thus the sequence of 

liquid phase deposition would be the following: first on the carbon patches and then on 
the uncovered silica surface. 
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Figure 5. The dependence of specific surhce area of carbosil modified with PEG 4000 on liquid 
phase percentage. 

The degree of carbosil coverage O with a liquid phase corresponding to successive 

theoretical monolayers which were estimated approximately on the basis of Di Corcia's 

[45] and Kiselev's [46] data are marked in Figs. 2-4. According to the above data it was 

assumed that 0.5 mass % of liquid phase was necessary to cover the surface of 1 m 2 with 

a monolayer. So the adsorbent surface should be covered with a monolayer of liquid phase 

when the polyethylene glycol content is about 15 mass%. But the first minima on the plots 

of the relationship q~t = f (%PEG) appear when the PEG content is as low as 2-2.5%. In 
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the case of hexane adsorption on the surface of modified carbosil only weak specific van 

der Waals forces operate. Owing to hexane disability for specific interactions its plot of 

the relationsip q~t = f(%PEG) can be employed in the following physical heterogeneity 

changes of binary adsorbent surface as a result of modification with a liquid phase. 

A sharp drop of heat adsorption value that can be seen at the beginning of the plot 

indicates that PEG adsorption is initiated not only on chemically heterogeneous areas 

but also on geometrically heterogeneous ones. A sudden decrease of effective adsorbent 

surface-  about 60 m2/g for the first 2% of a liquid phase (Fig.5 ), pore distribution 

analysis and investigation of the character of geometric heterogeneity of carbon film [41] 

lead to a conclusion that the first molecules of PEG 4000 block micropores of carbosil 

silica patches. The seemingly energetically unfavourable situation is confirmed by the fact 

that the energy of hydrogen bonds between glycol hydroxyl groups and silanol groups, 

which are formed (bonds) during adsorption on silica patches, is higher than the energy 

of analogous bonds between glycol hydroxyl groups which are formed during adsorption 

on carbon patches. Analogous situation takes place in the case of ether bridges; specific 

interactions between polyethylene glycol molecules are not possible here at all. So the first 

portions of PEG 4000 are adsorbed on the hydroxylated area of carbosil surface. 

A close investigation of the plots in Figs. 2 - 5 leads to the conclusion that the position 

of minimum depends on the type of sorbate molecule. In paper [47] the effect was connec- 

ted with the size of van der Waals radii of sorbate molecules. It indicates that in the gas 

chromatography retention process sorbate molecules interact with the adsorbent surface 

through the layer of liquid phase and, what more, it turns out [47] that for high degree of 

carbosil coverage with PEG - up to 45 mass% - the support has a substantial influence 

on heat of sorption of the analyzed compounds which proves that carbosil active sites 

are only partially blocked. Quite a different situation takes place in the case of a surface 

with low heterogeneity e.g. diatomite surface [47]. Covering of such a surface with a few 

monolayers (0.2%) of liquid phase causes homogenization of the support - liquid phase 

system and formation of linear sorption isotherms of polar compounds. Also in the case 

of Carbopack (an adsorbent of graphitized black type) [47] covering its surface with five 

monolayers of liquid phase causes a complete screening of active sites of the adsorbent 

surface. It proves a relatively high activity of carbosil adsorption sites. 

4.2.2. D i s t r ibu t ion  of polyethylene glycol on solid surface 

It is obvious that the mechanism of liquid phase deposition on the adsorbent sur- 

face depends on energetic properties of the surface and the kind of liquid phase. Gene- 

rally speaking, a modifying agent causes homogenization of an adsorbent surface. In the 

carbosil-polyethylene glycol 4000 system the adsorbent surface is (qualitatively) double- 

patchy and each of the two patches is capable of various specific and non-specific inte- 

ractions and glycol is also capable of the two types of interactions. Both kinds of carbosil 

surface patches are somehow heterogeneous and their relative heterogeneity depends on 

the type of adsorbate (because of non-specific interactions). It seems that in the discussed 

systems the sum of interaction energies between PEG and silica is higher than the sum of 

interaction energies between PEG and pyrogenic carbon. In consequence, the silica patches 

have the priority of modifying agent adsorption but only until the interaction energies of 

two kinds of surface patches become equal as a result of progressive screening of energetic 
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sites of the patches covered with PEG. Unquestionably, the influence of adsorption sites 

is a few layers of liquid phase deep so the presence of heterogeneous area, on the surface 

of a binary adsorbent leads to lower or higher intensity of multilayer deposition of liquid 

phase macromolecules on the strong adsorption sites before formation of the first closely 

packed surface monolayer. From the above statements the concept of monolayers resulting 

from the relationship between the heat of adsorption and the amount of liquid phase does 

not correspond with the facts. PEG 4000 molecules are relatively big and they have many 

energetic sites. That is why the presence of only a few molecules on a given surface can 

substantially change its energetic parameters. The distribution of PEG molecules is not 

uniform. They are adsorbed locally with the preference of one kind of patches over the 

other one. 
It is conceivable that a liquid phase is not yet deposited on the surface of carbon patches 

while there are already several monolayers on silica gel. So we come to a conclusion that 

the PEG 4000 monolayer which is being formed has a static character although it is 

formed as a result of localized adsorption. 

Assuming that the above considerations are true we can suggest a pattern of formation 

of successive maxima and minima on the curves in Figs. 2-4. Heat of adsorption on 

adsorbents with the patchy structure can be expressed by the formula: 

qs ~ - ~ Siq~t,i (5) 
i 

where: Si denotes the surface of i patch; 0 qst,i denotes the adsorption energy on this patch. 

In relation to this additivity we can assume that successive maxima and minima on the 

curves of heat of adsorption changes along with the increase of adsorbent surface coverage 

with a liquid phase are the result of consecutive surface homogenization and heterogeniza- 

tion. Deviations of n-hexane curve (also chloroform and benzene curves for small amounts 

of a modifying agent and methanol and acetone curves virtually in the whole range) from 

a model curve seem to confirm anti-coincidence of monolayers formation on individual 

patches which is manifested during adsorption of compounds with different polarities. 

According to a multilayer adsorption theory developed by Champion and Halsey such 

adsorption on a homogeneous surface leads inevitably to step like isotherms and isotherm 

continuity should be explained by surface heterogeneity [48]. Differences in the relation- 

ship course qs~ - f(%PEG) between non-polar hexane, polar chloroform, ~r-complexing 

benzene, acetone and methanol which are capable of hydrogen bonds formation become 

comprehensible in view of the fact that specific and non-specific interactions, having 

different adsorption energies, take part in the adsorption process. Formation of distinct 

extreme on hexane heat of adsorption curve can be explained by hexane non-polarity 

- hexane gas chromatography retention can be a good measure of surface homogene- 

ity changes because of its incapability for specific interactions. The possibility of EDA 

complexing interactions [49] in the discussed adsorption systems (chromatographic co- 

lumns) in the following donor-acceptor systems: benzene-OH groups and polyalcohol 

ether bridge-chloroform explains different behavior of the compounds than that of model 

hexane. At the same time their similar affinity for EDA complex formation [50] explains 

the similar course of their curves in spite of differences in the retention mechanism. In 
the case of methanol and acetone we deal with short distance interactions, i.e. hydro- 

gen bonds. Existence of bonds with several times, surely at least twice, higher energy in 
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such systems [51] causes further independence of the course of the discussed curves of the 

successive homo- and heterogenization of a complex adsorbent surface. The differences 

in the course of the discussed functions result from different mechanisms of interactions 

between molecules. Non-specific adsorptive interactions that exist in all discussed cases 

cause similar changes of function monotonicity for all sorbates. 

Energetic activity of silica gel and hence of carbosils and discussed adsorption sys- 

tems (gas-liquid-solid-chromatographic packing) depends on the type of adsorbate. That 

is why the whole adsorption system should be taken into account and not only the 

non-modified adsorbent surface. Beside adsorptive interactions there is also a partition 

mechanism analogous to that in gas-liquid-chromatography and consistent with the rule 

"similia similibus solventur"; adsorption contribution to the column process depends on 

liquid phase and sorbent polarity. Even when a modifying agent content is higher than 

10% adsorption can retain a considerable amount of a compound [52]. 

4.2.3. Separation properties 
The retention volume of a chromatographied compounds can be expressed by a simple 

relationship: 

VNg = coast, exp(-q~ (6) 

where the constant (coast.) is connected, among other things, with the number of ener- 

getic sites or adsorbent specific surface area and entropy changes of a compound in the 

chromatographic process. The relationship between the specific surface area and the li- 

quid phase content (Fig.5) is a decreasing function. So we can state that entropic effects 

play an important role in the retention (sorption) mechanism of the discussed compounds, 

especially in a stationary polyethylene glycol monolayer on carbosil surface. 

Characteristic features of some of the studied chromatographic columns and, for com- 

parison, of corresponding packings prepared from the initial silica gel are presented in 

Table 1. Values of a are a measure of thermodynamic differences in distribution of the 

two compounds in the compared adsorption systems (chromatographic columns). The dif- 

ferences result mainly from the specific interactions of benzene molecules. The greater the 

interactions influence on retention (sorption) the greater the differences A (AG). Thus, 

higher values of free energy increments on silica gel result from a greater number of hy- 

droxyl groups on its surface. There is a specific interaction between benzene molecules 

and these groups and EDA complexes are formed. 
Interaction energies (heats of adsorption) of test compounds on carbosil change in a 

sequence characteristic of graphitized blacks [43] with which the compounds interact in a 
non-specific way: 0 0 q~t,H > qst,B" That is why higher values of a were obtained in case of silica 

gel. PEG deposition on silica surface, however, causes selectivity decrease whereas the 

coefficient a increases on carbosil modified with glycol (Table 1). A considerable increase is 

observed after polyethylene glycol monolayer formation on the complex adsorbent surface. 

The studied adsorbents showed considerable differences in separation processes of mi- 

xtures of compounds with different chemical nature. For example, aliphatic alcohols were 

not separated on non-modified silica gel and on silica gel modified with PEG but they were 

successfully separated on carbosil deactivated with small amounts of polyethylene glycol 

monolayer. Ketones and esters were well separated on silica gel containing 30 mass% PEG 
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but just 3.5-5% of stationary phase is sufficient to separate these compounds on carbo- 

sil. Aliphatic hydrocarbons C10-C16 were separated both on non-modified silica (analysis 

time about 40 min) and on silica modified with polyethylene glycol (15 mass% PEG, 
analysis t i m e -  7 minutes). 

Table 1 
Comparison of adsorption thermodynamic parameters of the test compounds - n-hexane and 
benzene- on the studied adsorbents 

q O a A(AG) A(AS) 

Adsorbent [kcal-mole -11 [11 [cal-mole -1] [kcal(mole-K)-'] 

C6H14 C6H6 433K 473K 433K 473K 433K 473K 

Carbosil 11.7 11.4 1.78 1.98 499 566 -1.84 -1.83 

Silica gel 8.4 9.4 2.88 2.28 911 783 0.20 0.46 

Carbosil +5% PEG 8.4 9.1 1.82 1.04 518 269 0.42 0.70 

Silica gel +5% PEG 8.4 9.6 2.20 1.93 678 618 1.20 1.23 

Carbosil +10% PEG 7.3 8.7 1.81 1.07 510 368 2.05 2.18 

Silica gel +10% PEG 8.0 8.1 1.73 1.67 471 480 -0.86 -0.80 

Carbosil +15% PEG 7.3 7.3 1.83 1.78 519 543 -1.20 -1.15 

Silica, gel +15% PEG 7.7 11.7 1.89 1.30 546 245 7.98 7.94 

Carbosil +30% PEG 6.5 7.6 2.23 2.08 690 688 0.95 0.87 

Silica gel +30% PEG 7.5 8.6 1.53 1.48 365 366 1.70 1.55 

Carbosil +45% PEG 6.2 7.9 2.80 2.67 886 933 1.88 1.62 

Silica gel +45% PEG 7.6 7.7 1.72 1.80 497 552 -0.92 -0.95 

Notations- qs~ - heat of adsorption, c~ - tr,B/tr,H the measure of thermodynamic differen- 
ces in benzene and hexane partition on the investigated column, A(AG) = increments of free 
energy changes (differences in free adsorption energy between benzene and hexane), A(AS) = 
entropic effects which accompany adsorption process. Reprinted from: R.Leboda, P.Grochowicz, 
A.Lodyga, A.Gierak, Polish J. Appl. Chem, 36(1992)123. 

Examples of chromatograms of hydrocarbons C10-C16 separation on carbosil are pre- 

sented in Fig.6. It shows that very short analysis time (2 min) was obtained on carbosil 

with 5% PEG addition but peaks of some analyzed compounds are assymmetric which 

indicates that the investigated column is heterogeneous one. 

The role played by non-volatile molecules of liquid phase adsorbed on adsorbent sur- 

face is very important from the chromatographic point of view. The main criterion of 

liquid phase choice is the necessity for blocking heterogeneous surface sites of an active 

support. Thus a modifying agent functions as a "band broadening reducer" removing 

abnormal surface sites (Fig.6 A and B) when the surface concentrations are low. Eluate 

molecules start to interact with liquid molecules as the surface coverage increases. In this 

stage the liquid phase functions as a "selectivity modifier" because the initial retention 

mechanism is now substantially changed (Figs.6 B and C). At the same time the coverage 

growth leads to a retention volume decrease (Fig.6 D) due to a effective sorbent surface 
decrease. Continuation of modifying agent addition results in formation of a thick surface 

film which leads to (partial) screening of adsorption sites of the active support. Eluate 
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retention in such column is the result of simultaneous occurrence of two phenomena: elu- 

ate sorption in a high-molecular film and adsorption on its surface. Separation properties 

of such film are different from those of a volumetric phase because forces operating at 

adsorbent-liquid phase and the liquid phase-carrier gas interface change magnetic and 

electrostatic orientation of intermediate layers [53-55]. In reality it means that selectivity 

decreases once again for most separations. Table I contains some results obtained for silica 

gel (random topography) and carbosil (patch-wise topography). 
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Figure 6. Examplary chromatograms of hydrocarbons C10-C16 separation (1-7 respectively) on 
carbosil modified with various amounts of liquid phase. Liquid phase (PEG 4000) percentages 
are the following: A = 5 %, B = 15 %, C = 25 %, D = 45 %. 

From the presented experimental data it can be seen that adsorption mechanism of 

sorbate molecules on the gas-liquid-solid chromatographic packing with an adsorbent 

having a mosaic surface is more complex than that with homogeneous adsorbents or those 

having statistical topography. The influence of support active sites extends even over the 

multilayer coverage with the liquid phase. A much larger amount of the liquid phase than 

that in the known [47] cases of diatomities or graphitized carbon blacks is necessary to 

reduce a long-distance operation of carbosil adsorption forces because of the high activity 

of its surface. The modifier (static liquid phase) monolayers being formed are of a statistic 

nature with the initial preference for silica gel patches. The mechanism of formation of 

successive liquid phase layers on the carbosil patchy surface is quite different from that 

on the homogeneous surface or surface with random distribution of adsorption sites. The 

utilization of specific interaction sites of PEG 4000 molecules (-OH and-CH2-O-CH2-  

groups) in adsorption (retention) processes is fuller with carbosil as the support because 
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the sites are "consumed by strong interaction forces with hydroxyl groups in the surface 

of silica gel. When carbosil is used the number of "consumed" active sites is smaller and 

can be adjusted by carbon percentage on the carbosil surface. Entropic effects play an 

important part in the compounds retention (separation) process on the column packed 

with carbosil modified with PEG. 

4.2.4.  Liqu id - so l id  sy s t ems  

Unique properties of mosaic carboaerosils were pointed out in the further studies on 

carbon-silica adsorbents by 1H NMR [56]. Thickness of benzene and water solvation shells 

near the surface of three adsorbents (Table 2) differing in adsorption site topography and 

their chemical nature was studied. 

Table 2 
Thickness of water and benzene solvation shells near the surface of carbosil, aerosil and carbon 
black particles 

Adsorbent: Carbosil Carbon black Aerosil 

water benzene water benzene water 

I/I0 0.008 0.12 0.03 0.08 0.03 

d 1.0 7.8 2.0 2.4 3.0 

I/I0 - the intensity ratio of signals in the frozen and liquid state; d - the thickness of solva- 
tion shell. Reprinted from: V.V.Turov, R.Leboda, V.I.Bogillo, J.Skubiszewska-Zieba, Langmuir, 
11(1995)935. 

From Table 2 it appears that on passing from carbon black and aerosil to carbosil the 

thickness of the solvation shell of benzene increases and the hydration film decreases. The 

studies of changes of chemical potential of water molecules at the adsorbent/bonded wa- 

ter/ice interface depending on water layer thickness are presented in another paper [57]. 

For the initial silica the surface effect is confined to the adsorbent water monolayer. Poor 

carbonization of aerosil surface causes the increase of water layer thickness to 40-50 mo- 

lecular diameters. With the increase of carbon constituent part on the complex adsorbent 

surface, the thickness of interfacial water layer decreases to 15 molecular diameters. 

5. M O D I F I C A T I O N  OF T H E  S U R F A C E  P R O P E R T I E S  

Methods of modification of surface properties of complex carbon-mineral adsorbents 

distinguishing those used on the commercial scale and on the laboratory scale are presen- 

ted in the review paper [2]. However, not all methods can be applied in both cases. Some 

attention is paid to the latest publications not included in the quoted paper. 

5.1. H y d r o t h e r m a l  t r e a t m e n t  

One of the most effective methods of modification of porous structure and chemical 

nature of adsorbents and catalyst surface is their hydrothermal treatment with water 
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vapour under high pressure [58]. The water under these conditions, particularly above 

200~ changes its properties due to disappearance (decomposition) of its original tetra- 
hedral structure. As a result its capability of dissolving solids increases. Silica gels are 

particularly susceptible to water vapour [58]. The mechanism of hydrothermal treatment 

(HTT) of carbon-silica adsorbents is complex. It depends on carbon deposit topography 

on the silica surface. Modification of both mineral and organic parts (of carbon depo- 

sit) should be taken into account. Silica mineral deposit modification depends on the 
silica initial structure, amount of carbon deposit, physicochemical properties of pyrolyzed 

substance and carbonizate deposition conditions. 

High temperature (800~ pressure-free hydrothermal treatment of carbosil prepared 

by pyrolysis of methylene chloride was studied in the paper [38]. The results of hydro- 
thermal treatment of such adsorbents under the conditions without pressure (800~ and 

high pressure of water vapour (250-500~ are presented in another paper [59]. 

Table 3 
Surface properties of carbon-silica adsorbents modified with water vapour 

Adsorbent, Pyrolized C aBET Heat of Adsorption, 
modifier substance (wt.%) (m2/g) q~t~ kcal/mole 

n-hexane benzene 

Carbosil C CH2C12 14.5 286 19.7 18.5 
C(H20) 250~ 14.0 280 8.6 8.9 

C(H20) 500~ 13.2 185 10.6 8.8 
Carbosil B n-octanol 3.75 385 9.0 9.6 
B(H20) 250~ 3.09 90 14.0 13.6 

Reaction conditions: 0.21 autoclave, temperature 250 and 500~ time 6 h, 15 ml water for 5 g ad- 
sorbent. Reprinted from: R.Leboda, A.Gierak, B.Charmas, A.Lodyga, React.Kinet. Catal.Lett. 
50(1993)63. 

Carbon deposits prepared from CH2C12 possess the most heterogeneous structure [35,36]. 

At the same time they are strongly energetically heterogeneous and possess their own po- 
rous microstructure. At low temperatures (250-500~ Table 3.) homogenizing of these 

deposits takes place which is shown among others, in the qst decrease. At high tempera- 
tures (800~ Table 4) the adsorbents with such deposits can be activated by developing 

a microporous system in them, which can be seen in the increase of W0 and E0 value 

and the decrease of R value (Table 4). Moreover, the total pore volume Vp and mesopore 

volume Vmeso increase significantly and mesopore surface Smeso increases slightly. In Table 

4, W0 and E0 are the parameters of the Dubinin equation [60]: 

W = W0 exp {- (A/fiE0)] 

where W is the volume of adsorbate condensed in the micropores at the temperature T and 

the relative pressure p/p0, W0 is the total volumes of micropores, A = RT in(p/p0), R is 
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the universal gas constant,/3 is the similarity coefficient characterizing the sorbate structu- 

ral properties (for benzene/3 = 1), and E0 is the characteristic sorption energy of the sys- 

tem under investigation. For n = 2, Eq. (7) gives the well-known Dubinin-Radushkevich 

(D-R) equation usually used to approximate adsorption in sorbents having a homogene- 

ous micropore system [61]. E0 is the characteristic sorption energy of the system under 

investigation. 

Table 4 
Pore parameters of Carbosil E and their activation product (Carbosil E/A). (The data from the 
adsorption and desorption isotherms of benzene vapours measured at 25 C) 

C SBE T Smezo Vp Vmezo W0 R E0 
Adsorbent mass% m2/g m2/g cm3/g cm3/g cm3/g nm kcal/mole 

Carbosil E 40.2 95.3 82.4 0.266 0.266 0.037 5.6 1.74 

Carbosil E/A 20.1 320.3 98.8 0.462 0.376 0.178 2.9 2.00 

Reaction conditions: quartz flow reactor, passing overheated water vapour through the sample, 
temperature 800~ the reaction was carried out till half of the carbon deposit was gasified. 
Reprinted from:A.Gierak,F.Czechowski, R.Leboda, Mater.Chem.Phys.,36(1994)264. 

The presented data show possibilities of activation at high temperatures of carbon-silica 

adsorbents, i.e. microporous structure creation and change of chemical nature of the sur- 

face adsorption sites. As an illustration, adsorption from the aqueous solutions of chloro- 

phenols and methane trihalotanes was discussed [37-39]. Activation and deactivation of 

carbosils (in physical and chemical adsorption) through their HTT under the water va- 

pour high pressure conditions and at moderate temperatures (250-500~ were discussed 

[59]. Some results are presented in Figs. 7 -  10. 

Figs.7 and 8 present absolute adsorption isotherms of n-hexane and chloroform on pure 

silica gel, on nonmodified carbosil prepared on its basis, and on this carbosil hydrother- 

mally modified at 250~ ( carbosil B, Table 3). The adsorption heats of the adsorbates 

mentioned on the above adsorbents are given in Table 3. The data indicate that a sharp 

increase in the physical adsorption (and an appropriate increase in the adsorption heats) 
of both pairs of substances occurs for hydrothermally treated carbosils. The same effects 

for carboaerosil gels treated hydrothermally with water and 5% H202 water solution can 

be seen in Figs.9 and 10. The adsorbates here are ammonia and water vapours. This also 

confirms the formation on the surface of carbon deposits of functional groups with an 

acidic character on their surface. The groups of this type (strongly and weakly acidic) 

are formed during oxidation of carbon adsorbents with hydrogen peroxide solution [62]. 

Carbosils, presented in Figs.9-12, containing 5-36 mass% pyrogenic carbon, were prepa- 

red according to the procedure described in Ref. 63 by pyrolysis of methylene chloride at 

500~ in a nitrogen stream in a dynamic reactor [64]. All of these carbosils were subjected 

to hydrothermal treatment with pure water or 5% hydrogen peroxide at the temperatures 

in the range 100-350~ for 5 h. All HTT processes were performed in an autoclave under 
the saturated water vapour conditions corresponding to given temperatures [65]. 
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Figure 7. Absolute adsorption isotherms 
of n-hexane on (1) silica gel, (2) carbosil 
prepared on the basis of this silica gel, and 
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Figure 8. Absolute adsorption isotherms 
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Fig. 7. 

131 

0 0.2 0.4 0.6 0.8 

relative pressure, p/ps 

Figure 9. Absolute adsorption isotherms of 
ammonia at 20~ on (1) aerosil modified with 
water at 250~ and on the carboaerosils: (2) 
carboaerosil 5 %C; (3) carboaerosil 5 % C, 
HTT, H20,250~ (4) carboaerosil 19.6 %C 
HTT, H20,350~ 

Figure 10. Absolute adsorption isotherms 
of water vapour on (1) aerosil modified hy- 
drothermally (HTT) with water at 250~ 
and on the following carboaerosils: (2) 
carboaerosil 5 % C, HTT, 250~ H20; 
(3) carboaerosil 5 % C, HTT, 100~ 5% 
H202; (4) carboaerosil 19.6 % C, HTT, 
350~ H20. 

A new method of carbosil HTT, namely using H202, was applied in the discussed paper 

[65]. Owing to that  modification is great and its conditions are milder than in the case of 
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H20. It should be noted that carbosil HTT improves the kinetics of sorption-desorption 

of organic substances from the aqueous solution which is important e.g. in separation 

and preconcentration of substance trace amount by means of the solid-phase--extraction 
method [25]. 

5.1. M echan i s m  of H T T  of ca rbon-s i l i ca  adso rben t s  

In hydrothermal treatment of carbosils and silica (water steam), a decrease in the spe- 

cific surface area with the increasing temperature is generally observed (Figs. 11 and 12). 

Regarding carboaerosils, the higher their pyrocarbon content, the smaller the SBET area 

decrease at a given temperature (Fig.l l, 12 ). Thus, in carbosil containing 36 % pyro- 
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Figure 11. Dependence of the specific sur- 
face area of carboaerosil on the tempera- 
ture of hydrothermal treatment with wa- 
ter: (1) aerosil; (2) carboaerosil 5 % C; (3) 
carboaerosil 19.6 % C; (4) carboaerosil 36 
%C. 
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Figure 12. Dependence of the specific sur- 
face area of carboaerosil on the temperature 
of hydrothermal treatment with a 5% solu- 
tion of hydrogen peroxide: (1) carboaerosil 
5 % C; (2) carboaerosil 19 % C; (3) carbo- 
aerosil 36 % C. 

carbon, the specific surface area practically does not change at 350~ A comparison of 

the course of respective curves in Figs. 11 and 12 shows the effect of the stronger oxidi- 

zer (H202) on the process of hydrothermal modification of carbosils containing different 

pyrocarbon amounts. In hydrothermal treatment in vapours of a 5% water solution of 
hydrogen peroxide (Fig. 12), for the samples containing 5 and 19.6 % carbon, the rate 

of SBET decrease is higher than in the case of the analogous sample treated with pure 

water. This difference may result from the fact that hydrothermal treatment in the oxidi- 

zing atmosphere always leads to liberation of a large surface area from carbon and, as a 

consequence, to intensification of silica transport during depolimerization and reconden- 

sation. As already known [58], the reactions of this type are the basis of the hydrothermal 
modification of silica gels. In this case water interacts with the silica surface causing its 

simultaneous hydration and depolymerization [66]: 

(SiO2). + 2H20 ~ (Si02)n_l Jr- Si(OH)4 (8) 

Mainly the small globules undergo dissolution. The newly formed silicic acid is depo- 
sited on large globules and builds a polymeric structure. However, the process of hydro- 



133 

thermal treatment of carbon-silica adsorbents must be considered as a complex process 

because either the carbon deposit or silica may react with water vapour. 

The basic reaction of carbon with water vapour is endothermal and may be illustrated 

by the following stoichiometric equation: 

C + H 2 0  ~ H 2 + C O + 1 3 0 k J  (9) 

The rate of the oxidation process is determined by the reactivity of the starting carbon 

and oxidizer. The greater the reactivity of the substrates the lower the temperature of 

the process in which uniform formation of the pores in the granules is observed. In the 

case of carbonaceous materials the cokes of brown coals show the greatest reactivity, and 

the cokes of hard coals the smallest activity. The cokes of pit coals show an intermediate 

reactivity. This is connected with the earlier mentioned "ordering" of the crystallographic 

structure of carbon, which is of significant importance in the case of modification of 

carbon deposits contained in the carbon-mineral adsorbents in which the carbonaceous 

compound may be characterized by a differentiated chemical and physical structure. Thus 

the surface properties of hydrothermally modified complex adsorbents are defined by the 

course of three processes: 

a) modification of mineral background; 
b) gasification of carbon deposit causing gradual disclosing of pores; 

c) formation of different oxygen groups of specific activity on the deposit surface. 
Carbon deposits largely block the narrowest pores of the modified silica; on such pores 

formed by small globules reaction (8) is the most effective. Generally, the course of proces- 

ses (b) and (c) under the given conditions depends on the chemical structure of carbon 

deposits resulting from the kind of pyrolyzed substance and temperature (see Scheme 1 

and Table 3 and 4). 

During the oxidation of carbon deposit the water vapour attacks mainly the most 

active elements of this deposit (the least ordered), i.e. hydrogenated parts, small particles 

of the carbon and edges. This can cause a partial homogenization of deposit surface 

obtained from CH2C12 pyrolysis (decrease of q s t  - Table 3). In case of carbosil B in Table 

3 adsorption heats increase because its carbon deposit is more susceptible to oxidation. 

Then carbon deposits capable of strong specific and non-specific interactions are formed. 
In the sample with a high carbon content (36 %), the specific surface area is observed to 

increase over 150~ (Fig. 12). This may be due to microporosity developed in a relatively 

thick layer of carbon deposited on the surface of aerosil particles (according to the data 

[40], the carbon layer is about 40.~ thick). Similar effects observed are in Table 4, but in 

that study a high temperature (800~ was used in the hydrothermal process. As indicated 

by the data in Tables 3 and 4, the carbon content in the samples distinctly decreases with 

the increasing temperature, and, as expected, it decreases even more strongly when the 
sample is treated with hydrogen peroxide. Such gasification of carbon, the influence of 

oxidizers (water or hydrogen peroxide) finally results not only in geometrical modification 

and morphological changes in the carbon layer deposited on the silica surface, but also, as 

shown, in the increased concentration of active adsorption sites on the surface, which is 

an essential change in its chemical structure [65]. The consequence of these changes is the 
increased activity of hydrothermally treated carbosils in physical and chemical adsorption. 
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5 .3 .  C h e m i c a l  m o d i f i c a t i o n  

It follows from the works [30,67,68], devoted to the study of the properties of modified 

carbon-silica adsorbents by means of IR spectroscopy, that  the modification of the origi- 

nal silica gel by the pyrolysis products of alcohols does not result in the disappearance of 

hydroxyl groups on the surface. This makes a chemical modification of the surface of carbo- 

sils possible [30,59,65,68]. Chemically modified carbosils (with a patch-wise topography) 

have specific structure of active (adsorption) sites called a "topographic-architectonic 

structure" [28]. 

5 . 3 . 1 .  M o d i f i e d  a d s o r b e n t s  

There are many methods of chemical modification of silica gels [69]. The modifica- 

tion can be carried out by esterification or by reacting the surface hydroxyl groups with 

organosilicon compounds. From the practical point of view the latter way is of greater 

importance because it makes possible to prepare a chemically modified adsorbent of hi- 

gher thermostabili ty and resistance to a negative action the of mobile phase (hydrolysis, 

solvolysis etc) compared to the esterified compounds. The modification can be carried 

out using organosilicon compounds containing one or several, different, functional gro- 

ups, which makes further reactions on the surface of the modified adsorbents possible; 

in this way selective adsorbents can be prepared. The results of the studies on surface 

properties of carbosils modified by octadecyltrichlorosilane (ODS) and hexamethyldisila- 

zane (HMDS), trimethylchlorosilane (TMCS) and HMDS as well as aliphatic alcohols are 

presented in the papers [30,59,65,68]. 

Some surface characteristics of the unmodified and chemically modified with silane 

carbosils and initial silica gel are given in Table 5. 

Table 5 
Surface characteristics of unmodified adsorbents (A,B,C) and adsorbents silanized with ODS (AI, 
BI, CI) and ODS+HMDS (AII, BII, CII). A - the starting silica gel; B - and C - the carbosils 
obtained by pyrolysis of n-heptane (B) and benzyl alcohol (C) on the surface of adsorbent A [70] 

Adsorbent 

Content of Adsorption heat 

carbon hydrogen kcal/mole 

mass% mass% hexane CH3C1 

A - initial silica gel 

AI - ads. A modified with ODS 

A I I -  ads. AI modified with HMDS 

B - carbosil 

BI - ads. B modified with ODS 

BII - ads. BI modified with HMDS 

C - carbosil 

CI - ads. C modified with ODS 

CII - ads. CI modified with HMDS 

9.1 10.2 

9.38 2.16 7.4 8.4 

11.82 2.60 7.0 6.1 

2.30 0.72 9.2 8.9 

2.80 0.76 7.1 7.5 

6.10 1.42 6.7 6.1 

4.30 0.70 13.9 12.5 

8.82 1.21 8.4 9.0 

9.92 1.39 7.9 8.2 

Reprinted from: R.Leboda, Chromatographia, 11(1980)703. 
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Silanization of silica gels generally results in a decrease of the adsorption heat of various 

substance and in an improvement of peak resolution of the adsorbents [70] such a change 

of adsorption heats is also observed in this case (Table 5). 

A strong decrease of the adsorption heats of the tested hydrocarbons takes place already 
after the first stage of chemical modification of the adsorbents. ODS, chemically bonded to 

the surface of carbosils, first of all blocks strong sites of specific adsorption (OH groups) as 

well as other more active adsorption sites by screening them with the long ClsH37 radical. 

Further modification of the adsorbents in question by HMDS results in further screening 

of their active sites. Hence after the second stage of silanization a further decrease of 

adsorption heat of the tested substances is observed. 
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Figure 13. Absolute adsorption isotherm 
of n-hexane for the adsorbents listed in 
Table 5. 

Figure 14. Absolute adsorption isotherm 
of chloroform for adsorbents listed in Ta- 
ble 5. 

The changes in the chemical character of the adsorption sites of the adsorbents are 

also reflected in the adsorption capacity. Isotherms of n-hexane and chloroform for the 

adsorbents listed in Table 5 are compared in Figs. 13 and 14. Comparison of the re- 

spective curves in these figures leads to the conclusion that the adsorption capacity i.e. 
amount of substance adsorbed at a given pressure on the adsorbents increase after their 

chemical modification, particularly after silanization (ODS). Nevertheless the adsorption 

capacity of such adsorbents is higher than that of the chemically unmodified ones. There 

are small differences in the course of adsorption isotherms of n-hexane (Fig.13) and 
chloroform (Fig. 14) on the adsorbents. According to the classification of adsorbate and 

adsorbent molecules given by Kiselev [43] the molecules of n-hexane can interact only 

in a non-specific way (dispersive forces), while the interaction of chloroform molecules 

can be non-specific and specific, e.g. by formation of hydrogen bonds. Hence, there are 

differences in the course of the adsorption isotherms of both the substances. For example, 

n-hexane molecules exhibit a minimum adsorption capacity on the unmodified silica gel 

(curve A, Fig. 13), while chloroform molecules show a minimum adsorption capacity on 

this adsorbent modified first by ODS, and then by HMDS (curve AII, Fig. 14). In this 
case the adsorption on unmodified, starting silica, gel is significantly higher because the 

latter contains surface hydroxyl groups capable of specific interactions. 
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On the other hand, adsorbents A and B modified with ODS and adsorbent C unmo- 

dified or modified with ODS as well as with ODS+HMDS exhibit higher adsorption ca- 

pacity. Benzene shows similar adsorption behavior [68]. The above facts are due to the 

specific structure of adsorption sites which is formed after the chemical modification of the 

adsorbents. Adsorption energy sites constitute of spacially arranged CH, CH2 and CH3 

groups of the octadecyl radical, chemically bonded to the surface of the silica gel and, in 

the case of carbosils of components of the carbon deposit (i.e. CH, CH2, CHa) "planary" 

distributed on the surface of the supporting material. There is an essential difference in 

the mechanism of the molecular adsorption on chemically modified and unmodified adsor- 

bents [30]. The surface of chemically unmodified adsorbents can be considered as planar, 

i.e. two-dimensional, while that of the modified sorbents as three-dimensional. 

In the latter case the adsorption sites (energy sites) show spatial arrangement and form 

architectonic compositions similarly to the case of silica gels esterified by alcohols [28]. 

The problems connected with the mechanism of molecular retention on such adsorbents 

as well as with testing unmodified and chemically modified adsorbents have been dealt 

with in many works [28,30,68,71]. 

The observed increase of adsorption capacity results from the location of the adsorbate 
molecules between the organosilane radicals, favoured by the moderate degree of silani- 

zation of the adsorbent surface. This is obvious because the starting silica gel has been 

hydroxylated only partly and the carbosils obtained from it have only partly been coated 

with pyrolytic carbon. It is assumed here that the carbon deposit does not react with sila- 

nes. Using the nomenclature proposed [28] silanized carbosils constitute architectonic and 

topographic compositions. Owing to this fact, they exibit higher adsorption capacity with 

respect to hydrocarbons. Silanization of carbosils results in a significant improvement of 
their separation properties in chromatography [28,68]. 

5.3.2. Effect of H T T  

As mentioned earlier HTT of carbosils caused not only the change of their activity 

in the physical adsorption processes but also causes the increase of their chemisorptive 
activity. The results of the studies on HTT of carbosils modified chemically in the re- 

actions of silanes and aliphatic alcohols are presented in the papers [25,59,65,72]. To 

prepare the carbon-silica adsorbents, silica gels [25,59,72] and aerosils [65] were used. 

Some results obtained for carboaerosils [65] chemically modified with n-butanol whose 

properties were discussed earlier are presented here. For comparison the data are pre- 

sented in Table 6. From the analysis of these data it follows that for carboaerosils mo- 

dified with water and a 5% water solution of hydrogen peroxide, the concentration of 

surface-bonded butoxy groups reaches 8.45 #tool m -2 at a 16 % carbon content in the 

sample. At smaller and bigger carbon contents in the aerosilogel the concentration of 

bonded groups decreases; however, it may also exceed that of free silanol groups on 

the surface of maximally hydroxylated silicas 4.6-4.8 #tool m -2 [70,73]. As the con- 

tent of oxygen-containing functional groups on the carbon surface (also oxidized) does 

not exceed this value [62,74], it is of course the surface structure of carbosils, parti- 

cularly of those treated hydrothermally, that causes the occurrence of such abnormally 
high concentrations of bonded groups. It is possible that for such complex adsorbents 

synergism of their properties is revealed. Similar results were obtained when carbosils 
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prepared from silica gels modified with silanes were used in HTT modification [72]. 

Table 6 
Effect of hydrothermal treatment on surface properties of carboaerosils 

No. Adsorbent, conditions of SBET ~ o~ 

modification m2/g mass #mole /m 2 

I 
II 

III 

IV 

V 

VI 

VII 

Aerosil (A) 

Adsorbent I modified with C4H9OH/250~ 

Adsorbent I modified with H20/250~ 

Adsorbent III modified with C4HgOH/250~ 

Carbosil 5% mass C (C-5%) 

Adsorbent V modified with C4H9OH/250~ 

Adsorbent V modified with 5% H202/100~ (HTT) 

VIII Adsorbent VII modified with C4H9OH/250~ 
IX Adsorbent V modified with H20/250~ (HTT) 

X Adsorbent IX modified with C4H90H/250~ 

XI Adsorbent V modified with H~0/350~ (HTT) 

XII Adsorbent XI modified with C4HgOH/250~ 

XIII Carbosil 19.6% mass C (C-19.6%) 

XIV Adsorbent XIII modified with C4H90H/250~ 

XV Adsorbent XlII modified with H20/350~ (HTT) 

XVI Adsorbent XV modified with C4H9OH/250~ 

XVII Carbosil 36% mass C (C-36%) 

XVIIIAdsorbent XVII modified with C4H90H/250~ 

XIX Adsorbent XVII modified with 5%H202/250~ 

XX Adsorbent XIX modified with C4HgOH/250~ 

XXI Adsorbent XVII modified with H20/350~ 

XXII Adsorbent XXI modified with C4H90H/250~ 

295 - (3.43) 

203 - 3.88 

167 - (4.58) 

101 - 4.88 

236 5.O - 

196 4.9 2.10 

202 3.2 - 

178 3.8 6.40 

151 4.0 - 

91 3.9 5.27 

71 3.1 - 

60 3.0 7.30 

188 19.6 - 

180 19.4 0.15 

111 16.3 - 

93 16.1 8.45 

176 36.0 - 

172 35.8 - 

210 22.3 - 

190 22.0 3.70 

177 30.7 - 

161 30.4 1.52 

In the parentheses there are given the concentrations of free OH groups on silica surface, de- 
termined on the basis of the results of the reaction with hexamethyldisilazane. Reprinted from: 
R.Leboda, V.V.Sidorchuk, J.Skubiszewska-Zieba, Mater.Chem. Phys., 39(1994)136. 

5.4. Secondary pyrolysis 
As shown earlier, pyrolysis of methylene chloride on the surface of a mineral adsorbent 

is an effective way of preparation of complex adsorbents containing any amount of carbon 

and characterized by good mechanical properties. However, during the pyrolysis of CH2C12 

different heterogeneous carbon particles of different sizes are formed [36]. Such globules of 

very different sizes (from tens to a few thousand ~) [36] contain geometrically heteroge- 

neous micropores or even ultramicropores. The narrow pores are very strong adsorption 

sites owing to the increase of the potential of non-specific (dispersive) interactions. In 



138 

consequence, such adsorbents are strongly energetically heterogeneous and can adsorb a 

lot of substances irreversibly. The studies [63,72] show that these heterogeneities can be 

eliminated by additional pyrolysis of an organic substance on the surface of a complex 

adsorbent. This is illustrated by the data listed in Table 7 in which the effect of modifica- 

tion of two adsorbents (X and Y) containing different amounts of carbon are compared. 

The following characteristics were determined for the individual adsorbents: the specific 

surface area, SBET, the radius of the dominating pores at the maximum pore distribu- 

tion, Raom, and the carbon content, mass % C. Furthermore, the adsorption isotherms 

and the heats of adsorption of n-hexane and chloroform used as testing substances were 

determined by gas chromatography. 

Table 7 
Surface properties of unmodified carbon-silica adsorbents (carbosils X, H, B, Y) and the same 
adsorbents modified with the products of pyrolysis of n-heptanol (H) and benzyl alcohol (B) 
in an autoclave (A) and dynamic reactor (R). The carbosils were prepared by the pyrolysis of 
methylene chloride (adsorbents X and Y), n-heptyl alcohol (H) and benzyl alcohol (B) on the 
silica surface 

Adsorbent Specific Pore radius 

surface area Raom 

SBET (m2/g) (~) 

% C Adsorption heat 

mass (kcal/mole) 

n-hexane CH3C1 

Nonmodified 

silica gel 382 27; 34 - 7.9 7.3 

Adsorbent X 370 27; 31 2.46 8.7 7.3 

Adsorbent XH-A 300 34 10.63 8.5 7.3 

Adsorbent XB-A 246 32 15.95 13.1 11.0 

Adsorbent XH-R 422 28 3.76 8.0 7.6 

Adsorbent H 331 39 2.30 8.0 8.6 

Adsorbent B 286 68 4.60 10.4 10.0 
Adsorbent Y 61 200 30.46 very high 

Adsorbent YH-A 19 260 32.46 12.0 10.2 

Adsorbent YH-R 23 205 31.68 10.0 7.3 

Reprinted from: R.Leboda, Chromatographia, 14(1981)524. 

The relatively high carbon content of Adsorbent X (2.46 %) does not cause any si- 

gnificant changes in the porous structure of the modified initial silica gel. Adsorbent H 

obtained through the pyrolysis of n-heptanol contains, in fact, the same amount (2.3 %) 

of carbon as Adsorbent X, but, in spite of this, as shown by Table 7, the adsorbents cle- 

arly differ in their surface characteristics. The n-heptanol carbonization products block 

more effectively the narrow pores of the modified silica than the carbon produced in the 

pyrolysis of dichloromethane. This is confirmed by the differences in the specific surface 

area of both adsorbents (Table 7). 
Additional modification of Adsorbent X with n-heptyl and benzyl alcohols (Adsorbents 
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XH_ A and XB-A) causes a fundamental change in the geometrical structure of its pores 

and in the chemical nature of the adsorptive sites. The data listed in Table 7 show that this 

process is reflected in the specific surface area of these adsorbents, in their carbon contents, 

as well as in the adsorption heats of the substances used for testing. The size of the 

dominating pore radius, are similar for the adsorbents prepared on the basis of Adsorbent 

X. These adsorbents, however, differ from each other in the capacity of the pores with 

given radii. Figure 15 compares the nitrogen adsorption and desorption isotherms and the 

pore volume distribution curves according to their radii. 

4 
O 

o .,,=i 

E, 
o 3 

O 

O 

< 

1 log R 

0 0.2 0.4 0.6 0.8 1.0 
Relative pressure 

Figure 15. Adsorption and desorption isotherm of nitrogen on the following adsorbents: (1) 
XH-R, (2) XH-A, (3) XB-A. Inserted diagram: differential pore size distribution as a function 
of pore radius (R) for the same adsorbents. 

Adsorbent Y contains a considerable amount of pyrogenic carbon (30.46 %). It is 

characterized by high adsorption heats of hydrocarbons, which thus will be practically 

unmeasurable by gas chromatography using a thermal conductivity detector. Therefore it 

can never be used for chromatographic separation. At a relatively high temperature, i.e. at 

about 200~ even the saturated and aromatic hydrocarbons are adsorbed irreversibly or 

very strongly on this adsorbent. After modifying Adsorbent Y with n-heptanol its surface 

properties are radically changed. As shown in Table 7, the adsorption heats of the test 

substances do not have very high values. It follows from the data of Table 7 that the surface 
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properties of Adsorbent Y depend on the method by which its additional modification was 

performed. The reaction products of n-heptanol carbonization carried out under dynamic 

conditions block less effectively the narrow pores of the modified adsorbent than in the case 

when the carbonization is carried out in an autoclave. This is reflected in the observation 

that the adsorbent modified in the reactor does not change the size of the dominating 

pore radius (Rdom = 205 ~), whereas the products of the n-heptanol pyrolysis reaction 

carried out in the autoclave block the initial dominating pores (Rdo~n = 200 ~) of modified 

Adsorbent Y, leaving out wider pores (Rdom = 260 ~). The increase in the carbon content 

deposited on the surface of the modified adsorbent by the static method (in the autoclave) 

always causes volumetric filling or blocking of its narrowest pores [26,30,75]. Figure 16 

compares differential curves of pore volume distribution according to their radii both for 

unmodified and modified Adsorbent Y. 

0.1 

0.0 

- 1 

2 

1 2 l o g  R 3 

Figure 16. Differential pore size distribution function of pore radius (R) for the following adsor- 
bents: (1) Y, (2) YH-R, (3) YI-I-A. 

The method described permits to enrich the chromatographic properties of carbon-silica 

adsorbents prepared through the pyrolysis of dichloromethane. Figure 17 shows the extent 

to which the resolution capability of such an adsorbent can be improved. A considerable 

progress has been achieved here compared to the adsorbents prepared through the py- 

rolysis of alcohols in an autoclave [26,76], since Adsorbent XH-A~ having a high carbon 

content (10.63 %), is characterized by a good resolution ability and a short analysis time, 

producing symmetrical peaks. On the other hand, carbon-silica adsorbents, having a si- 

milar carbon content but prepared through the pyrolysis of alcohols, are characterized by 

a poor resolution ability and strong adsorptive properties [26,75-78]. 

Applying modification of substances having different chemical nature and different me- 

thods to deposit their pyrolysis products one can obtain adsorbents with differentiated 

surface properties and thus showing different chromatographic resolution abilities. The 

data in Table 7 and Figs. 17-20 confirm this statement. Figs. 17-20 show adsorption 

isotherms while Table 7 lists characteristic data of n-heptane and chloroform adsorp- 

tion on Adsorbent Y as well as on the same adsorbent but modified with n-heptanol in 

an autoclave and in a rotary reactor. Similarly to the experiments described in papers 
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Figure 17. Chromatograms of saturated hydrocarbons 200~ on the following adsorbents: (I) 
X, (II) XH_R,(III)XH-A. Peaks: (1) n-pentane, (2)n-hexane, (3) n-heptane, (4)n-octane,(5) 
n-nonane. Chromatographic conditions: glass column (0,4 mx2,5 mm i.d.), carrier gas - hydro- 
gen, flow rate 32 cma/min. Thermal conductivity detector, sample size 1 pl. 

0.2 0.4 0.6 0.8 
Pressure, atm. 

Figure 18. Adsorption isotherms of n-hexane at 170~ on the following adsorbents: (1) Y, 

[26,30,78] the narrow pores of the modified adsorbent are, in this case, also more effec- 

tively blocked by the products of the pyrolysis of an aromatic (benzyl) alcohol than by 

those of an aliphatic (n-heptyl) alcohol. Moreover, as shown in Table 7, the modification 

of the carbon-silica adsorbent with an aliphatic alcohol generally results in a decrease 

of the adsorption heats of the test substances, whereas the use of an aromatic alcohol 

strongly increases the adsorption heats. This can be accounted for by the differences in 
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the physicochemical properties of both alcohols, i.e. by shape and size of their molecules 

and by their adsorptive affinity. Besides, there are difference in the chemical structure 

of the carbon deposits obtained through the pyrolysis of n-heptyl  and benzyl alcohols 

[30,791. 
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Figure 19.Adsorption isotherms of chloroform at 170~ on the folowing adsorbents" (1) Y, 
(2) YH-A, (3) YH-R- 
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Figure 20. Adsorption isotherms of benzene at 170~ on the following adsorbents" (1) Y, 
(2) YH-A, (3) YH-R. 

It should be added that  the method presented here also permits us to obtain adsorbents 

with an increased specific surface area as compared to the initial carbon-silica adsorbent. 

This process can be easily accounted for if one takes into consideration the fact that  the 

vapours of the pyrolysed substance transport  by the carrier gas, with its adequately high 

flow rate over the modified carbon-silica adsorbent, may not diffuse into the narrow pores 

on time but will undergo decomposition either in wide and more easily accessible pores 

or on active, catalytically acting, corners and walls of the carbon agglomerates formed 

in the process of pyrolysis of dichloromethane. (Diffusion is a rather slow process, slower 

than adsorption.) Thus the size of the specific surface area of silica, gels modified by 

dichloromethane may be increased or slightly changed (e.g. Adsorbent X, see Table 7). 
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This substance may form agglomerates around the pores thus increasing their capacity 

[64]. In contrast to this process, the adsorbent modified in an autoclave is more thoroughly 

wetted by the vapours of the pyrolysed substance which, before destruction, can penetrate 

the respective pores continuing the change of their structure. It follows from the data listed 

in Table 7 that the silica gel modified with n-heptanol in an autoclave (Adsorbent H) 

is considerably different in SBET surface area values compared to a similar adsorbent 

prepared in the rotary reactor (Adsorbent Xx-a).  

It is the advantage of the rotary reactor that during the pyrolysis of alcohols and other 

substances only slight amounts of pitch-like substances are formed on the surfaces of the 

modified adsorbents. Moreover, in the set-up shown in [63,64] one can subject the directly 

prepared carbon-silica adsorbents to a further thermal modification in the atmosphere of 

various gases thus obtaining adsorbents with the required properties [35]. 

6. C O N C L U S I O N  

The paper presents only some studies of preparation and properties of surface carbon- 

silica adsorbents. The application of these materials as model adsorbents in investigations 

of various adsorption processes is discussed. They can be also used for testing the theories 

describing adsorption and catalytic processes on the heterogeneous surfaces. The influence 

of such surfaces on the properties of adsorbed gases and liquids as well as their application 

have been studied. 

Papers [1-3] cited in introduction discuss more widely the complex (carbon-mineral) 

adsorbents including a large number of carbonized mineral carriers and describe various 

applications such as: catalysts and their carriers, ion-exchangers, polymer filling mate- 

rials, chromatographic and extraction column packings, as sorbents for purification of 

water and other media. Possibilities of further development of studies on preparation and 

application of carbon-mineral adsorbents are also presented. However, the survey of the 

literature data shows that neither papers [1-3] nor the present one include all interesting 

publications. There are others dealing with: 

- an original method of preparation of carbon-silica adsorbents from esterified silica 

gel [4] as well as determination of their surface properties [4,5]; 
- formation of highly oriented graphite from polyacrylanite by using a two-dimentional 

space between montmorillonite lamellae [6-10]; 
- studies of carbon deposit distribution on the surface of adsorbents and catalysts as 

well as its effect on the porous structure of complex adsorbent (catalysts) [11,18,19]; 
- preparation and sorption properties of carbon composite materials formed from 

layered clay minerals [12-17]; 
- estimation of applicability of carbon-covered alumina carrier materials for their use 

as a support for different catalytic reactions [18,19] as well as their physicochemical 

characteristics [18,19,80]; 
- new possibilities of carbon-mineral adsorbents in the adsorption processes from 

solution in which favourable properties of both, carbon and mineral components are 

used [81]. 
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Only some of the interesting publications are mentioned above. Those and future works 
require a different approach to complex adsorbents/catalysts from that presented in this 
papers which will be a subject of further investigations. 
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Chapter 1.6 
Solid-phase hydrosilylation reactions with participation of modified silica 
surface 

V.A.Tertykh and L.A.Belyakova 

Institute of Surface Chemistry, National Academy of Sciences of the Ukraine, 
252022 Kiev, Ukraine 

1. I N T R O D U C T I O N  

The development of methods of producing chemical compounds on silica surface (che- 
mical modification of surface) is essential for the creation of new highly specific adsorbents, 
selective heterogeneous catalysts, active fillers of polymeric materials, effective thickeners 

of dispersive media. Of prime importance for many practical applications of modified sili- 

cas is hydrolytic and chemical stability of surface chemical compounds. For example, the 

chemical compounds formed upon the interaction between silanol groups and alcohols by 
the reaction: 

-S iOH + ROH , -S iOR + H20 

are bound to the surface by Si-O-C bonds which are easily splitted under the action of 

water especially in acidic and basic media. At the same time, modifying coating should 
rather often possess a high hydrolytic stability providing a basis for the long-term and 

repeated use of modified matrices without the deterioration of properties. In this respect, 
surface chemical compounds with Si-C bonds have obvious advantages. 

The method most frequently applied for producing such compounds involves using 

the appropriate halo- or alkoxyorganosilanes, organosilazanes or organosiloxanes for the 

chemical modification of silica surface [1]. In this case the Si-C bond is not formed on the 

surface, but is introduced into a modifying layer together with a molecule of a previously 

synthesized organosilicon compound which already has the Si-C bond, for example : 

=SiOH + XSi(CH3)3 , =SiOSi(CH3)3 + HX 

where X is a halogen, alkoxy or other group reactive with respect to surface silanol groups. 

Side by side with this, the application of organosilicon compounds where organic radi- 
cals are bound to silicon atoms through Si-C bonds for chemical modification is in very 

many cases hampered by the absence of a corresponding modifier or by its low reactivity 

relative to surface sites. As a consequence, of great importance is the development of me- 
thods of the synthesis of surface chemical compounds with Si-C bonds directly on silica 
surface. 
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This work considers the state of the art with reference to the problem of the synthesis 

of surface chemical compounds with Si-C bonds directly on silica surface with the main 

accent being given to reactions of solid-phase hydrosilylation. In recent years the major 

regularities of such processes were the subject of numerous researches and the results 

obtained allow us to classify the solid-phase hydrosilylation reaction as the basis for 

promising methods of chemical modification of silica surface. 

2. E V O L U T I O N  OF R E S E A R C H E S  I N T O  T H E  S Y N T H E S I S  OF 

C O M P O U N D S  W I T H  S i - C  B O N D S  D I R E C T L Y  O N  SILICA S U R F A C E  

The data obtained in the field of producing surface chemical compounds with Si-C 

bonds directly on silica surface may be classified into three main groups: 
- reactions of the previously chlorinated silica surface with the Grignard reagent and other 

organometallic compounds; 
- reactions of the previously chlorinated silica surface with benzene in the presence of 

aprotic acids; 
- addition reactions of unsaturated compounds through -S i l l  groups attached to silica 

surface (solid-phase hydrosilylation). 

2.1. Reac t ions  of the  ch lor ina ted  silica wi th  o r g a n o m a g n e s i u m  
and o rgano l i t h ium c o m p o u n d s  

Though the first organosilicon compounds with Si-C bonds were prepared [2] using 

organic compounds of zinc and mercury, for example: 

SIC14 -~- 2Zn(CuH5)2 > Si(C2Hs)4 + 2ZnC12 

it is organomagnesium compounds that are the most commonly used for this purpose. 
F.Kipping succeeded in synthesizing a great number of organosilicon compounds making 

use of the Grignard reagent according to the general scheme: 

SiX4 + RMgX 1 > RSiX3 + MgXX 1 

where X and X 1 are halogen atoms and R is an organic radical. 
In the early 1960's Deuel [3], Spenser and Gieseking [4] were the first to show the 

possibility of effecting this reaction on the chlorinated montmorillonite surface. At the 

first stage of the process the mineral surface was treated with thionyl chloride : 

-S iOH + SOC12 ) -SIC1 + HC1 + SO2 

then the =SIC1 groups attached to the surface entered into the reaction with ethyl- [3] or 

phenyl magnesium bromide [4]: 

-SIC1 + RMgBr - =SiR + MgBrC1 (R = C:Hs, C6Hs) 

Deuel [3] pointed the principal possibility of bringing about similar reactions on the 

silica gel surface previously chlorinated with SOC12 or SIC14. The surface chemical com- 
pounds formed have a high hydrolytic stability. According to the data of Ref.[4] even the 
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boiling in 35% aqueous solution of KOH for 30 minutes failed to remove completely all 
the attached phenyl groups. 

In conformity with some sources [3,5] when considering the reactions with the Grignard 
reagent it is necessary to allow for the breaking of the lattice siloxane bonds: 

- S i O S i -  + RMgBr ~ - S i R  + -SiOMgBr 

though such a reaction is more characteristic of organolithium compounds. 
The reaction of the chlorinated silica with the Grignard reagent was also used for the 

synthesis of various organosilicas [6-10]. 
The organolithium reagents for producing organosilicon compounds with Si-C bonds 

were proposed by Gilman and Massie [11]. In accordance with Refs.[12-17] phenyl and 

butyl lithium were used for reactions with the chlorinated silica: 

-=SIC1 + RLi , --SIR 4- LiC1 (R = C4H9, C6H5) 

The formation of the grafted phenyl groups under the action of phenyl lithium on the 
chlorinated silica gel was corroborated by IR absorption spectra [12-17] and chemical 
analysis data [15]. The analysis performed showed [15] that on the surface of the chlo- 

rinated matrix with the -SIC1 group content of 0.85 mmol/g with the help of phenyl 
lithium it is possible to attach phenyl groups up to 0.73 mmol/g. The silica modified in 
this way was treated with 4N KOH, and the data obtained showed that the treatment 
involved the formation of phenylpolysiloxane in the solution [12-14]. The phenyl groups 
attached to the surface can be subjected to sulfonation [14] and nitration with the sub- 
sequent followed by the reduction of nitro groups and diazotization [18]. The reactions of 
organolithium compounds with the chlorinated silica were used for attachment of pyridine 

[8] and long-chain hydrocarbon radicals [19]. 
Boehm and his co-authors [15,17] paied attention to the fact that C4H9Li and C6HsLi 

could also react with the starting silica surface to form attached n-butyl and phenyl 
groups (0.04-0.13 mmol/g). In all probability, this occurs due to the breaking of siloxane 
bonds on the silica matrix surface: 

=SiOSi = + RLi ~ =SiR + =SiOLi 

Indeed, from the IR spectroscopy data by Chmielowiec and Morrow [9] it follows that 
C4H9Li is chemisorbed on the starting silica, and after the hydrolysis of a modified sample 
the absorption in the range of the O-H stretching vibrations increases but the absorption 
in the range of VCH does not change. The possibility of the addition of organolithium com- 
pounds through siloxane bonds should be taken into account when using such compounds 

for determining the silanol groups concentration on the silica surface. 
The serious disadvantage of the use of the reactions of the chlorinated silica with 

organometallic compounds is caused by the high sensitivity of the Grignard reagent and 
organolithium compounds to the action of water, side reactions with the participation of 
surface siloxane bonds, and problems of removing metallic impurities from the surface of 
modified matrices. The difficulties mentioned explain why this approach to the synthesis 

of surface chemical compounds with Si-C bonds finds limited application. 
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2.2. Reac t ions  of the chlorinated silica with benzene  in the  p resence  of Lewis 

acids 
Earlier, the attempts to effect reactions of hydrocarbons and silicon compounds with 

Si-C1 bonds in the presence of A1Cl3 and other aprotic acids (Friedel-Crafts reactions) 
were successful only at high temperatures and pressures. Thus, the reaction with benzene 

according to scheme: 

C6H6 + SIC14 A1C13~ C6H5SIC13 + H C1 

proceeds at 300-350~ and pressure 3.65.106 Pa [2]. Saturated hydrocarbons interact with 

SIC14 according to this scheme under even more severe conditions [2]. 
Meanwhile, in the study by Deuel [3] it was already reported that he succeeded in 

effecting the Friedel-Crafts reaction on the chlorinated montmorillonite surface: 

=SIC1 + A1C13 + C6H6 ) (-Si+CsH6 .-. A1C1;) ) -SiC6H5 + A1C13 + HC1 

It was pointed out that many phenyl groups were formed on the sample surface. This 

might result from the destruction of the mineral structure and the appearance of new 
reactive sites on the surface. Owing to the efforts mainly by Deuel and his co-workers 

[3,12,14,20-24] the interest to this reaction was held for several years but then suddenly 
waned. The formation of the grafted phenyl groups was verified by the IR absorption 
spectra, DTA and chemical analysis data, the possibility of sulfonation of grafted groups 
with chlorosulfonic acid, the stability of surface compounds under the action of solvents, 
acids and alkalis, the variation of adsorption properties of modified matrices. As follows 

from the data presented in Ref.[21], the reaction proceeds under unusually mild conditions 
(70~ It was also established that the increase of the A1C13 content (from 0.06 to 0.30 
g per lg of the chlorinated mineral) led to the increase of the carbon concentration in 

surface compounds (from about 3.6 to 19% wt.). 
Effecting the Friedel-Crafts reaction in a surface layer of silicas (especially under mild 

conditions) is of a considerable practical interest. However, there is doubt as to such a 
sharp difference in the temperature conditions of the proceeding of processes for individual 
silicon compounds and -SIC1 groups on silica surface. It is well known that C-C1 and Si-C1 
bonds differ substantially both in the sensitivity to the action of nucleophilic reagents (due 
to a higher effective charge of a silicon atom in comparison with a carbon atom) and in 
the degree of ionization and binding energy. It is these differences that, most likely, lead 
to the situation when the Friedel-Crafts reaction through C-C1 bonds (including these 
bonds in the structure of organosilicon compounds) proceeds under substantially milder 
conditions than through Si-C1 bonds. On account of this the possibility of effecting the 

Friedel-Crafts reaction on the chlorinated silica surface and the mechanism and optimum 

conditions for its proceeding need further studies. 

2.3. Reactions of sol id-phase hydrosilylation 
The synthesis of compounds with Si-C bonds often involves the hydrosilylation reaction 

consisting in the addition of unsaturated organic compounds through Si-H bonds under 
the action of catalysts and heat [2]. It has been specially pointed out [25,26] that effecting 
such a reaction on silica surface is of indubitable interest for producing surface chemical 
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compounds with Si-C bonds. The proceeding of the process according to the scheme: 

~SiH + CH2 = CHR ~ -=SiCH2CH2R 

where R is a suitable organic radical with various functional groups, can be regarded as 
a hydrosilylation reaction in which the modified silica matrix containing _=Sill groups 
acts as a heterogeneous hydrosilylating agent. This kind of reactions where one of the 
interacting participants is fixed on a solid surface should be classified as solid-phase 
hydrosilylation processes. It is also known that there hydrosilylation reactions proceeding 
with the participation of catalysts supported on a solid matrix and of suitable hydrosilanes 

and olefins in a liquid phase. However, the surface chemical compounds with Si-C bonds 

can be obtained only in the case when silicas with attached -S i l l  or olefin groups are 
used. Though separate attempts to carry out solid-phase hydrosilylation processes were 

made as early as 1952 by Wagner and Pines [27], the detailed consideration of such 
reactions and their use for chemical modification of silica surface became possible only 
recently. Before discussing the results of researches into characteristics of solid-phase 
hydrosilylation reactions it is expedient to analyze briefly the experience gained in the 
field of the production of modified silica matrices bearing attached silicon hydride and 
olefin groups. 

3. SILICA MATRICES W I T H  A T T A C H E D  -:Si l l  G R O U P S  

3.1. Polyhydrosi loxanes 

The first silica matrices bearing =Sill groups were prepared as a result of the hydro- 
lysis of trichloro- and triethoxysilane in organic solvents. Wagner and Pines [27] carried 
out the hydrolysis of HSiCI3 in mixtures containing benzene, ether or dioxane and obta- 
ined polyhydrosiloxane whose general formula is (HSiOa/2)n, specific surface area amounts 
to about 200 m2/g, and content of =Sill  groups reaches 91.5% of the theoretical value. 

Muller [28,29] was the first to describe production of polyhydrosiloxane by hydrolysis of 

HSi(OC2Hs)3. Adsorption and reduction properties of polyhydrosiloxane xerogels prepa- 
red by hydrolysis of HSi(OC2Hs)3 were later considered in detail in series of papers by 
Slinyakova, Budkevich, Neimark and their co-authors [30-41]. Matrices have been obta- 
ined with a hydrogen content of -S i l l  groups of 1.82% wt. which is close to a predicted 
value under the assumption that every silicon atom of the space network is bound to a 
hydrogen atom. It has been shown [35] that the porous structure of polyhydrosiloxane 

xerogels which is created by contacting globules can be formed depending on the intermi- 
cellar liquid nature. The adsorption of methanol and water vapours on polyhydrosiloxane 
decrease in comparison with silica gel having a similar surface area and analogous porous 
structure. At the same time the adsorption of hexane vapours is practically the same for 
both adsorbents [30]. As compared to silica gel in the case of polyhydrosiloxane the adsorp- 
tion of acetone, dioxane and benzene from solutions in hexane as well as the adsorption of 
benzene, nitrobenzene, benzaldehyde, phenol, and chlorobenzene from solutions in CCI4 

substantially decreases [36]. The data [33] on the adsorption of acetic, propionic, buty- 
ric, and valeric acids from their aqueous solutions give evidence for a highly organophilic 
nature of polyhydrosiloxane adsorbents. 
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The stretching vibrations of Si-H in polyhydrosiloxanes are related to the IR absorption 

band at 2260 cm -1 [42]. According to the data of Refs.[31,37] the heating of polyhydrosi- 

loxane in the air at 265~ leads to a decrease in the content of -S i l l  groups by about 50%, 

and as a result of the oxygen addition one can observe an increase in the adsorbent mass. 

However, in the case of the heating at 230~ the oxidation of -S i l l  groups does not occur 

yet. The heating of polyhydrosiloxanes under vacuum [38] above 200~ is accompanied 

by the evolution of atomic hydrogen, and the gaseous phase exhibits the formation of 

monosilane Sill4 already at 230~ 

One of the interesting characteristics of polyhydrosiloxaness is the presence of prono- 

unced reduction properties. From the data by Muller [28,29] polyhydrosiloxane reduces 

salts of mercury, copper, and gold as well as organic dyes. Besides, he reported that in 

presence of fluorine ions the reduction is accelerated. Wagner and Pines [27] observed the 

reduction of Ag + and palladium salts to corresponding metals and of the MnO~- anion 

to MnO2. Budkevich et al. [32] showed that when polyhydrosiloxanes are in contact with 

aqueous solutions of salts of various metals the cations in terms of their ability to be 

reduced on adsorbent surface are arranged in the order similar to the sequence of the 

arrangement of metals according to the value of their electrode potential in electrolytic 

solutions. Thus, in the case of salts of potassium, sodium, zinc and cobalt the reduction 

of metals was not observed; for salts of nickel, lead, and copper one can observe a par- 

tial reduction of metals which is discontinued upon acidification of solutions. For salts of 

palladium, platinum, silver, and mercury the reduction of metals occurs even in highly 

acidic solutions, for example: 

~SiH -k- Hg 2+ + H20 =SiOH + Hg + 2H + 

This reaction makes the basis for the application of polyhydrosiloxanes for purifying waste 

waters of mercury [42-44]. 
Wagner and Pines [27] effected the first reactions of polyhydrosiloxane with some al- 

kenes. It was shown that the reaction can proceed according to the scheme: 

HSi03/2 -k- RCH - CH2 RCH2CH2Si03/2 

The reaction with ethylene and cyclohexene was effected at 350~ or above and that 

with 1-pentene at 80~ in the presence of benzoyl peroxide. Though the degree of the 

=Sill group participation in this reaction was not high (3-6% of the -S i l l  group number) 

[27], in essence it was the first successful attempt to effect a solid-phase hydrosilylation 

reaction. 

3.2. Silicas wi th  a depos i t ed  layer  of po lyhydros i loxane  
Wagner and Pines [27] carried out the hydrolysis of trichlorosilane on the previously 

wetted silica surface with a specific surface area of about 300 m2/g and obtained samples 

containing from 7.4 to 16.7 % wt. of HSiO3/2. The surface of the silica modified in this way 

exhibits properties inherent in polyhydrosiloxane, namely hydrophobic nature, ability to 

evolve hydrogen under the action of an alkali, to reduce silver ions and other ions, and to 

add alkenes at high temperatures (about 450~ Thus, in the case of the silica surface 
with a deposited layer of polyhydrosiloxane the chemisorption of ethylene, pentene, octene, 

cyclohexene, and butadiene has been carried out. 
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The authors of Refs. [45,46] performed the hydrolysis of triethoxysilane in a surface 
layer of various silicas with a specific surface area from 90 to 375 m2/g and average pore 

diameter from 38.5 to 9.0 nm making suitable selection of solvents, amounts of water, 
and catalytic amounts of 0.1 M HC1 so as to deposit a monolayer of =Sill  groups on the 
surface. It is assumed that the produced silanetriol HSi(OH)3 condenses with the silica 
silanol groups forming polyhydrosiloxane coating chemically bound with the surface. At 
the same time, as follows from the IR absorption spectra [46] a substantial part of silanol 
groups is retained in the modifying coating. The attained concentrations of attached 
-_-Sill groups (8-18 #mol/m 2) are significantly higher than the amounts of isolated silanol 
groups on the starting silica surface as might be inferred in the case of the formation of 
a polymeric siloxane film. The solid-state NMR spectra of modified silica on 29Si nuclei 
with cross-polarization and magic angle spinning display signals at -84 and -74 ppm due 
to HSi*(OSi-)3 [47] and, most probably, to HSi*(OH)(OSi=)2. The same chemical shifts 
are also observed in the NMR spectra of a pure polyhydrosiloxane produced by the acid 
hydrolysis of triethoxysilane. Although the process of the silanetriol polymerization in 
a silica surface layer is rather difficult to control, Chu et a1.[46] succeeded in producing 

hydride-modified silicas practically with a monolayer coating. The evidence for it is the 
fact that when using moderate amounts of triethoxysilane for the hydrolysis the specific 
surface area and pore sizes of the starting and modified silica matrices differs slightly. The 
=Sill  group content in such dense monolayers of chemically bound polyhydrosiloxane 
is 8-10 #mol/m 2. Characteristically, similar - S i l l  group contents in a monolayer (10 
#mol /m 2) were also measured by Baigozhin, Sergeev and Fattakhov [48,49] when treating 
the surface of optical glasses with solutions of HSiC13 in benzene. According to the data 
of Ref.[46] the optimum conditions for the formation of monolayer films involve the use 
of dioxane as a solvent, the HC1 solution concentration of about 0.1 M, reaction time of 
1- 2 hr, reaction temperature of 101~ (corresponding to a gentle reflux). In this case 
the reaction is carried out by slow (dropwise) addition of a triethoxysilane / dioxane 
solution into a silica / dioxane suspension containing an aqueous catalyst solution. In all 
probability, a similar procedure of the polyhydrosiloxane film formation may be extended 
to surfaces of other inorganic oxides as well. 

At the same time a more reliable control over the process of the polyhydrosiloxane film 
formation on the surface is possible through sequential treatments of silica with vapours of 
HSiCI3 and water. The modification- hydrolysis procedures, when repeated many times, 
lead to the formation of polyhydrosiloxane coverings with different =Sill  group contents 

on the silica surface. The procedure of this kind, conventionally referred to as the mole- 
cular layering method, was applied by the authors of Refs.[25,50-55] for manufacturing 
hydride-modified silica matrices. For example, in accordance with the data of Koltsov, 
Kuznetsova, Aleskovskii [52] a large-porous silica gel (260 m2/g) dried at 180~ and tre- 
ated at this temperature with HSiC13 vapours in a dry nitrogen flow after the removal 
of hydrogen chloride and of the excess of trichlorosilane has the surface with a -S i l l  
group content of 8 #mol/m 2. The subsequent procedure hydrolysis of surface compounds 
/ modification with HSiC13 vapours results in the formation of a product whose content 
of silicon hydride groups amounts to 10 #mol/m 2. In the final cycle of the hydrolysis / 

modification procedure the authors of Ref.[52] succeeded in attaching additional silicon 

hydride groups to surface increasing their content by about 1 #mol /m 2. 
It is interesting that approximately the same content of silicon hydride groups on the 
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silica surface was also achieved by Wagner and Pines [27], and in this case the silica (300 
m2/g, 100 g) after the wetting with water (8 cma), treatment with an excess amount of 

HSiCla, and evacuation has a silicon hydride group content of about 9-10 #mol/m :. In 
all likelihood, these figures are rather close to those in the case of a monolayer, if it is 

assumed that the surface area per one fragment of HSiO3/2 is equal to 0.122 nm 2. 

3.3. I n t r o d u c t i o n  o f - S i l l  groups  by chemiso rp t i on  of si lanes of various  

s t ruc tures  
The widest application for the synthesis of silicas with attached =Sill  groups is enjoyed 

by methods of chemical modification of surface with various silanes. 
Besides the above-mentioned researches into the hydrolysis of HSiC13 in a surface silica 

layer [27,45,46,48,49] and reactions of molecular layering [25,50-55] there are many studies 
designed to establish the mechanism of chemisorption of trichlorosilane, to elucidate the 
structure of the formed surface compounds and their behaviour at elevated temperatures 

and in the subsequent chemical transformations [25, 56-65]. It was shown by Chuiko et 
al. [25] that on the surface of aerosil prepared at 400~ and above -SiOSi(H)C12 groups 

are predominantly formed since the distance between free silanol groups is about 0.7 nm, 
and, consequently, the simultaneous participation of two Si-C1 bonds in the reaction is 
unlikely. After the silica modified in this way has been treated with water vapours at low 
temperatures, approximately a half of the closely spaced silanol groups is condensed and 
the remaining surface hydroxyls can enter into the subsequent chemical reactions. As for 

the case when the silica bearing on the surface -SiOSi(H)C12 groups has been subjected 
to a treatment with vapours of ethyl alcohol, one observes the formation of diethoxysi- 
lyl groups [56]. The complex processes proceeding during the reaction of ammonia with 
trichlorosilylating silica have been already considered in a number of references [58,64,65]. 

According to data of Refs.[50-53] after the reaction of trichlorosilane with the surface 
of hydrated silica prepared at moderate temperatures the ratio of chlorine and hydrogen 

contents (CI:  H) in surface compounds is 1 : 1. The authors of Refs.[50-53] are of the 
opinion that this result gives evidence for the fact that one molecule of HSiCI3 reacts with 

two closely spaced surface silanol groups: 

C1 

O 
J 

H 

Si 

O 

--Silo/s --i 

At the same time there are spectroscopic data as well as results of chemical analyses and 
researches on the kinetics of reactions with chlorosilanes [1] which give evidence for the 
fact that during the chemisorption of HSiCI3 on the hydrated silica one observes, most 
probably, the predominant formation of surface compounds with the following structure: 
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H H 
\ o \  / 
Si Si / \ 

o / / o 
C1 C1 

--Si  S i - -  

I \ O ~ s i / 0 /  

In this case the C1 : H ratio in the surface compounds is 1:1; the chemisorption value 
obtained is determinated by the isolated silanol groups content, and the decrease in the 
activation energy for the process on the hydrated surface is related to the participation 
of coordinately bonded water (3550 cm -1) in this reaction. 

The comparison of activities of HSiC13, methyldichlorosilane, and dimethylchlorosilane 
with respect to surface silanol groups showed [25] the decrease in the activity of the 
above-mentioned modifying reagents as additional methyl groups are introduced into the 
structure of the molecule. The high sensitivity of the Si-H stretching vibrations band 
to the nature of substituents at a silicon atom manifests itself clearly during the che- 
misorption of the mentioned organosilanes [25]. Later on this effect was employed in 
Refs.[56-60,64-69] for establishing the structure of the formed surface compounds. 

When using silicas prepared under vacuum at 400~ after the modification with va- 

pours of methyldichlorosilane and hydrolysis of surface compounds Chuiko et al. [25] 
observed a practically complete condensation of the formed silanol groups: 

~ .3  C1 C1 CH CH3 0 CH3 c / \ /  3 \ ~ \ /  

Si Si Si Si 
o \ / o o \ / o 
L H H I Hydrolysis_ H H I 

~ S i  S i ~  ~ S i  / S i ~  

F \ O \ s i ~ O ~  I 1 " O \ s i ~ O  

The highly characteristic and symmetric shape of the absorption band attributed to the 
Si-H stretching vibrations and its sufficiently convenient position in the spectral region 
(2100 - 2300 cm -1) make it possible to apply IR spectroscopy for the quantitative deter- 
mination of the =Sill groups on the hydride-modified silica surface as it was proposed by 

Sobolev, Tertykh, and Chuiko [54]. Yoshinaga et al. [70] proposed to use the band vSiH for 
determining the concentration of free silanol groups on the silica surface. In order to do it 
at first the chemisorption of dimethylchlorosilane on the surface was effected. The reaction 

was carried out in dry chloroform in the presence of triethylamine and these conditions 
the chemisorption of C1Si(CHa)2H proceeded at room temperature. Then they determined 
the content of =Sill groups (2148 cm -1) by the diffuse reflectance FTIR spectroscopy. 
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The introduction of dimethylsilyl groups into a surface layer is easily carried out at room 

temperature when using dimethyl(dimethylsilyl)amine H(CH3)2SiN(CH3)2 as well [71]. 

Golding, Barry and Burke [72] synthesized ethyl-, octyl-, and octadecyldihydrochlorosi- 
lanes, and it showed that the mentioned reagents are chemisorbed on the silica surface 
to a considerably greater extent than the similar alkyldimethylchlorosilanes. Really, in 

conformity with the data by Meiouet et al. [73] the achieved silica surface coverages with 

organic groups when using CsH17Si(CHa)2C1 and CsH17SiH2C1 amount to 2.68 and 4.24 

#mol/m 2 respectively. 
Besides the researches on the triethoxysilane hydrolysis on the silica surface which 

were discussed earlier [45,46], there are studies [56,69,74] concentrating upon the chemical 

reactions of HSi(OC2Hs)3 with silanol groups. It was established by Petrova, Tertykh, and 

Pavlov [56] that this chemical reaction is accelerated not only in the presence of organic 
bases but also in the case of the introduction of hydrogen chloride into the reaction 
volume. The possible causes of the catalytic effect of electron- and proton-donors on the 

proceeding of chemical reactions in a silica surface layer has been discussed in more detail 

in our monograph [1]. 
The introduction of =SiOSiH3 groups (2217 cm -1) to the silica surface for the reaction 

of silanol groups with Sill4 at 250~ was discussed by Ganyuk [75]. In the case of higher 
temperatures (350~ the formation of =Sill2 groups was observed (2275 cm -~). In Low's 
opinion [76] the wave number for Si-H bands in surface chemical compounds should also 

decrease in the order: 

=Sill  > =Sill2 > -Sill3 

3.4. R e d u c t i o n  wi th  inorganic  hydr ides  
Hydride-modified silicas can be produces by reduction with an inorganic hydrides of 

a silica surface whose silanol groups have been previously converted to -SIC1 groups. 
The same approach was proposed and implemented by Sandoval and Pesek [77] using a 

solution of lithium aluminum hydride in ether: 

=SiOH + SOC12 ~ =SIC1 + S02 + HC1 

=SIC1 + LiA1H4 ) =Sill + LiC1 + A1H3 

The data by IR spectroscopy provide evidence for the fact that on the silica surface 

subjected to the chlorination and subsequent reduction, besides =Sill groups (2260 cm -1) 
there are also =A1H groups absorbing at somewhat lower wave numbers. The presence of 

aluminum and chlorine on the reduced silica surface is also corroborated by the ESCA 

data [77]. Surface Mane species may be decomposed under the exposure to 0.1 M HC1 
for 1 hr. As follows from ESCA spectra the acid treatment removes aluminum, chlorine, 

and traces of organic groups from the surface. In investigating these phenomena Sandoval 

and Pesek [77] established an interesting fact related to the transformation of a part of 
Mane groups into silane groups. It is appropriate to mention here that the formation of 
=Sill  groups on the silica surface was observed by Mashchenko [78] and Gillis-D'Hamers 

et a1.[79] during the treatment with diborane. The surface silane groups seem to appear 

as a result of the addition reaction of BHz through siloxane bridges: 

=SiOSi= +BHz ~ =Sill + =SiOBH2 
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As it was pointed out by the authors [77] themselves, a serious limitation of the chlori- 

nation / reduction method is its extreme sensitivity to moisture both at the chlorination 

and reduction steps resulting in time-consuming and labor-intensive procedures. Addi- 

tionally, it is necessary to point out the potential difficulties associated with the presence 

of chemisorbed aluminum in reduced silicas. 

3.5. T h e r m a l  de s t ruc t i on  of m e t h o x y  groups  

The formation of -S i l l  groups on the silica surface in the process of the vacuum thermal 

destruction of attached methoxy groups was observed for the first time by Morterra and 

Low [80-82]. The stretching vibrations of the Si-H bonds in compounds formed give the 
absorption band with a peak at 2300 c m  -1.  The formation of the hydride compounds on 
the silica surface is related by Morterra and Low [81,82] to a possible homolytic breaking of 
Si-O bonds and the subsequent addition of hydrogen from gaseous products of pyrolysis. 

The formation of free radicals after the destruction of methoxysilica was also registered by 

ESR method [83]. At the same time the vacuum thermal destruction of attached ethoxy or 

butoxy groups does not detect the appearance of --Sill groups on the surface as it might 

be expected for similar homolytic processes (the breaking of Si-O bonds in =SiOC2H5 
and =SiOC4H9 groups and addition of hydrogen from decomposition products). By the 
IR spectroscopy method [84] it was shown that during the destruction of ester compounds 

(beginning with C2 ) the reduction of silanol groups and the release of a corresponding 
olefin occurred, for instance: 

-SiOCuHs to - > -SiOH § CH2-CH2 

Chuiko et al. [84] made the assumption that the formation of such considerable numbers 
of -S i l l  groups during the destruction of methoxysilica is attributed not to homolytic 
reactions which scarcely characteristic of silicon compounds but to elimination processes, 
for example: 

t o 
--SiOCH3 > ~SiH § H -  CHO 

The mass spectrometric analysis of the evolved gas composition carried out by Brei et al. 

[85] detected most intensive lines corresponding to 28, 30, 31, and 2 amu (CO +, H2CO +, 
and H +) which is presumed by the proceeding of the methoxy group destruction in ac- 

cordance with the scheme: 

:S iOCg3 to - ) - S i H §  > S i H + H 2 §  

The calculations of potential energy surface profiles done in Ref.[85] showed as well that 
the main route of decomposition is consistent with the evolution of formaldehyde and 
upon a further temperature increase- with that of CO and H2. However, it is not ruled 

out that at high temperatures of the grafted organic group destruction there are both 

heterolytic and homolytic processes. 

4.  S I L I C A  M A T R I C E S  W I T H  A T T A C H E D  O L E F I N S  

There are many methods that are used for the production of silica matrices with olefins 

attached through Si-C bonds. The widest application is enjoyed by the methods based 
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on reactions of surface chemical modification with appropriate chloro- or alkoxyorganosi- 
lanes containing vinyl, allyl, or other unsaturated hydrocarbon groups [7,86-101]. It was 
assumed [7,86, 89-95] that the attached olefin groups made the basis for one of the pro- 
mising routes to form a bridge between applicable groups of polymeric macromolecules 
and silica filler surface. Really, in this case the authors of Refs.[ 7,86,89,90,93-95,101] 
observed a substantial improvement of physico-mechanical properties of polymeric sys- 
tems filled with olefinorganosilicas. It was supposed [7, 93, 95] that the opening of double 

bonds during polymerization leads to the formation of a cross-linked polymer. Later on 
the results obtained by ESR method authors of Refs.[96,98] corroborated the conclusion 
that ")'-irradiation provided the formation of free radicals stabilized by chemical bonds 
with surface. 

In most cases in order to carry out chemical modification of surface it is advantageous to 
use vapours of suitable olefinorganosilanes or their solutions in organic solvents. When the 
surface treatment involves the application of aqueous solutions of vinyltriethoxysilane, for 

example, the deposited coatings often have non-reproducible properties which is due to the 
difficulties in controlling polymerization of the formed vinylsilanetriol [89,100,102-106]. In 

conformity to the data of Refs.[107,108] the application of vinyltrichlorosilane for chemical 
modification of silica provides higher contents of attached olefin groups than the treatment 
of hydrated surface with vinyltriethoxysilane. 

The attachment of olefin groups through Si-C bonds can be also carried out with 
the aid of the reaction of the previously chlorinated silica surface with allylmagnesium 
bromide. For the first time the approach of this kind was employed by Neimark, Chuiko, 
and Slinyakova [7]" 

-=SIC1 + BrMgCH2CH-CH2 ~ -S iCH2CH-CH2  + MgBrC1 

Afterwards a similar approach was applied by Pesek and Swedberg [10] for grafting allyl 

groups to silica treated with thionylchloride. As shown in Refs. [7,109] grafted allyl groups 
as well as vinyl groups can be subjected to bromination with a bromine solution to form 
1,2-dibromopropyl groups. As a result of the addition of HBr one observes the formation 
of grafted 2-bromopropyl groups [109]. 

Silicas with chemically attached C=C groups can be used as intermediate matrices 
for graft polymerization with appropriate functional olefins. Thus, the organosilicas with 
grafted carboxyl groups were produced due to the attachment of methacrylic acid [94,99] 

and maleic anhydride [110] to vinylsilica surface. Carboxyorganosilica can be obtained as 
well by the reaction of attached allyl groups with ozone [111]. A more strong cationite 

was produced with the aid of the addition of bisulfite through attached allyl groups in 
the presence of azobisizobutyronitrile as a catalyst [112]. A weak anion exchanger was 
obtained as a result of a catalytic addition of N-methylpyrrolidone to the same matrix 
[113]. Engelhardt et al. [114] prepared various matrices through addition of olefins with 
functional groups characterized by chirality or high anion-cation-exchanging properties to 
the vinyltrichlorosilane-modified silica surface. Besides, some experience has been gained 
to use attached olefin groups for hydrosilylation reactions. Thus, Stuurman, Kohler and 
Schomburg [115] applied a matrix with previously attached olefin groups in order to bind 
(in the presence of chloroplatinic acid) siloxane bearing a =Sill  groups and quinine (Q) 
according to the scheme- 
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CH3 CH3 CH3 CH3 CH3 CH3 

I } I I 
-SiOSiCH=CH2 + HSi-O-Si-Q --+ -SiOSiCH2CH2Si-O-Si-Q 

I I I I I I 
CH3 CH3 CH3 CH3 CH3 CH3 

Pesek and Rashet [116] used attached allyl groups for the hydrosilylation reaction with 
dimethylphenylsilane in the presence of chloroplatinic acid. The conclusion about the 

grafting of phenyl groups was corroborated by IR spectroscopy. However, in most studies 
a hydrosilylation reaction is usually used to produce a suitable modifying reagent. In 
order to do it one can carry out a catalytic addition of an appropriate olefin to dimethyl- 
chlorosilane (see, for instance, Refs.[llT,118]) and the reaction product with a necessary 

functional group is used for attachment to inorganic matrix surface. 
Below we shall consider some experience acquired in carrying out reactions of catalytic 

and thermal solid-phase hydrosilylation with the participation of hydride-modified silicas, 
simple terminal olefins, and a number of functional compounds with double bonds. 

The results presented provide strong evidence that the method based on the applica- 
tion of hydrosilylation reactions for producing hydrolytically stable Si-C bonds is very 
promising. The broad experience has been acquired in the field of the introduction of 
=Sill  groups and olefin radicals into a surface layer of silica by various procedures. A 
large body of basis for carrying out systematic researches into the formation Si-C bonds 
on silica surface by catalytic and thermal hydrosilylation reactions. The results obtained 
during the last decade of the studies on the solid-phase hydrosilylation reactions with the 
participation of modified silica surface are discussed in Refs. [119-187]. 

5. R E S E A R C H E S  ON THE I N T E R A C T I O N  B E T W E E N  

H Y D R I D E - M O D I F I E D  SILICAS A N D  SIMPLE T E R M I N A L  OLEFINS 

The interaction between hydride-modifed silicas and simple terminal olefins C~ - Cls 
(Table 1) was studied under conditions of liquid-phase catalytic reaction. The catalyst, 
namely 0.1N solution of H2PtC16 in isopropyl alcohol (Speier catalyst), is the most active 
compound in homogeneous hydrosilylation processes [138]. The pyrogenic silicon dioxide 

(aerosil) with a specific surface area of 300 m2/g as to methanol was used as a starting 
silica. Hydridesilica was produced by the interaction between dehydrated silica and me- 
thyldichlorosilane vapours in a vacuum cell with walls of CaF2 glass (spectrophotometer 
IKS-29, LOMO, Russia, region 4000 - 1200 cm-~; pressed silica plates, 10 - 15 mg/cm 2, 
compression pressure 1.72.10 s Pa). The silica evacuated at 400~ for 3 hr (Fig.l, spectrum 
1) was brought into contatt with C12Si(CH3)I-I vapours at 25 - 300~ and held for 2 hr. 
Then the excess of silane and gaseous reaction products were removed by evacuation at 
300~ for 2 hr. The reaction is already initiated at 25~ and effective chemisorption of me- 
thyldichlorosilane takes place at 300~ (Fig.l, spectrum 2). In this case the IR spectrum 

exhibits an absorption band at 2204 c m  - 1  attributed to the stretching vibrations of Si-H 
bonds and absorption bands attributed to asymmetric (2984 cm -1) and symmetric (2931 
cm -1) stretching and bending (1400 cm -1) vibrations of C-H bonds of methyl groups. 
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Table 1 
Some physico-chemical parameters of simple terminal olefins and obtained values of attached 
CnH2n+l-group concentrations on silica surface as a result of the solid-phase catalytic hydro- 
silylation 

1-Olefin Molecular tboil" n~ ~ d] ~ 
mass (~ (g /cm 3) 

Obtained 

value of 

chemisorption 

CnH2n+l-group 
( p m o l / m  2) 

Hexene 84.16 63.4 1.3879 0.673 

Octene 112.21 121.6 1.4087 0.712 

Decene 140.26 170.6 1.4215 0.740 

Tetradecene 196.36 243.0 1.4365 

Hexadecene 224.42 274.0 1.4410 0.787 

Octadecene 252.47 186.0" 1.4449 0.790 

3.47 

3.01 

2.05 

0.99 

0.88 

0.71 

* at 2.7-103 Pa 

transmission, % 

1 

13")50 "- ~ ~ , - ( -  x II /  v - h ~ '  

' I ...... 12931 iUl I l i !  
110 % . , . 'Z2 - ~ ~  I~ . . . . . . . . .  '~. ~l  L ~ -/o 2984 ~ ~ !  2204 1400 ~,, 

I 4 

I I I I I I 

3600 2400 1500 
v, cm "1 

Figure 1. IR spectra of silica prepared under 

vacuum at 400~ for 3 hr (1), after the in- 

teraction with methyldichlorosilane at 300~ 

for 2 hr and evacuation at the reaction tem- 

perature (2), after contact with Mr at 25~ 

for 30 days (4), with water at 100~ for 1 hr 

(5), with water in the presence of H2PtC16 at 

100 ~ for 1 hr (6). (3)-IR spectrum of me- 

thyldichlorosilane. 

transmission, % 

4 
5 

-2930 [I 

3600 3000 2200 
v, cm "1 

Figure 2. IR spectra of silica prepared un- 

der vacuum at 400~ for 3 hr (1), after 

the methyldichlorosilane chemisorption at 

300~ for 2 hr (2), after the interaction 

of hydridesilica with 1-hexene, 1-decene, 

1-octadecene and evacuation at 300~ for 

lhr (spectra 3, 4, 5 respectively). The IR 

spectrum for 1-decene is also shown (6). 
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In the IR spectrum of methyldichlorosilane (Fig.l, spectrum 3) there are also absorption 
bands at 2984, 2931, and 1400 cm -1. Besides, in the spectrum of C12Si(CH3)H there is 
an absorption band for Si-C bond ( 1265 cm -1). In the spectrum of hydridesilica the last 
band is masked with silica core absorption band, and band for Si-H bond is at 2220 cm -1 
unlike hydridesilica whose absorption band for Si-H bond is shifted to 2204cm -1. 

The frequency of the Si-H bond stretching vibrations is sensitive to the nature of sub- 

stituents at a silicon atom [25,68]. If the wave number of the Si-H band during chemisorp- 
tion of methyldichlorosilane on silica surface is 2204 cm -1, one observes the formation of 

-SiOSi(CHa)(C1)H groups. But if the absorption band maximum is shifted to 2190 cm -1, 
one can regard this as evidence for the proceeding of hydrolysis with the formation of 
=SiOSi(CHa)(OH)H groups.The results presented in Fig.1 (spectrum 4) provide evidence 
for the formation of ~SiOSi(CH3)(C1)H groups on silica surface and for their slow hydro- 
lysis in the air. Besides, the hydrolysis of Si-C1 bonds in contact with water the partial 

hydrolysis of Si- H bonds occurs as well. In the IR spectrum there appears an absorption 
band for isolated silanol groups at 3750 cm -1 (Fig.l, spectrum 5). In the presence of 
the Speier catalyst the hydrolysis proceeds even more vigourously (Fig.l, spectrum 6)" 

the hydridesilica does not practically contain - S i l l  groups. Thus, the hydrolysis of the 
-SiOSi(CHa)(C1)H groups attached to the silica surface can be regarded as a side process 
leading to a decrease of the =Sill  group content. This circumstance should be taken into 
account when studying the interaction between hydridesilica and simple terminal olefins 
in the presence of the Speier catalyst. 

The interaction of l-olefins with the hydridesilica produced as a result of the methyl- 
dichlorosilane chemisorption was studied using liquid-phase reactions at 25 - 100~ in 
sealed glass ampoules. All the reagents were thoroughly dehydrated and the hydridesilica 
was preliminarily subjected to a thermal evacuation. After carrying out catalytic reactions 
a decrease in the intensity of absorption band for Si-H bonds was observed. At 100~ a 
substantial decrease (by 90 - 95%) of the intensity of the absorption band at 2204 c m  - 1  

(Fig.2, spectra 3-5) occurred. The ~SiH groups concentration variation which is a measure 
of the intensity of the chemical process proceeding in a silica surface layer was determined 

in terms of the ratio of optical densities DsiH -- Dexp.sm(2204)/Dexp.siosi(1860) in order 
to eliminate the effect of the silica plate mass as well instrument errors during the spectra 
recording [139,140]. Besides, the IR spectra exhibit an increase in the intensity of absorp- 

tion bands related to the stretching vibrations of C-H bonds in methyl groups (2980, 2930 
cm -~) and the appearance of absorption bands for methylene links (2900, 2855 cm-~). 

The increase in the surface concentration of C-H bonds manifests itself in the region of 
the bending vibrations of CHa and CH2 groups (1500-1300 cm-1). The IR spectra of the 
modified silicas (Fig.2, spectra 3-5) are characterized by the absence of the absorption 
band for the stretching vibrations of C-H bonds in H2C=CH- groups (3090 cm -1) which 
clearly manifests itself in the IR spectra for l-olefins (Fig.2, spectrum 6). The band for 
isolated silanol groups is also absent (Fig.2, spectra. 3-5) which can provide evidence for 
the absence of hydrolysis of the hydridesilica =Sill  groups under the conditions of the 
experiment. By independent experiments it was shown that 1-olefins (in the absence of 

the catalyst) and isopropyl alcohol do not enter into a reaction with hydridesilica under 
these conditions. Upon the contact with 1-olefins in the presence of the Speier catalyst 
the starting silica displays the absorption in the region of 3000 - 2800 cm -1 that is related 
to the strong retention of l-olefins on surface seemingly in the form of p l a t i num-  olefin 
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Figure 3. IR spectra for the silica prepared under vacuum at 400~ for 3 hr (1), after the 

interaction with 1-octene at 100~ for 1 hr in the presence of H2PtC16 (2), after contact with 

methyldichlorosilane at 25~ for one day (4). The IR spectrum for 1-octene (5) is also shown. 

complexes, since the band at 3090 cm -a in the spectrum is absent and silanol groups 

(3750 cm -a) do not participate in the reaction and interact with methyldichlorosilane 

(Fig.3). Therefore the observed spectral pattern gives evidence for the proceeding of the 

chemical reaction of the hydrosilylation of l-olefins on the hydridesilica surface according 

to following scheme: 

+ 

= SiO Si--  C H ( CH2 )n CH3 

I I 
CH3 

Thus, using modified silicas whose surface contains =Sil l  groups makes it possible to 

carry out reactions of solid-phase hydrosilylation with the at tachment of terminal simple 
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olefins having different lengths of the hydrocarbon chain (C6- Cls). These processes result 
in the organosilicas with hydrolytically stable Si-C bonds. The formation of Si~C bonds 
is also supported by the absence in the IR spectra for C6- Cls - silicas after the contact 
with pyridine and water vapours for one day. Under similar conditions the chemical bonds 

Si-O-C become completely broken [141]. 
Sandoval and Pesek [142] performed the solid-phase hydrosilylation of 1-octene and 

l-octadecene on the surface of the hydridesilica obtained through chlorination with the 
help of SOC12 and reduction with LiA1H4. In order to do it 1-olefin was brought into 
contact with a fresh-prepared solution of chloroplatinic acid in 2r and heated at 
60-70~ for 1 hr. Then the hydridesilica dried at ll0~ for 6 hr was added and the reaction 
was allowed to proceed for at least 24 hr at 100~ The infrared analysis detected the 
appearance of strong absorption bands in the 3000-2800 cm -1 region concomitant with a 

substantial decline of the Si-H stretching band at 2260 c m  -1.  It clearly indicates chemical 
bonding to the silica surface. Another way of proving that the olefins indeed undergo Si-H 
addition at the silica surface is solid-state NMR spectroscopy. 13C CP-MAS NMR spectra 
of the octyl- and octadecyl-bonded phases are virtually the same for both silicas with the 
only change in intensity due to the difference in chain lengths. The peak near 12 ppm can 
be assigned to the combined contributions from the terminal methyl group of the alkyl 
chain and the methylene group which is directly attached to the surface silicon atom, i.e. 
the carbon involved in the direct bonding of the terminal olefin to the silicon hydride in 
the hydrosilylation reaction. By 29Si CP-MAS NMR spectroscopy it was possible to gain 
a further insight into the structure of the hydride intermediate as well as the Cs- and 
Cls-product phases. The spectrum of the hydridesilica shows five distinct peaks. There 
are the peaks at -110.4 ppm, which represents framework Si*(OSi=)4 structures,-100.9 
ppm, which represents surface single silanols, HOSi*(OSi~)3 structures, and -80.3 ppm, 
which represents surface geminal silanols, (HO)2Si*(OSi=)2. The peak at - 85.3 ppm in 
the spectrum can be assigned to the hydride HSi*(OSi~)3 species; fifth peak at -74.8 ppm 
can be tentatively assigned to the HSi*(OH)(OSi-)2 group. For the Cs- (or Cas-) product 
there are the three peaks at -110.2;-100.8; and-89.9 ppm as described above. The peaks 
near-85 and-75 ppm have virtually disappeared due to the bonding reaction. Two new 
peaks at -66.2 and-54.6 ppm have now appeared in the spectra. These signals have been 

previously assigned to CSi*(OSi-)a and C(OH)Si*(OSi=)2 groups respectively. 

6. R E A C T I O N S  OF S O L I D - P H A S E  CATALYTIC HYDROSILYLATION 
W I T H  THE PARTICIPATION OF H Y D R I D E - M O D I F I E D  SILICAS 

A N D  SOME F U N C T I O N A L  OLEFINS 

The attachment of functional olefins to the hydridesilica offers new scope for the pro- 
duction of corresponding organosilicas. This section presents the results of researches on 
the interaction between hydridesilicas and various functional compounds (Table 2). 

The studies of the interaction with these compounds were carried out using the hydri- 
desilicas obtained through the chemisorption of methyldichlorosilane. The ~SiH groups 
content was 2.4 #mol/m 2. The interaction between hydridesilicas and functional olefins 
was studied at the boiling temperature (82.4~ of the solvent in the presence of the 
Speier catalyst. In order to do it a hydridesilica sample was placed into the glass reactor 
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Table 2 
Physico-chemica] characteristics of the studied functional olefins 

Olefin Chemical Molecular 

formula mass 
tboil, n~ ~ 
(~ (g/cm 3) 

d~ ~ 

Vinyltrimethylsilane H2C=CHSi(CH3)3 100.24 

Vinylt richlorosilane H2 C=CHSiC13 161.49 

Acetyl acetone H3CCOCH2COCH3 100.12 

TL 
H3C(HO)C=CHCOCH3 

Vinyl acetate H2C=CHOOCCH3 86.09 

Acrylamide H2C=CHCONH2 71.08 

Styrene H2 C=CH C6H5 104.15 

55 1.3920 

90 1.4360 

139-140 1.4513 

( tmel t .  - -  2 3 )  

( t m e l t . -  9 )  1.4609 

72.7 1.3953 

215 

145 1.5470 

( tmelt"  - -  31) 

0.972 

0.934 

1.122 

0.909 

transmission, % 

112962 

I 2r I I [1403 

3300 2100 v, cm -1 

Figure 4. IR spectra for hydridesilica with 

-=Si-O-Si-H groups (1), treated with vinyl- 
trichlorosilane (2) or vinyltrimethylsilane (3) 
in the presence of the Speier catalyst and eva- 

cuated at 300~ for 1 hr. Curves (4) and (5) 

are IR spectra for vinyltrichlorosilane and vi- 
nyltrimethylsilane respectively. 

transmission, % 

T 

j yr-- o! 
22 1720 2 

0 3300 21 0 v,cm -1 

Figure 5. IR spectra of hydridesilica (1), 

treated with acetyl acetone in the presence 
of the Speier catalyst and evacuated at 

300~ for 1 hr (2), after the treatment 

with water and pyridine vapours at a room 

temperature for 17 hr and evacuation at 

300~ for 1 hr (3). The IR spectrum for 

acetyl acetone is also shown (4). 
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containing isopropyl alcohol and one of the functional olefins and then several drops of the 
catalyst were added, upon which the mixture was subjected to boiling with refluxing for 
4-5 hr. After this procedure the organosilica produced was filtered, washed with isopro- 
panol and acetone and dried in the air. The proceeding processes were controlled using IR 
spectroscopy. The attached organic group content was determinated through performing 
gravimetric thermal analysis [143]. 

Vinylsilanes. Upon the interaction between vinylsilanes and hydridesilica the IR spectra 
of modified silicas (Fig.4, spectra 2,3) display a substantial decrease (by 80-85%) in the 
intensity of the absorption band attributed to stretching vibrations of Si-H bonds (2204 
cm-1). Besides, there appear absorption bands assigned to asymmetric and symmetric 
stretching vibrations of C-H bonds in methyl groups (2872, 2853 cm-a),  and in the case 

of vinyltrimethylsilane one can also observe an increase in the intensity of uCH bands 
for methyl groups (2962, 2926 cm-1). Furthermore, in the IR spectra of silicas modified 
with vinylsilanes there are not Ucn absorption bands for double bonds (3100-3000 cm -1) 

and uc=c absorption band (at 1600 cm -1) which can be observed in the IR spectra for 
the studied silanes, namely 3082, 3032, and 1602 cm -1 for vinyltrichlorosilane and 3052, 
a010, and 1596 cm -1 for vinyltrimethylsilane (Fig.4, spectra 4,5). The above-mentioned 
variations in the IR spectra provide evidence that the catalytic transformation of =Si-H 
groups into =Si-C= groups at the expense of hydrosilylation reaction proceeded in a 
surface layer of hydridesilica can be observed under mild conditions already: 

I I I 
~ S i O S i - H  + H2C-CHSiXa ----+ ~SiOSiCH2CH2SiXa + --SiOSi-CH-SiXa 

I I I r 
CHa 

where X is-C1 or-CH3. 

Acetyl acetone and vinyl acetate have electron-seeking groups at carbon atoms with double 
bonds, which may decrease their reactivity during hydrosilylation processes since it is 
known [144,145] that the reactivity of olefins depends on the electron density of the C=C 
bond. Besides, C=O groups can also take part in homogeneous hydrosilylation reactions 

[138,145]. In this case a silicon atom is added to a more electronegative atom with the 
formation of Si-O-C bonds. By experiment it has been established that the interaction 
between hydridesilica and acetyl acetone in the presence of the Speier catalyst leads to a 
decrease (by 77%) in the intensity of the UsiH absorption band (2204 cm -a) and appearance 
the absorption bands for stretching vibrations of methylene groups ( 2870, 2850 cm -1) and 
carbonyl groups (1720 cm -1). In addition, one can observe an increase in the intensity of 
absorption bands of u~ and us for C-H bonds at 2980 and 2930 cm -1 assigned to methyl 
groups (Fig.5, spectra 1,2). The treatment of acetyl acetone-modified silica with water 
and pyridine vapours does not result in any change of its IR spectrum (Fig.5, spectrum 
3), which provides evidence for a high hydrolytic stability of the chemical bonds formed 
on the surface [141]. Thus, it may be concluded that the interaction between hydridesilica 
and acetyl acetone proceeds by the following mechanism: 
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~ H3 O I OH 
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Figure 6. IR spectra for hydrifesilica (1), tre- 
ated with vinyl acetate in the presence of the 

Speier catalyst and evacuated at 300~ for 1 
hr (2), after the treatment with water and py- 

ridine vapours at room temperature for 17 hr 

and evacuation at 300~ for 1 hr (3). The IR 

spectrum of vinyl acetate is also shown (4). 
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Figure 7. IR spectra of hydridesilica (1), 

after the interaction with acrylamide in 

the presence of the Speier catalyst and 

evacuation at 300~ for 1 hr (2). (3)-IR 

spectrum of acrylamide. 
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The attachment of acetyl acetone to hydridesilica through oxygen atoms is unlikely 
since in this case the hydrolytic stability of the product would be not high due to the 
formation of Si-O-C bonds: 

CH3 O IV O 

I I[ II 
-S i -O-Si - -H + H3C-C-CH2-C-CH3 

I 

IV 0 
I II 

> - Si-O-Si-O-CH-CH2-C-CH3 

I 
CH3 CH3 

The contact of vinyl acetate (under the same conditions) with the hydridesilica surface 
does not lead to the embracing participation of the -S i l l  groups in the reaction (Fig.6, 
spectra 1,2), however, just as in the case of acetyl acetone one can observe a decrease 
in the absorption band intensity for stretching vibrations of Si-H bonds, appearance of 
absorption bands for C-H bonds of methylene groups, and an increase in the intensity 
for u(C-H) of methyl groups. The high hydrolytic stability of silica modified with vinyl 
acetate, the absence (in the IR spectrum) of the absorption bands attributed to vinyl 
groups, and the decrease in the intensity of the absorption band for u(Si-H) (Fig.6, spectra 
1-4) make it possible to conclude that the solid- phase hydrosilylation of vinyl acetate 
proceeds in accordance with the following scheme: 

CH3 0 CH3 0 

I II I II 
=Si-O-Si--H + H2C=CH-O-C-CH3 H2PtCl6 =SiO-Si--CH2-CH2-C-CH3 + 

I I 
CH3 0 

I Jl 
+ -Si-O-Si--CH-C-CH3 

I I 
CH3 

Acrylamide. During the interaction the hydridesilica one can observe a decrease (by 32%) 
in the u(Si-H) band; besides, there appear absorption bands attributed to methylene, 
carbonyl, and amine groups (2940, 1680, 3345, and 3185 cm-1). The absorption bands for 
C-H stretching vibrations at a C=C double bond (3100-3000 cm -1) and C=C stretching 
vibrations (1630 cm -1) are absent in the IR spectrum (Fig.7), which may give evidence 
for the solid-phase hydrosilylation according to the following scheme" 

CH3 0 

I il 
-Si-O-Si--H + H2C=CH-O-C-NH2 

I 

CH3 O 

I II 
H~PtC]~ -SiO-Si--CH2-CH2-C-NH2 + 

I 
CH3 0 

I It 
+ =Si-O-Si--CH-C-NH2 

I I 
CH3 
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Styrene. The attachment of styrene on silica surface through a solid-phase hydrosilylation 

reaction to produce functional organosilicas is of special interest. This is due to easiness 

of the introduction of some functional groups ( - S O a H , - C O O H , - O H , - N O 2 ,  -NH2) into 

benzene rings. 

The hydrosilylation reaction was effected using a liquid-phase process without any so- 

lvent, without access for light at 100~ for 3 hr in the presence of the Speier catalyst. 

Then the modified silica was washed with carbon tetrachloride for lhr  in a Sohxlet ap- 

paratus and evacuated at 300~ for 2 hr. As a result of this reaction the IR spectrum of 

the modified silica (Fig.8, spectrum 2) displayed a considerable decrease in the intensity 
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Figure 8. IR spectra of hydridesilica (1), after the interaction with styrene in the presence of 

the Speier catalyst and evacuation at 300~ for 1 hr (2). (3)-IR spectrum of styrene. 

of the absorption band for Si-H bonds. The peak maximum of this absorption band was 

shifted into the region of 2190 cm -1 as a consequence of the partial hydrolysis of Si-C1 

bonds [25,68] upon the contact of the modified silica with air moisture during its washing. 

The formation of silanol groups is accompanied with the appearance of the absorption 

band at 3750 cm -1. Besides, in the spectrum there are absorption bands at 3090, 3072, 

and 3035 cm -1 for stretching vibrations of C-H bonds of benzene rings. At the same 

time the spectrum does not contain the band at 1630 cm -1 (characteristic of styrene) 

for stretching vibrations of C=C bonds of vinyl groups and the band at 1575 cm -1 for 

in-plane vibrations of benzene rings, which manifests itself only upon the conjugation of 

~--electrons of a double bond or with an unshared electron pair of a substituent [146]. In 

addition, there appears a substantial increase in the intensity of the absorption bands at 
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2984, 2930, and 2890 cm -1 for stretching vibrations of C-H bonds in methyl, methylene, 

and methine groups [146]. The results obtained provide evidence that styrene entered into 
the reaction of the catalytic hydrosilylation with Si-H bonds of hydridesilica: 

CH3 CH3 

=Si-O-Si--H + H 2 C = C H - ~  H2Pt_~C16 ~SiO_Si__CH2_CH2_ @ -Jv 
I I 

CH3 

I 

CH3 
The degree of completeness of this reaction is 64%. The content of grafted phenyl ethyl 

groups amounts to 0.46 mmol/g. 
Thus, the research on the interaction between various functional olefins and hydri- 

desilica surface in the presence of chloroplatinic acid has shown that the solid-phase 
hydrosilylation provides a lower yield than in the case of simple terminal olefins. As to 
their reactivity the olefins studied can be arranged in the following order: simple ter- 
minal olefins > vinylsilanes > acetyl acetone > vinyl acetate > styrene > acrylamide. 
The decrease in the reactivity of olefins in the solid-phase hydrosilylation processes may 
be related to the decrease of the electron density on C=C bonds of reagent molecules 
since in the case of unsaturated compounds this density is determined by the mesome- 
tic effect of substituents. The most substantial decrease in the reactivity is observed for 

functional olefins whose molecules contain conjugated double bonds. From these stand- 
points it becomes possible to explain practically the same reactivity of vinylsilanes with 
electron-donating and electron-seeking substituents in whose molecules the delocalized 
7r-orbitals are absent. The inductive effect of substituents is characteristic of unsaturated 
groups and compounds and is observed only at small distances, while mesomeric effects 
may be transferred from one end of comparatively large molecules to the other in the 

presence of the conjugation. 
It should be noted that as distinct from the hydrosilylation reactions in homogeneous 

media in the case of the solid-phase catalytic hydrosilylation there are no processes in- 
volving carbonyl groups of acetyl acetone, vinyl acetate, and acrylamide, therefore the 
attachment of olefins to hydsridesilica surface is effected only by the formation of Si-C 
bonds between silica and a functional compounds. The discovered effect which consists 
in increasing selectivity of catalytic reactions proceeding on solid surfaces can be applied 
for synthesizing monofunctional organosilicas with hydrolytically stable Si-C bonds. 

In the patent specification [147] there data on the chemical attachment to hydridesi- 
lica surface in the presence of the Reney nickel, chloroplatinic acid or metallic platinum 
deposited on activated carbon as a catalyst of the following unsaturated functional com- 
pounds: divinylbenzene, ethylene glycol diacrylate, acetylene, allyl alcohol, allyl glycidyl 
ether, allyl isocyanate, acrylic acid. The chemical reactions result in the transformation 
of Si-H bonds of hydridesilica surface into Si-C bonds. Such transformations may be also 
classified as processes of solid-phase catalytic hydrosilylation of functional olefins. 
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7. T R A N S F O R M A T I O N  O F  A T T A C H E D  M E T H O X Y  G R O U P S  I N T O  

S U R F A C E  C O M P O U N D S  W I T H  S i - C  B O N D S  

As it was mentioned above, hydridesilica may be produced without use of chloro- 

or alkoxysilanes, for instance, through thermodestruction of methoxysilica. Carrying out 

processes of methoxylation, subsequent thermal decomposition of grafted methoxy groups, 

and formation of at tached - S i l l  groups and then a reaction of solid-phase catalytic 

hydrosilylation with olefins makes it possible, as we assumed [123], to produce chemical 

compounds with Si-C bonds on silica surface without use of organosilicon reagents. At 

the same time the proceeding of these chemical reactions in accordance with the assumed 

scheme required experimental corroborations. The results obtained are presented below. 
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Figure 9. IR spectra of silica evacuated at 

400~ for 2 hr (1), after the treatment with 

methyl alcohol at 380~ for 3 hr and evacu- 

ation at 300~ for 1 hr (2), after thermoeva- 

cuation at 700~ for 40 rain (3), treated with 

hexamethyldisilazane at 100~ for 1 hr and 

evacuated at 400~ for 1 hr (4), after the tre- 

atment with 1-octene in the presence of the 

Speier catalyst and evacuation at 300~ for 
1 hr (5). 

Figure 10. IR spectra of organosilicas with 

attached =Si-O-Si-CsHlr, =Si-C8Hlr, and 
=Si-OCH3 groups before (1,3,5) and after 

(2,4,6) hydrolysis in the presence of pyridine 

at 25~ for 1 hr and evacuation at a00oc for 

1 hr. 

Methoxysilica was prepared in the way discussed in Ref.[148,149]. 1-Octene purified 

applying procedure described in Ref.[150] and dried from water with the aid of molecular 

sieves NaX [151] was used as an olefin. The silica previously evacuated at 400~ (Fig.9, 
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spectrum 1) was treated with methyl alcohol vapours at 380~ so as to ensure that all the 
isolated silanol groups entered into reaction. The chemisorption of methanol on the silica 
surface was monitored and judged by the appearance of characteristic absorption bands 
for isolated groups (3750 cm -~) (Fig.9, spectrum 2). As a result of the thermovacuum 
pumping-out of methoxysilica at 700~ the IR spectrum exhibits a sharp decrease in 

the intensity of absorption bands for methoxy groups, appearance of a sufficiently strong 
absorption band at 2280 cm -1 attributed to stretching vibrations of Si-H bonds and of 
a middle intensity band at 3750 crn -1 (Fig.9, spectrum 3). The side effects associated 
with the appearance of silanol groups were eliminated by the end-capping of hexame- 
thyldisilazane at 100~ In doing so the intensity of the absorption band at 2280 cm -1 
does not change, the absorption band at 3750 cm-!  disappears, and in the IR spectrum 
there appear absorption bands for asymmetric and symmetric vibrations of C-H bonds 

in attached trimethylsilyl groups (Fig.9, spectrum 4). The hydrosilylation reaction results 
in a substantial decrease (by 97%) in the intensity of the absorption band attributed to 
-=Sill groups (Fig.9, spectrum 5). The disappearance of these groups is accompanied with 
an increase of the intensity of absorption bands assigned to stretching vibrations of C-H 

bonds in methylene and methyl groups. This fact corroborates the conclusion about the 
transformation of -S i l l  groups formed upon the thermal decomposition of methoxysilica 

into chemically attached hydrocarbon radicals. 
An additional corroboration of the formation of Si-C bonds on silica surface is provi- 

ded by the data on the hydrolytic stability of organosilicas produced as a result of the 
solid-phase hydrosilylation reaction. The treatment of these organosilicas with water va- 
pours in the presence of pyridine [141] does not lead to any variation in the character of 
their IR spectra (Fig.10, spectra 1- 4). At the same time in the case of methoxysilica un- 

der similar conditions one can observe the destruction of Si-O-C bonds and formation of 
silanol groups (Fig.10, spectra 5,6) which is evidenced for by the decrease in the intensity 
of the absorption bands in the region of 3000 - 2800 cm -1 attributed to ether groups, and 
by the appearance of the band 3750 c m  -1.  

The results presented support the possibility for carrying out the solid-phase hydrosi- 
lylation reaction of olefins on the silica surface with =Sill groups with the formation of 
Si-C bonds directly on the silicon dioxide surface without using organosilicon compounds. 
The solid-phase hydrosilylation process seems to involve =Sill groups of any structure 

produced by various methods including the polycondensation method of the hydrosilo- 
xanes synthesis. However, their reactivities is likely to be different as it is the case for 
the homogeneous hydrosilylation of silanes of various structures [2,138,145,150,152]. The 
approach suggested may be applied for the synthesis of organosilicas with thermally and 
hydrolytically stable Si-C bonds between silica, carrier and functional organic groups. 

8. H Y D R O S I L Y L A T I O N  R E A C T I O N S  I N V O L V I N G  V I N Y L  G R O U P S  

A T T A C H E D  TO SILICA S U R F A C E  

As it was mentioned above, olefin groups attached to silica surface under conditions 
of 7-irradiation or in the presence of benzoyl peroxide enter into the reaction of copoly- 

merization with unsaturated acids, styrene, methyl methacrylate, acrylonitrile, and other 
compounds whose molecules have unsaturated bonds [1,91,101,108,109,153-155]. The au- 
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thors of Ref.[ll5] effected the chemical addition reaction between the silica surface with 

vinyl groups and the chiral modifier at tached to polymethylhydrosiloxane through cataly- 

tic hydrosilylation. The interactions between olefinorganosilicas and residual - S i l l  groups 

of polymer modifier may be classified as solid-phase hydrosilylation processes. 

In order to elucidate the nature of the possible influence of the phase state (in a 

solution or on surface) of H2C=CH-  groups on the hydrosilylation reaction we carried 

out the studies [123,129] of the interaction between silica with attached =SiCH=CH2 

groups and methyldichlorosilane using the Speier catalyst. 

The silica with vinyl groups was prepared through the interaction between dehydrated 

silicon dioxide and vinyltrichlorosilane (fig .11, spectra 1,2). The IR spectrum displays the 

transmission, % 

i 

, ]/ 

0 

I 2970 ! 

3600 3000 

IT, 

! 

v, cm -1 

2,0 

1,5 

1,0 | '~\\\ }s 

0,5 

0 6 

200 300 400 500 
~ ,  a m  

Figure 11. IR spectra of silica evacuated at 

400~ for 2 hr (1), after the treatment with 
vinyltrichlorosilane at 380~ for 3 hr and eva- 
cuation at 300~ for 1 hr (2), treated with 
hexamethyldisilazane at 100~ for 1.5 hr and 
evacuated at 300~ for 1 hr (3), after boiling 
with methyldichlorosilane for 2 hr in the pre- 
sence of the Speier catalyst and evacuation 
at 300~ for 1 hr (4). The IR spectrum for 
vinyltrichlorosilane is also shown (5). 

Figure 12. Transmission electronic spectra 
for the system hydridesilica + Speier cata- 

lyst (silica plate 30 mg, 1=2 mm; 0.001 N 
solution of H2PtC16 in isopropyl alcohol) 
in 5 (1), 15 (2), 25 (3) and 35 min (4) after 
the addition of the catalyst; 35 min after 
the addition of 1-decena to the system hy- 

dridesilica + Speier catalyst (5). Spectrum 
(6) corresponds system starting silica + 

Speier catalyst on 35 min. 

appearance of absorption bands at 3082, 3032, 3004, and 1602 cm -1 at t r ibuted to u(C-H) 

at a double bond and to u(C=O)  [156]. The absorption band intensity for isolated silanol 

groups substantially decreases. After the t reatment  of vinylsilica with hexamethyldisi- 

lazane (to eliminate residual silanol groups) in the IR spectrum there appear intense 

absorption bands at 2970 and 2910 cm -1 assigned to stretching vibrations of C-H bonds 
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in trimethylsilyl groups (Fig.ll ,  spectrum 3). As a result of the interaction between the 
prepared organosilica and methyldichlorosilane the absorption bands for H2C=CH- gro- 

ups (3082, 3032, 3004, and 1602 cm -1) are not observed in the IR spectrum; the line of 

u(Si-H) is also absent. The IR spectrum exhibits only the bands for stretching vibrations 
of C-H bonds in methyl and methylene groups (Fig.l l ,  spectrum 4). Therefore the re- 
sults obtained allow us to draw a conclusion that the chemical transformation of attached 
groups on silica surface can be represented by the following scheme: 

-S i -O-Si -CH=CH2 

I 

C1 C1 

+ H-Si-CH3 H2PtC16 =Si-OSi-CH2-CH2-Si-CH3 + 

I J I 
C1 C1 

C1 

I I 
-S i -O-S i - -CH--S i -CH3 

CH3 C1 

Differences in the reactivity of silicas containing vinyl or =Sill  groups have not been 
detected, i.e. the reaction of the solid-phase catalytic hydrosilylation resulting in the 

formation of surface compounds with Si-C bonds involves practically all functional groups 
of the modified silicas. The results obtained by us earlier [119-127] and the literature 
data presented in Refs. [115,138,145,152] make it possible to assume that the solid-phase 
catalytic hydrosilylation with the participation of silanes containing unsaturated groups 
will proceed with a lower reaction product yield. 

9. I N V E S T I G A T I O N  O F  M E C H A N I S M  S O L I D - P H A S E  C A T A L Y T I C  

H Y D R O S I L Y L A T I O N  

It is known [138,157] that the homogeneous catalytic hydrosilylation is characterized 
by two main schemes of the reaction proceeding: 
- through initial activation of Si-H bonds of silane by a platinum catalyst; 
- through formation of platinum-olefin active complex. 
However, as a result of researches into reactions of solid-phase catalytic hydrosilylation 
involving hydridesilica or silica with grafted vinyl groups it has not been found any di- 
stinctions in the behaviour of these processes of chemical addition [123]. And so, it was 
logical to assume that in the case of a solid-phase hydrosilylation the Speier catalyst 
activates both reagents. Indeed, by IR spectroscopy (spectrophotometer IKS-29, Russia, 
region 4000-400 cm -1, pressed silica plates 10-15 mg/cm 2) it has been established that 

as a result of the contact of hydridesilica with 0.1N solution of chloroplatinic acid in 
2-propanol the absorption band at 2204 cm -1 attributed to - S i l l  groups weakens ( or 
disappears) and the bands at 3070 and 1650 cm -1 for H2C=CH- groups in the IR spec- 
trum of vinylsilica are not observed, which may be the consequence of the activation by 
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the Speier catalyst both of Si-H and C=C bonds in the modified silicas. 

The electron spectra presented in Fig.12 give evidence that upon the contact of hydri- 

desilica with a chloroplatinic acid solution the adsorption of the Speier catalyst on the 

solid surface occurs, which may promote the formation of coordination complexes respon- 

sible for the proceeding of the solid-phase hydrosilylation processes. It should be noted 

that the coordination of platinum on hydridesilica ( -S i - . .H-- -P t )  in the case of platinum 

acetylacetonate was established on the basis of the shift of v(Si-H) absorption band from 

2204 to 2175 cm -1. Thus, the preliminary results of the researches into the solid-phase 

hydrosilylation providing evidence for the possibility of the simultaneous activation by 

the Speier catalyst hydridesilica and l-decene [127]. Hydridesilica was prepared by the 

interaction between pyrogenic dehydrated silica and methyldichlorosilane, l-Decene was 

subjected to an additional purification and stored over molecular sieves in order to prevent 

the ingress of moisture. 2-Propanol and chloroplatinic acid were stored under conditions 

ruling out the contact with air. Electron spectra were recorded with the aid of a PU 8800 

instrument for the region of 600-200 nm using quartz cells ( L=2 mm ) with caps. Pressed 

plates of hydridesilica were fixed on one the cell walls with the help of a solvent ensuring 

the adherence to a cell wall and enhancement of the silica transparency in the region un- 

der study. Such recording of electron spectra does not require an introduction of vaseline 

oil or similar liquid as an immersion medium, which in this case is extremely undesirable 

in view of the fact that the systems studied are multicomponent. The expansion of ab- 

sorption electronic spectra in terms of Gauss components was performed using a personal 

computer HP-85 by the sequential differentiation and subtraction of absorption bands 

from an integral spectrum [158]. As follows from the data obtained, in the electronic 
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Figure 13. Electronic spectra of the Speier catalyst (1) and of the system Speier catalyst + 
1-decene (2) and Speier catalyst + hydridesilica (3) (+++  experimental spectrum; differen- 
tial components; integral envelope). 

spectrum of the Speier catalyst (Fig.13, spectrum 1) there are five absorption bands. The 

band with peak maximum at 272 nm is attributed to Pt(IV), and those with maxima 

at 249 and 324 nm are assigned to Pt(II) [159]. The bands at 272 and 249 nm are due 

to charge-transfer transitions 7r74 ~ 3d'y3 and d ~ p respectively [160]. The absorption 

band with a maximum at 293 nm is attributed to acetone coordinated with one of the 
platinum compounds. 

The contact of the Speier catalyst with hydridesilica and / or 1-decene leads to the 
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Figure 14. Electronic spectra of 1-decene (1) and of the system 1-decene + hydridesilica (2) 
and hydridesilica + 1-decene + Speier catalyst (3) ( + + +  experimental s p e c t r u m ; -  differential 
components;- - - integral envelope). 

broadening and hypsochromic shift by 1000-2600 cm -1 of the 249 nm band at tr ibuted 

to Pt(II) that is responsible for the catalytic hydrosilylation process (Fig.13, spectra 2,3; 

Fig.14, spectrum 3). Such a change of the electronic spectrum of chloroplatinic acid may 

be caused by the substitution of one of the ligands in the [PtC14] 2- complex for a more 

massive ligand or a ligand with a high electron density [159]. Therefore, it is quite logical 

to assume that  the hypsochromic shift of the 249 nm band is caused by the coordination 

of the Speier catalyst through Si-H bonds of hydridesilica and C=C bonds of l-decene. 

With allowance for the obtained spectral results the scheme of the solid-phase hydro- 

silylation process may be visualized as follows. Upon the contact with the Speier catalyst 

the hydridesilica forms complex I on its surface, then complex becomes coordinated with 

a molecule of l-olefin, which gives structure II: 
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The intracomplex transformations on the silica surface result in the formation of product 
III of the hydrosilylation, and the catalyst is displaced by another molecule of l-olefin 
that is coordinated with platinum. Since the electronic spectra of the system containing 
the catalyst and olefin (Table 3) display the shift of the charge-transfer band from 249 
to 235 nm, the formation of platinum - olefin complexes IV in the solution seems to be 
quite probable. 

Table 3 
Transmission differentiated electronic spectra for systems containing hydridesilica, Speier ca- 
talyst, and 1-decene 

System under study "~max of absorption bands (nm) 
(Half-width of absorption bands, A, cm -1) 

Speier catalyst 

Speier catalyst + 
+ 1-decene 
Speier catalyst + 
+ hydridesilica 
l-Decene 

1-Decene + 
+ hydridesilica 
Speier catalyst + 
+ 1-decene + 
+ hydridesilica 

215 (1766); 249 (2044); 272 (1185); 293 (961); 
324 (2334) 
217 (4231); 235 (3000); 271 (1879); 301 (1786); 
334 (1704); 368 (1517); 411 (1498) 
208 (1896); 223 (1183); 242 (2738); 274 (2366); 
305 (1264); 388 (1517) 
228 (4901); 244 (977); 291 (1776); 331 (2062); 
376 (1040) 
221 (5041); 238 (1462); 278 (712); 306 (2474); 
353 (2299); 406 (1579) 
216 (4455); 234 (2212); 273 (2493); 314 (2390); 
347 (486); 369 (1600); 417 (993) 

It is known [138] that platinum-olefin complexes can be active catalysts of homogene- 
ous hydrosilylation. Therefore, quite feasible may be also another scheme of solid-phase 
hydrosilylation on the hydridesilica surface (when the catalyst is added after l-olefin), 
namely the scheme involving the coordination of the platinum-olefin complex IV (that is 
formed in the solution) on hydridesilica surface, the effecting of which provides the forma- 
tion of structure II and its subsequent rearrangement into hydrosilylation product Ill. A 
similar scheme for the proceeding of solid-phase catalytic hydrosilylation of l-olefins has 
been suggested by Sandoval and Pesek [142]. The authors [142] consider the mechanism of 
hydrosilylation for the case when at first a catalyst is added to l-olefin and then hydridesi- 
lica is. During the induction period a catalytically active (olefin)-Pt(II) complex is formed. 
Oxidative addition of the silicon hydride to the metal produces an (olefin).Pt(II).(HSi-) 
intermediate. Hydride addition to the olefin then gives an (alkyl)-Pt(IV)-(-Si =) complex, 
presumably stabilized by coordination of more olefin. Finally, reductive elimination of 
alkylsilane occurs, regenerating the starting (olefin)-Pt(II) complex: 
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S i - -  H 

H2C 

H2 H / L  H / ~ ' C H R  H2 C ~ C H R  

+ -., "- - Si ~ P t  ~ L  _., "- 

L / N L  - L /  N L  

,2 H CH2CH2R H 
_ H2C ~ _ H2 C ~ / L  

"- _Si Pt L _~ "~ - S i - - C H 2 C H 2  R + Pt 

L / ~ L  - L / ~ L  

The authors of Ref.[142] believe the whole process to take place around the coordination 
sphere of the transition-metal catalyst. Most experimental facts related to olefin hydro- 
silylation (predominance of the terminal adduct, olefin isomerization, stereochemistry ot 
the silicon atom, reductive catalyst deactivation) have been explained in terms of the 

proposed mechanism. 
Attempts to study the system =SiOSiCH=CH2 + Speier catalyst + hydridesilica by 

electron spectroscopy failed for the impossibility to carry out experiments on hydridesi- 
lane in cells of optically transparent quartz. However, the IR spectroscopy data about the 
possibility of coordinating the Speier catalyst on the silica surface with vinyl groups and 
the results obtained when studying the mechanism of solid-phase catalytic hydrosilylation 
on silica surface allow us to suggest the following schemes of the catalytic hydrosilylation 

with the participation of vinyl-containing silica: 

..... HSiR 3 ..... HSiR 3 ..... 

Si I ~-- li ~ li 

- - 1  i -  C1 - - 1  i -  C1 - - I  i -  

---Pt--C1 - - -P t - - -HSiR 3 
I CH 2 I CH2 

CH 2 C1 C1 I 
I 

SiR 3 

C1 

i 
C1 - -  Pt - - - 

I 
C1 

HSiR 3 

In the case of the reverse order of addition of the catalyst and silane: 
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+ CI--- Pt- - - HSiR 3 

Cl 
Thus, irrespective of the order of addition of the catalyst and reagents for the solid-phase 

catalytic hydrosilylation reaction to proceed, the appearance of an active intermediate 
compound containing both of the reagents and catalyst is necessary: 

i 
O 

I 
- - - S i  - - - -  

I 
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(21 _ 
' -  ~ 

. P t ' " "  C 

3+ .H CI ~ ~ H  
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R 3 Si" 
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/ CH 2 

II 
CH 

I 
- - - - S i - - - -  

I 
O 

Si 

HSiR 3 

Pt(II) J 

~ N ~  (II) 

H2C = C H - - ' ( C H 2 ) n C H 3  

n=3-15 
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The consideration of the intermediate complex structure permits us to draw a conc- 
lusion that the intracomplex transformations leading to products of solid-phase hydrosi- 
lylation may be classified as processes of nucleophilic addition through silicon atom. In 
general, an increase of the electrophility of a silicon atom in hydridesilica (or hydridesi- 
lane) and an increase of the complexation capacity of olefin (or olefinosilica) must lead to 
a rise in the solid-phase hydrosilylation product yield. A special note should be made of 
the indubitable role of the modified silica surface in the simultaneous activation by the 
Speier catalyst both of Si-H and C=C bonds as well as of the increasing significance of 
steric factors and adsorption interactions during the formation of intermediate complexes 
leading to products of solid-phase hydrosilylation. From these standpoints it becomes 
possible to understand the enhancement of selectivity of solid-phase hydrosilylation of 
functional olefins in comparison with a homogeneous process: the formation of a cata- 
lytically active intermediate compound involves the participation of only C=C bonds of 
olefin; it is these bonds that determine the hydrosilylation product yield. The higher is the 
electron density of C=C bonds of a functional olefin, the higher is the possibility of the 
formation of an intermediate active compound and its transformation into a solid-phase 

product of the reaction. Thus, the fact that one of the present reagents is attached to the 
silicon dioxide surface leads to a change in the hydrosilylation reaction mechanism. 

10. T H E R M A L  A D D I T I O N  OF 1 - O L E F I N S  TO H Y D R I D E S I L I C A  

The establishment of the fact that it possible to form Si-C bonds directly on silica 
surface by the catalytic hydrosilylation reaction of l-olefins opens up new prospects for 
the synthesis of various hydrolytically stable functional organosilicas. At the same time 
the presence of a homogeneous catalyst inevitably leads to the contamination of reac- 
tions products and to the catalyst loss. Besides, it is known [138] that the hydrosilylation 
reaction is very sensitive to the chemical nature of catalysts used. The most active in 
homogeneous hydrosilylation reactions is the Speier catalyst. Its replacement by trans- 
itional metal compounds causes a decrease in the product yield and an increase of the 
contribution of side processes to catalytic transformations. That is why the ideal solution 
to the problem would be a non-catalytic solid-phase hydrosilylation. The most promi- 
sing approach to solving this task consists in the application of elevated temperatures or 
high-energy radiation to effect interactions between reagents containing silicon hydride 

and olefin groups. 
In literature there are data on the homogeneous thermal addition of trichlorosilane 

to aliphatic and cyclic alkenes as well as to alkodienes with isolated and conjugated 
double bonds which proceeds under high pressures at 280-300~ [161-163]. Voronkov et al. 
[164] succeeded in carrying out the thermal addition of trichlorosilane to phenylacetylene 
in a polar solvent at 200~ while without the solvent the reaction proceeds at 500~ 
The authors of Refs.[27,165] have performed the addition of ethylene, propylene, butene, 
butadiene, octene to silica surface at elevated temperatures. These chemical processes 

may be referred to as reactions of solid-phase thermal hydrosilylation. Unfortunately, 

these works have not received a large development effort. 
By IR spectroscopy we have studied [128,129,131] the interaction between l-olefins 

and silica surface bearing silicon hydride groups at elevated temperatures and pressures. 
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The researches were conducted using hydridesilicas produced by the thermodestruction 

of methoxysilica (hydridesilica I) and modification of silica with methyldichlorosilane va- 

pours (hydridesilica II): 

- S i - H  

Hydridesilica I 

=Si-O-Si(CHa)(C1)H 

Hydridesilica II 

The interaction between 1-olefins and hydridesilicas at high pressures was effected in 

the autoclave of stainless steel with a volume of 45 cm 3 equipped with quartz inserts. A 

1-olefin sample was put on the bottom of the autoclave for the modification to proceed in a 

vapour phase [128]. After this the autoclave was held in an electric furnace at the required 

temperature. Then the hydridesilica plate was placed in a quartz cell and evacuated at 

300~ for 2hr in order to remove the adsorbed reagent and possible products of the 

reaction. 
The calculation of the modifier equilibrium pressure at a given temperature was done 

by the Antoine empirical equation [166]: 

B 
lgP = A 

t + C  

where P - is the equilibrium pressure, mm Hg; 

A, B, C - are constants having specific values for each compound; 

t - is the temperature, ~ 
In order to calculate the amount of modifier necessary to set a designed pressure in the 

autoclave (including the equilibrium one) a use was made of the real-gas equation [167]: 

PV = ZnRT 

where : P - pressure (atm); V -  volume (1); Z -  gas compressibility coefficient; n - amount 

of gas (tool); R -  universal gas constant (0.082 1.atm/mol-K); T -  temperature (K). The 

gas compressibility coefficient, Z, was determined in terms of reduced parameters (pres- 

sure and temperature) using the Hougen - Watson - Ragatz diagram. The equilibrium 

pressures of the studied l-olefins in the interval of 200-400~ are listed in Table 4. 

Figure 15 displays the IR spectra of hydridesilicas treated with 1-hexene at 200~ It 

is seen that during the interaction between hydridesilica I and olefin a distinct decrease 

in the intensity of the absorption band at 2280 cm -x is observed providing evidence for 

the participation of hydride groups in the reaction (Fig.15, spectrum 2). Side by side with 

this the IR spectrum exhibits absorption bands for stretching vibrations of C-H bonds 

in attached hydrocarbon groups at 2970, 2940, and 2880 cm -1, but the absorption band 

at 3080 cm -1 ascribed to vibrations of C-H bonds in H2C=CH- groups is absent from 

this spectrum [146]. Thus, on the basis of these IR spectral data it is possible to make a 

conclusion that in a surface layer of hydridesilica I a noncatalytic hydrosilylation reaction 

takes place: 

=Sill  + H2C -- CH - ( C H 2 ) 3  - C H 3  --~ -~Si -  CH2 - CH2 - ( C H 2 ) 3  - C H 3  -~ 

+ ~ S i -  CH(CH3) - (CH2)a - CHa 

At the same time the contact of hydridesilica II with 1-hexene vapours under the same 
conditions does not lead to any hydrosilylation of the surface: the intensity of the ab- 
sorption band at 2190 cm -1 does not practically change. It should be noted that the 
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Table 4 

Equilibrium pressures of 1-olefins at various temperatures 

Tempera ture  (~ C) 

Pressure in the autoclave (10s.Pa) 

1-Hexene 

(tbon. = 63.4~ 

l -Decene  

(tbon. -- 170.6~ 

100 

150 

200 

300 

350 

400 

3 

8 

19 

63 

97 

142 

2 

12 

22 

37 

transmission, % 

7 
- - - 

5 

*/ 

4 

3 

I ! 2 8 8 0 t  
= ,, | 

3900 2700 
v, cm "1 

Figure 15. IR spectra of hydridesilicas I (1) and II (3), after the treatment with 1-hexene 
vapours in an autoclave at 200~ for 3 hr spectra (2) and (4) respectively). (5)-IR spectrum 
of hydrosilylated silica after the autoclave treatment with 1-hexene vapours at 200~ for 3 hr. 
The figure also shows the IR spectra of 1-hexene (l=0.01 mm) before (6) and after the autoclave 
treatment at 350~ (7). 
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appearance of the absorption band at 3750 cm -1 in the IR spectrum of hydridesilica 

II and the shift of the peak maximum of the absorption band for Si-H bonds into a 

low-frequency region are caused by the hydrolysis of Si-C1 groups [25,121] proceeding at 

the time of the transfer of a hydridesilica sample from the vacuum cell into the autoclave. 

Nevertheless, the IR spectrum of hydridesilica II (Fig.15, spectrum 4) exhibits absorption 

bands in the region of 3000-2800 cm -1 at t r ibuted to the attached hydrocarbon radicals. 

Hence, the immobilization of l -hexene  takes place at 200~ During the interaction be- 

tween l -hexene and silica bearing only structural silanol groups under similar conditions 

the chemisorption of l-olefin takes place as well (Fig.15, spectrum 5). It may be assumed 

that  the reaction involves the participation of surface siloxane bonds and the formation 
of the attached oligomer [168]. 

With increasing interaction temperature  the degree of the participation of silicon hy- 

dride groups in the hydrosilylation reaction increases, and the activity of - S i l l  groups 

of hydridesilica I in the reaction with l-olefins becomes higher than that of hydridesi- 

lica II over the whole studied interval of temperatures (Fig.16 and 17). At 350-400~ 

the hydrosilylation reaction is accompanied with the thermal oligomerization of l-olefin 

transmission, % 

4 100 r ~ 

80 

60 

40 b /  / / ' "  

20 

.']75(I .. 
I, 

2970 2940 
12280 0 t 

' ' ' ' ' ' 200 250 300 350 . ~, ,,,,o,-, 
3900 3300 2400 v, cm "l 

Figure 16. IR spectra of hydridesilicas I (1) 
and II (3) and those of hydridesilica modified 
with 1-hexene vapours in an autoclave at 300 
(2) and 350~ (4)respectively. 

Figure 17. Dependence of the degree of the 
participation of silicon hydride groups I (--) 

and II (- - -) in the reaction with 1-hexene 
(o) and 1-decene (A) on the interaction tem- 

perature. 

within the autoclave followed by the immobilization of the oligomer formed on the si- 

lica surface. This conclusion is corroborated by variation of the IR spectrum of 1-hexene 

(as compared to that  of the starting 1-hexene) after the reaction in the autoclave above 

300~ there is observed a marked decrease in the intensity of the absorption bands at 
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3080 and 1640 cm -1 ascribed to stretching vibrations of C-H bonds in CH2 =Ct t -  groups 
and to those of C=C bonds respectively. 

One of the possible explanations of the higher activity of hydridesilica I in comparison 
with hydridesilica II in the hydrosilylation reaction of l-olefins may be the induction 
effect of electron-seeking substituents on the value of the effective positive charge of a 
silicon atom of hydridesilica. Thus, the rate of the reaction of homogeneous hydrosilyla- 
tion of l-heptene in the presence of chloroplatinic acid decreases with increasing electron 
density on a hydrogen atom of hydridesilanes: HSiC13 > C2HsSiHC12 > (C2H~)2SiHC1 > 
(C2Hs)3SiH [145]. In other words, the presence of electron-seeking substituents at a sili- 
con atom increases the activity of hydridesilanes in the reaction with 1-heptene. Similar 
results for solid-phase hydrosilylation reaction of 1-olefins are presented here. The infe- 
rence that the degree of completeness of the solid-phase hydrosilylation reaction depends 
on the electrophilicity of a silicon atom is corroborated by the data about the hydrolytic 
stability of Si-tt bonds. The presence of electron-seeking groups in a molecule substan- 
tially increases the rate of the hydridesilane hydrolysis [150]. Therefore, the hydrolysis 
of Si-H bonds in hydridesilica I must proceed easier than in the case of hydridesilica II. 
Really, after boiling hydridesilica I in water for 1 hr its IR spectrum does not practically 
exhibit the band of =Sill groups, while in the case of hydridesilica II this band remains 
rather intense. Thus, the activity of modified silicas bearing the attached =Sill groups in 
the solid-phase hydrosilylation reaction seems to decrease in the order: 

=Sill > =SiOSi(C12)H > ~SiOSiCI(CH3)H > =SiOSi(CH3)2H 

which agrees with the data obtained experimentally for the first and third members of 
the above-mentioned sequence. The activity of silicas modified with trichlorosilane and 
dimethylchlorosilane in reactions of solid-phase hydrosilylation has not been studied yet. 

As is seen from Fig.17, the reactivity of l-decene in the solid-phase hydrosilylation 
reaction is higher than that of l-hexene. This can be accounted for by a higher electron 
density on a terminal carbon atom of a double bond of l-decene since alkyl radicals are 
electron donors. For example, the positive induction effect of octyl groups is higher than 
that of butyl groups [144]. 

Thus, the researches on reactions of thermal solid-phase hydrosilylation (without a ca- 
talyst and a solvent) in a surface layer of hydridesilica I and II made it possible to reveal 
the distinctions in the reactivity both of 1-olefins and hydridesilicas. It has been establi- 
shed that the activity of 1-olefins is symbate to the electron density on a carbon atom of 
double bonds, and the reactivity of hydridesilicas increases with the electron-accepting 

ability of substituents at silicon atoms. 
The fact that in principle it is possible to carry out solid-phase hydrosilylation re- 

action was also demonstrated in the case of other terminal simple olefins (l-octene, 
1-tetradecene, 1-hexadecene, l-octadecene) as well as of some functional compounds 
(acetyl acetone and vinyl acetate). In all the cases one can observe a process of oligome- 
rization of reagents progressing with increasing interaction temperature, which manifests 
itself by high concentrations of organic groups attached to silica surface as compared to 
monomeric grafting. The derivatographic investigations of such modified silicas display 
the thermal destruction of organic groups in a range of 450-600~ which is characteristic 
of polymers. The organosilicas produced have a high hydrolytic stability. 
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11. C O N C L U S I O N S  

Up to the present a substantial experience has been gained in the field of the formation 
of modified silicas with attached silicon hydride and olefin groups. Matrices with attached 
silicon hydride groups can be produced as a result hydrolysis and polycondensation of 
trichloro- and triethoxysilane (including on silica surface), during chemical modification 
of silica with various organosilanes containing Si-H bonds or by means of the molecular 
layering method. The hydridesilicas can be produced by the reaction between inorganic 
hydrides and -SIC1 groups of the chlorinated silica surface or as a result of the ther- 
mal destruction of methoxysilica. Matrices with attached silicon hydride groups can be 
successfully applied for carrying out processes of catalytic solid-phase hydrosilylation of 
simple terminal and functional olefins. Reactions of catalytic hydrosilylation proceed also 
with participation of attached olefin groups and hydrosilanes in a gaseous or liquid phase. 
The attachment of one of the participants of the hydrosilylation process to solid surface 
provides more convenient and favourable standpoints and approaches to researches into 
reaction mechanism. The experimental data give evidence that solid-phase catalytic hy- 
drosilylation reactions involve the formation of intermediate complexes containing both of 
the reagents and the Speier catalyst. The possibility has been also established of effecting 
a non-catalytic reaction of solid-phase hydrosilylation of olefins at high pressures and 
temperatures. The modifying coatings obtained using solid-phase hydrosilylation reac- 
tions have a rather high hydrolytic stability and reproducible properties. This allows us 
to regard the reaction of solid-phase hydrosilylation as to the basis for one of promising 
methods of producing surface chemical compounds with Si-C bonds. 
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Chapter 1.7 
Structure and molecular organization of bonded layers of chemically 
modified silicas 

A.Yu.Fadeev and G.V.Lisichkin 

Laboratory of Organic Catalysis, Chemical Department, M.V.Lomonosov Moscow State 

University, 119899 Moscow, Russia 

1. I N T R O D U C T I O N  

The science of solid-state surface, as well as molecular biology, is at present one of the 

most progressively developing area of natural science. Among many divisions of surface 
science, chemistry of solid-state surface and chemical modification of inorganic surfaces 
play an important role. The progress in these areas arises from the following. Materials, 

which contain surface bonded organic, inorganic, organometallic or natural compounds 

are widely used in different areas of modern technology. Objects with modified surfaces 

possess physical properties of solid support, whereas their chemical properties are mainly 

determined by the nature of bonded compounds. At the same time, these materials may 

acquire new valuable properties. 
Pioneer investigations in chemical modification of mineral surface were performed by 

Kiselev and his colleagues [1]. The observed irreversible adsorption of methyl alcohol 

vapours on silica was associated with substitution of surface silanols with methoxy groups. 
At the same time, Deuel and co-workers [2-4] have performed surface modification of 

some clays. They used reactive organic compounds, which can readily react with surface 

hydroxyls. It is important that even in the early studies the goal of surface chemical 
modification was the directed changes of adsorptional and adhesive properties of solids. 

The intensive progress of chemical modification of mineral surfaces started in the seven- 

ties. Practice required a design of immobilized metallocomplexes, the methods of immobi- 

lization of enzymes and other biopolymers and, in particular, the methods for preparation 

of stationary phases for high performance liquid chromatography. 
The number of surface modified mineral materials described in literature is progressi- 

vely growing. By now, the methods for fixation of not less than one thousand of individual 

compounds has been developed. It is not overestimation to say that synthetic methods of 

surface science allow for covalent immobilization of practically any of chemical compounds 

or functional groups on a mineral surface. 
There is no question that new scientific domain in surface chemist ry-  the chemistry 

of surface bonded compounds has recently appeared. This scientific domain appeared at 
the interfaces between chemistry of solids, colloid chemistry, adsorption, macromolecular 

chemistry and topochemistry. The isolation of this domain is well founded, since it has 
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its own unique subject for study and can not be reduced to the above mentioned fields of 

science. 

The subject matter of the chemistry of surface bonded compounds constitutes a solid 

mineral support with, covalently attached on its surface, layer of either individual mo- 

lecules or their aggregates, or even different particles. In most cases, the bonded layer 

is significantly distinguished from the support by chemical nature. It is important that 

skeleton of support remains practically unchanged after chemical modification of its sur- 

face, while bonded molecules form strong (covalent) bonds with the functional groups 
of surface. The above conditions are met for a wide range of inorganic supports, a wide 

variety of modifier molecules and various reactions of surface modification. 

Clearly, the borderlines between the interdisciplinary sciences in question are vague. 

Thus, one can gradually go on from typical organic polymer swelling in the appropriate 
solvent via highly cross-linked non-swelling plastics up to carbon black, coal, graphite 
and next to rigid solid oxide-based supports. There is no clear threshold also between 

chemical reactions on surface and physical adsorption, and adhesion. 

2. T E R M I N O L O G Y  

The chemistry of surface bonded compounds, being only a forming area of surface che- 
mistry, has no fully accepted terminology. Terms and conceptions taken from the related 

areas are usually used. Sometimes this results in confusions and misunderstanding. The- 

refore, we suggest determination of the basic terms used in our previous publications and 

present paper. 
Support (carrier, matrix) - the solid matter, the participant of chemical modification. 

Support might be both mono or polycrystalline, amorphous, more or less dispersed and 
pelicular. There are inherent (structural) functional groups on the surface of support. The 
latter are responsible for the reactivity of surface. Normally, inorganic oxides or metals 
covered with oxide films are used as supports. Not less than 90% of studies in this field 

is performed on a silica surface. This comes from the following facts. Firstly, silica has 

"soft" surface hydroxyls; secondly, silica is commercially available in a wide range of pore, 

particle sizes and specific surface areas. 
Modifier, substance to be bonded- molecule, oligomer, polymer, par t ic le -  the par- 

ticipant of chemical modification. Modifier reacts chemically with the surface functional 

groups. The basic types of surface reactions are given below (S - support; X, Y - modifiers, 

Xs, Ys-surface bonded groups; inherent surface functional groups are not shown): 

+ x - 

( S ) ~  -X~  + Y ~- ( S ) ~  -X'~ 

(s)  - (s) - x :  

(1) 

(9.) 

(3) 

(4) 
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The reaction between the modifier and the structural groups of surface resulting in a 

fixation of the modifier on a surface is referred to as immobilization reaction, Eq. (1). 

Transformation of already bonded groups is referred to as the surface assembly reaction, 
Eq. (2). Decomposition, release, hydrolysis and other transformations of already bonded 

groups, that is surface chemical modifications without clear participation of the modi- 

fier, are also possible, Eq. (3). Besides, the interaction between two chemically modified 

supports is rather possible, Eq. (4). 

One of the most popular sort of modifiers is organosilicon compounds. This is due to 

the fact that certain of organosilicon modifiers are commercially available and many of 

them can be synthesized in laboratory. On the other hand, rather stable chemical bonds 

Me-O-Si-C are formed after the interaction between the silanes and the surface hydroxyls. 

Especially stable linkage Si-O-Si-C appears when silica is modified with silanes. 

Bonded layer- a collection of bonded compounds formed upon chemical modification 

and fixed on the surface. Bonded layer is the central issue in the surface chemistry of 

chemically modified solids. Indeed, it is composition, structure and other properties of 

bonded layer that mainly determine the surface properties of chemically modified support. 

Bonding density (surface concentration)- a number of bonded molecules, particles per 

unit of surface area accessible for a given molecule. Two comments are worth mentioning 

here. The amount of functional groups in the sample should be related to the unit of 

surface different from the unit of mass of support: 

%[mol/sq.m] = ms/S (5) 

Then the surface concentration is an informative value if only the surface accessible 

toward the molecules under study is known. In practice, the accessible surface is marke- 

dly decreased as the size of a modifier is increased. The surface areas accessible toward a 

selection of adsorbates and modifiers on silica are presented in Table 1. 

Table 1 
Specific surface area of silicas (sq.m per g) determined using adsorbates of different sizes [5] 

Adsorbed Cross- Silica gel Silica gel Aerosilogel 

(bonded) sectional KSS-3 Silasorb L Silokhrom 

molecule area, (D=2.90) (D=2.33) S-120 

sq.nm (D=2.14) 

N2 0.162 484 -t- 50 449 • 50 169 + 20 

CH3OH 0.199 347 + 35 

Me3Si- 0.416 383 + 43 339 + 42 183 :i: 33 

Ph2EtSi- 0.727 240 + 17 308 + 16 159 • 26 

(C6H13)3Si- 1.450 224 + 24 289 + 24 135 • 22 

Using the idea of surface fractality [6-8] one can determine the accessible surface fractal 

dimension toward molecules of a given size (~rl): 

S(02)/S(01)--(0-2) (2-D)/2 (6) 
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D is the surface fractal dimension (2 _< D < 3), S ( o i )  - the specific surface determined by 

molecules with the cross-section ai. D is close to two for the geometrically smooth, uniform 

surface and it is close to three for geometrically nonuniform, narrow-pored surface. 

Along with bonding density, the extent of surface coverage with a given bonded compo- 

und is an important characteristics of the surface modified solids. By definition, this is the 

ratio of surface concentration of bonded molecules to the maximum surface concentration 

for this bonded compound on a geometrically uniform, flat surface. The maximum surface 

concentration for a given bonded compound is determined with the size and structure of 
the modifier and with the surface concentration of functional groups of the surface. The 

latter depends on the crystalline structure of a support and on its history. The maximum 

surface concentrations for selected organosilicon modifiers on amorphous silica are given 
in Table 2. 

Table 2 
Maximum surface concentration of silanes on silica gels 

Maximal bonding density, 
Modifier References 

groups/nm 2 #mol/m 2 

n-Alkyldimethylsilanes ( C1-C18 ) 
Triethoxysilanes 

Triphenylsilanes 

2.4-2.8 4.0-4.7 [ 9 -  12] 

1.4-1.6 2.3-2.7 [12,13] 

1.3-1.5 2.2-2.5 [13] 

It should be noted that in surface chemistry, unlike the adsorption, the term "extent 
of surface coverage" means the yield of surface chemical reaction. Therefore, this notion 
should be used only with simultaneous specification of the modifier structure. For example, 
modification of silica with methyltrichlorosilane yields about 2.4 bonded methyl groups 

per sq.nm, whereas modification with methyltriethoxysilane yields not more than 1.6 
bonded methyl groups per sq.nm. At the same time, both reactions achieve 100% yield of 

surface reactions and, therefore, the complete coverage of surface. 

Pointing out not rigorous definition of this notion, we do not recommend it to be used 
without a special need. 

3. D I S T R I B U T I O N  OF B O N D E D  M O L E C U L E S  

There are dense (monolayer) bonded layers and bonded layers with submonolayer co- 

verages. By definition, the former have bonding density close to the maximal limit, the 
latter have surface coverage significantly lower than the unit, e.g. from zero up to 0.3. The 

most important property of chemically modified support with submonolayer coverage is 

the organization of bonded molecules throughout the surface. 

The problem of distribution of bonded molecules over the surface is among the most 
significant issues for understanding the structure of bonded layer of chemically modified 

supports. Character of the distribution of bonded molecules might exert an essential in- 
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fluence on the properties of modified supports. If some surface is modified by two or more 

modifiers [14-16], it is of interest whether they are mixed uniformly over the surface. Pro- 

perties of such "multiphases" would differ from those of mechanical mixtures of packings 

of each kind, only if the distribution is uniform. 

A few papers on experimental investigation of the character of distribution of bonded 

groups have been published [17-21], and we shall discuss their results in a due place. 

3.1. Bas ic  t y p e s  of  d i s t r i b u t i o n  of  b o n d e d  m o l e c u l e s  on t h e  silica su r f a c e  

Chemical modification can presumably lead to three basic types of the distribution 

of bonded modifier molecules over the surface, namely random, island-like, and uniform 

(Fig.l) [22]. Different types of distribution correspond to different mechanisms of surface 

A. I s l a n d - l i k e  B. R a n d o m  C. U n i f o r m  

d i s t r i b u t i o n  d i s t r i b u t i o n  d i s t r i b u t i o n  

1. Low bonding density 
. 
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Figure 1. Distribution of bonded molecules along the surface at low, intermediate and high 
bonding densities for island-like (A), random (B) and uniform (C) types of distribution. Bottom 
row: dependencies between the amount of bonded molecules in clusters (a) and the extent of 
surface coverage (0) for the corresponding types of distributions. Points correspond to the 
following experimental data: �9 3-bromopropyldimethylchlorosilane on silica; • lysine 
on tosyl-activated silica; �9 n-octadecylamine on epoxy-activated silica (this work); o 
[3-(3-pyrenyl)propyl]-dimethylchlorosilane on silica [20]. Solid curves 1 and 2 are calculated 
for l=l.2d and 2.0d respectively (see explanation in the text). 
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coverage by modifier. For a while we will leave aside the problem why one or another me- 

chanism occurs, and devote our attention to basic features of different types of distribution 

and the respective mechanisms of surface coverage. 

Random distribution. Molecules of modifier react with the surface independently. Me- 

chanism of surface coverage might be called random. For distribution of such sort the 

bonded layer composition is polydispersed. Bonded molecules might be either isolated or 

form clusters of two or more species. Since bonded molecules are not engaged in lateral 

motions, dense monolayer coverage could not be achieved due to unavoidable gaps (Fig.l, 
middle column). 

Size of these gaps could amount to the value of surface requirement for anchor groups 

of the modifier, namely 0.35-0.45 sq.nm for dimethylsilanes, 0.6- 0.7 sq.nm for triethoxy- 

silanes. Published data [23] and our computation results show that the maximum surface 

coverage in this case is only 51-56% of the theoretical limit (see below). 

Island-like distribution. Bonded molecules favour other molecules to be bound nearby 

(positive neighbour effect). The mechanism of surface coverage is described by formation 

and development of islands of bonded molecules. As long as the extent of surface coverage 

is small, the bonded layer consists of clusters of variable size, isolated molecules being 

scarce. With the increase of the extent of coverage growing clusters would coalesce to 

form a dense monolayer coverage with a limited number of faults (Fig.l, left column). 

Uniform distribution. Modifier molecules do not tend to react with the surface within 

some region from the bound molecules (negative neighbour effect). With a small extent 

of surface coverage the bonded layer consists mostly of lone molecules. Increase in the 

surface coverage results in retardation of modification reaction, making high extents of 

coverage not feasible (Fig.l, right column). 

It is noteworthy that for assignment of the type of distribution the ratio of areas, 

occupied by a reactive site on which modifier is bound, and by modifier itself should be 

taken into account. If this ratio is greater than unity the result of extensive modification 

would not depend on the coverage mechanism and type of distribution respectively. 

For simplicity, below we neglect possible energetic inhomogeneity of the surface. Ho- 

wever, this factor might be crucial for realization of one or another type of distribution 

of bonded molecules. 

3.2. G e n e r a l  r e q u i r e m e n t s  for the methods applicable to prob ing  surface  

d i s t r i bu t ion  of b o n d e d  groups  

Distribution of bonded molecules may be examined by means of any physico- chemical 

method sensitive to intermolecular interactions, e.g. luminescence or ESR. Here we are 

not going to discuss the use of electronic microscopy and scanning tunnelling microscopy 

for the investigation of the spatial organization of bonded layers. The first method needs 

"heavy atoms" in the bonded layer, the second-  electroconductive and, where possible, 

smooth or monocrystalline supports. 

Two possible routes may be proposed to deal with the problem. The first, put forward 

in [19,20] utilises a modifier carrying some kind of labels, e.g. luminescent ones. In the 

alternative approach the labels are generated after completion of the modification process 

by treatment with appropriate developer agents [17,18]. The latter approach is advanta- 
geous since it allows for the investigation of practical samples, though the development 

procedure itself should be chosen to meet a number of restrictions. 
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The relative amount of proximate bonded molecules estimated for small extents of 

surface coverage serves as a quantitative criterion for distinguishing between different 

types of distributions. Indeed, differences between distributions are especially marked for 
small loading (Fig.l). 

It is noteworthy that the notion of "proximity" might differ for different methods of 
investigation. In papers [20,21] 3-(3-pyrenyl)-propyldimethyl- chlorosilane was used as a 

modifier and fluorescence spectroscopy - as a method of investigation. Type of distribution 

of bonded molecules was inferred from the observation of a new signal in spectra assigned 

to the excimer emission from the pairs of bonded molecules. The authors [20,21] believed 

that the intensity of excimer emission is propotional to the amount of proximately bonded 

molecules. It was demonstrated that excimers might arise in case when the separation 
between the points of binding of bonded molecules is in the range 1.12-1.84 nm. 

The authors [19] used nitroxide radicals for spin labelling followed by ESR spectroscopy. 

It is known that ESR spectra of nitroxide radicals are very sensitive to the distance 
between labels when the distance is less than 4 nm. 

In our studies we have employed anion-radicals of tetracyanoquino- dimethane (TCNQ) 

as paramagnetic labels for ESR measurements. We have supposed that the amount of 
proximately bonded molecules is proportional to the area of exchange singlet in ESR 

spectra. A spin exchange between paramagnetic labels is feasible if bonded molecules are 

separated by 1-1.5 nm between points of fixation. 

Therefore, in each particular case of experimental investigation of bonded molecules 
distribution relevant notions and values should be carefully discussed. 

3.3. Q u a n t i t a t i v e  cr i te r ion  of classification of reac t ions  of chemical  modi f ica t ion  
by the  type  of d i s t r ibu t ion  

In order to establish the quantitative criterion we have carried out computer simula- 
tion of surface coverage by the modifier molecules in the case of random distribution. The 

following model assumptions have been used in computations: 

1) Silica surface is a uniform layer of silanol groups, which are situated at nodes of a 

regular triangular grid with an edge of 0.45 nm, that corresponds to the average 
distance between silanol groups in exclusively hydroxylated silicas [24]; 

2) Modifier molecules were approximated by disks with a diameter d. The value was 

taken to be equal to the anchor organosilicon group diameter; 

3) A square 30d• is cut from the surface; 

4) Coordinates [xi, Yi] of disks are randomly taken from the segment [0,30d]; 

5) Disks centres which hit within a diameter of disks having fallen before are discarded; 

6) Sampling is continued up to some predefined value of coverage; 

7) A cluster of size M is defined as a set of M disk centres which could be connected 

with a polygonal line (possibly branched) with segments not longer than a predefi- 
ned length l. 

Computer simulation was aimed at determination of dependence between the amount of 
clustered bonded molecules (c~) and coverage extent (0). Note, that it is the value of l that 

directly reflects differences of physico-chemical methods in determination of clustering. 

In fact, different methods reveal different clusters. 



198 

Dependence between the amount of molecules in clusters with size M >_ 2 and the 

extent of surface coverage is given in Fig.1 for 1 equal to 1.2d=0.78-0.84nm (curve 1) and 

2d=1.30-1.40nm (curve 2), where d=0.65-0.70 nm, (Fig. 1). 

The data of Fig.1 show that within one and the same random type of distribution, 

the experimental procedures employing physico-chemical methods with different charac- 

teristic values of 1 would reveal markedly different values of the same extent of surface 

coverage. Moreover, even the type of distribution might be assigned erroneously. For in- 

stance, the authors [20] ascribed large values of a "~ 50% with a coverage extent 10-20% 

in the case of 3-PPS modifier to the island-like type of distribution. However, the experi- 
mental data given in Fig.1 conform reasonably to the curve for random distribution with 

/=1.3-1.4nm. Such a value falls within the range of values of/=1.12-1.84 nm given in the 
cited reference. Thus, in the work under discussion, it is the random and not island-like 

distribution that was really observed. 
This example shows that the assignment of a certain distribution to one or another 

type requires a careful selection of simulated curve of distribution corresponding to cha- 

racteristic value of l for the system under study. Then, if the experimental dependence 

between a and the extent of surface coverage 0 is located over the simulated curve a(0) 
for random distribution, the distribution studied belongs to the island-like type. If the 
experimental dependence is located below the curve a(0), the distribution studied is most 

likely uniform. 
It should be mentioned that this simple reasoning cannot comprehend all experimen- 

tally observable curves of the type a - a ( O ) .  E.g., some kind of borderline behaviour is 

feasible and is not covered by the present model scheme. Nevertheless, the present classi- 
fication allows to reveal three basic types of distribution of bonded molecules, which, in 

our opinion, are random, uniform and island-like. 

4. T E T R A C Y A N O Q U I N O D I M E T H A N E  (TCNQ) AS A R E A G E N T  FOR 
S T U D Y I N G  OF O R G A N I Z A T I O N  OF B O N D E D  MOLECULES 

Potential applicability of TCNQ for studying the organization of bonded molecules 
was discussed in detail in our previous articles [17,18]. In the present chapter only the key 

features of the TCNQ method will be mentioned in brief. 
The method is based on the ability of TCNQ to react with bonded nitrogen compounds 

(secondary, tertiary amines) to form stable ion-radical salts (IRS) under mild conditions 

and with high yields. Completeness of formation of stable IRS has been monitored by 
ESR and electronic spectroscopy. One of the most important features of this method 
is the formation of two-dimensional phase by TCNQ anion-radicals on the surface, if 
bonded donor molecules are fixed at a small distance between their anchoring points, i.e. 

when separation between points of fixation is in the range 1-1.5 nm. ESR spectra of such 

samples contain an exchange-narrowed singlet with AH = 0 . 5 -  1.1 Gs, and g-factor 

2.0025. Such spectra are typical for crystalline samples of IRS of TCNQ [25]. If bonded 
donor molecules are separated by as much as 2 nm or more, a distinct phase of TCNQ 
IRS is not formed. ESR spectra of such samples reveal either dipole-dipole broadening or 

hyperfine structure. 
Particular features of the interaction of TCNQ with the bonded amino groups men- 
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tioned above have become the basis of a method examining the organization of bonded 

molecules. Paramagnetic labels emerge only upon treatment of a sample with TCNQ, 

that is the main advantage of the stated method. Sophisticated procedures of synthesis 

of specially designed molecules with labels are not needed. The method is suitable for 

studying practical samples of bonded silicas. 

In the further discussion we shall demonstrate that "TCNQ method" can be applied 

for examining the organization of some non-amine modifiers, if the amine group can be 

somehow introduced in their molecules, e.g. as in the case of haloalkylsilanes. Sometimes 

the organization of even non-functional modifiers such as alkylsilanes can be estimated. 

Before we proceed to the discussion of applications of the method, one more characte- 

ristic feature deserves mentioning. Exchange-narrowed singlet is assigned to occurrence 

of the TCNQ IRS phase on the surface, that is to clusters of bonded molecules with M >_ 

3. This feature is an essential difference of the "TCNQ method" from the methods using 

luminescent or nitroxyl labels, in which the response is changed already in the case of 

occurrence of pairs of closely spaced molecules. Unfortunately, the theory of ESR spectra 

of IRS of TCNQ cannot predict how many species are sufficient to form the phase. In the 

present work triples of neighbouring molecules were believed to suffice. 

Furthermore, having taken/=1.25 nm, we simulated the curve a - a(0) for the clusters 

with M >_ 3 for random distribution for bonded molecules (see below). Figure 2 shows 

that if the distribution follows a random type the exchange-narrowed singlet can be 

observed for loading 0 >_ 60%, in other words, when clusters of bonded molecules mostly 

consist of more than 3 species. Loading of 10 up to 50% should lead to superposition of 

exchange-narrowed and dipole-dipole broadened ESR spectra, whereas for loading less 

than 10% the contribution of exchange singlet can be neglected. 

f- 

1001 ~ / 

r %0 I 

0 50 100 
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Figure 2. Dependence between the amount of bonded molecules in the clusters with size M>_3 
(a) and the extent of surface coverage (0) for random distributions. Typical ESR spectra of 
samples treated with TCNQ for the different values of c~ are shown in the upper line. 
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5 .  D I S T R I B U T I O N  O F  O R G A N O S I L I C O N  M O D I F I E R S  I N  T H E  

I M M O B I L I Z A T I O N  R E A C T I O N S  

To study the type of distribution of organosilicon modifiers on silica surface the follo- 
wing transformation in the bonded layer has been used. If the starting modifier contains 
amino groups, the immobilization reaction, Eq. (7), was followed by the treatment with 
TCNQ, Eq. (8), recording and analysis of ESR spectrum. The modifier was taken in 
quantities sufficient to achieve the required surface coverage. Macroporous aerosilogel Si- 
lokhrom S-80 (Russia) has been used as a support. The average pore diameter and specific 
surface area, estimated by benzene adsorption were equal to 45 nm and 70 sq.m per gram 
respectively. 

SiO=~ 

S iO2~ 

- OH + (CH30)aSi(CH2)3N(C2Hs)2 > SiO2~ - OSi(CH2)3N(C2Hs)2 (7) 

NC~CN [H+~ ~ 
- OSi(CH2)3N(C2Hs)2 + N C ~ C N  SiO2 - OSi(CH2)3NH+(C2Hs)2 (8) 

(TCNQ) (TCNQ-) 

If the starting modifier contained bromoalkyl groups, after immobilization reaction, Eq. 
(9), these groups were transformed into aminogroups according to the reaction Eq. (10). 

S iO2~ - OH + C1SiR2(CH2)nBr > SiO2~ - OSiR2(CH2)nBr (9) 

Si02~ - OSiR2(CH2,nBr + HN(C2H5)2 , S i02~ - OSiR2(CH2)aN(C2H5,2 (10) 

Titrimetric determination established quantitative substitution of bromine by the die- 
thylamine group. Sorbents obtained on (10) were treated with TCNQ according to (8). 

Investigation of distribution of modifiers upon modification with alkylchlorosilane-bro- 
moalkylchlorosilane mixtures was run similarly: bromoalkyl groups were transformed into 
amines via (10) which interact with TCNQ (8). 

Table 3 
Distribution of bonded modifier molecules on silica surface in the immobilization reactions 

Range Studied surface Type of 
No. Modifier of concentration, coverage extent, distribution 

group/nm 2 % 

1. (MeO)aSi(CH2)3NEt~ 0.10-1.60 6.2-100 Random 
2. C13Si(CH2)3Br 0.05-2.10 2.3-100 Island-like 

3. C1Me2Si(CH2)3Br 0.10-2.00 5.0-100 Island-like 

4. C1Me2SiCH2Br 0.02-2.10 0.9-100 Island-like 

The obtained results are given in Tables 3 and 4. Data in the tables show there are 
differences in mechanisms of surface coverage by organosilicon modifiers. Indeed, while in 
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Table 4 
Distribution of modifier molecules on the silica surface in competing immobilization reactions 

Molar Surface Type of 

No. Mixture of ratio in concentration of distribution of 

modifiers mixture bonded bromoalkyl bromoalkyl 
groups, groups/nm 2 groups 

1. C1SiMea : 
C1Me2SiCH2Br 1 0 : 1  0.1 Island-like 

2. C1SiMea : Island-like 

C1Me2SiCH2Br 120:1  0.1 

3. ClaSiCaHr : 
ClaSi(CHe)3Br 1 0 : 1  0.2 Island-like 

4. C13SIC8H17 : 
C13Si(CH2)aBr 1 0 : 1  0.2 Island-like 

the case of trimethoxysilane (No.l, Table a) random distribution is realised, chlorosilyl 

derivatives of methyl and propyl bromides act as island like modifiers. Moreover, this 
finding is valid not only for trichlorosilanes, but also to monochlorosilanes, which are not 

capable of polycondensation. 
In the cases of superposition of exchange singlet and dipole- broadened one, a portion 

of bonded molecules in clusters was believed to be proportional to the area of exchange 
singlet, which had been estimated using a routine procedure of deconvolution of complex 

signals into two gaussian components. Luckily, in most of the cases given in Tables a, 

4 as well as in those discussed below, the type of distribution can be distinguished by 
qualitative features alone. Thus, in the case of sample 3 (Table 3) we observed only 
an exchange singlet for loadings not exceeding 1%, revealing sharply the pronounced 

island-like organization of bonded molecules. 
In attempt to "dilute" bromoalkyl residues in the bonded layers, modification with 

mixtures of alkylchlorosilane-bromoalkylchlorosilane (Table 4) was performed. This pro- 

cess is similar to that employed in the so- called "multiphase" generation. Alkylsilanes 
taken in excess were believed to result in formation of bonded layer with isolated bro- 
moalkyl groups. However, experimental evidence shows that even with a huge excess of 
trimethylchlorosilane bromomethylchlorosilane reacts with silica surface by the island-like 
mechanism. This result is most likely related to enhanced reactivity of bromoalkylchloro- 
silanes compared to alkylchlorosilanes. To put it in other words, alkylchlorosilane fails to 

interfere in formation of bonded layer by bromoalkyl groups (Table 4). 

6. D I S T R I B U T I O N S  OF A M I N E S  I N  T H E  R E A C T I O N S  W I T H  

M O D I F I E D  S I L I C A S  

This section describes the main results obtained on surface distributions of amines 
in the reactions with chemically modified silicas. Characteristics of the modified silicas 
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Table 5 
Chemically modified silicas studied in the reactions with amines 

Surface bonded Concentration of 

No. functional groups bonded functional day, nm 

groups, groups/nm 2 
Des. 

-CH--CH2 0.55 1.45 Epoxy 

\o / 
2. -CH--CH2 1.25 0.95 Tosyl 

I I 
OTs OTs 

3. -(CH2)3Br 2.00 0.76 Bromopropyl 

studied are given in Table 5. 

The reaction between the amines and surface functional groups was as follows: 

41 
S i 0 2 ~  - OSi(CH2)nRX -Jr- HN(C2H5)2 > S i 0 2 ~  - OSiR2(CH2)3RN(C2Hs)2 (11) 

X = epoxy; tosyl; bromopropyl 

by thorough washing of the sorbent and removal of unreacted amine. Then the sorbents 

were treated with TCNQ according to Equation 8. The results obtained are given in 
Table 6. 

It is seen that all three known types of distribution are observed experimentally. One 

can see that the nature of surface bonded groups of initial modified silica plays an impor- 

tant role. Namely, reactions between the amines studied and the bromopropyl-modified 

silica run according to the island-like mechanism. Whereas, both random and uniform 

coverages are more frequent for the tosyl- and the epoxy-modified silicas. 

Noteworthy, that distribution in the reactions studied is very sensitive to the reac- 

tion conditions. For example, within the range of pH=3-9 ethylenediamine reacts with 

tosyl-silica according to the island-like mechanism, whereas at pH=l  and p H = l l  the 

resulting distribution is random (Table 6, No. 12). Another example is the following. Die- 

thylamine reacts with epoxy-silica according to the uniform mechanism. However, in the 

presence of 1M NaC1 this reaction is the island-like one (Table 6, No. 2,3). 

Summarising the data in Table 6, one can see that both the activity of amine in nuc- 

leophilic substitution of bonded groups Eq. (11) and the surface concentration of bonded 

groups (Table 5) are the key factors that control the mechanism of surface coverage. 

In other words, the higher the activity of amine and the concentration of surface bon- 

ded groups are the greater the probability of island-like coverage mechanism is. Possible 
explanations of these results will be given below. 
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7. S T U D Y  OF A L K Y L C H L O R O S I L A N E  D I S T R I B U T I O N  

Alkylsilanes lack functional groups which can be easily transformed to aminogroups 
and developed by TCNQ. However, the evidence on surface distribution of alkylsilanes 
may be inferred from the data on heavily loaded surfaces. 

Table 6 
Distribution of aminocompounds in the reactions with chemically modified silicas 

Functional Range of Reaction 
groups of initial concentration, conditions 

No. silica. Amine group/nm 2 

Des.as in Tab.5 

Type of 
distribution 
of amines 

1. Epoxy n-C3HTNH2 0.01-0.10 Water, 20~ 
2. Epoxy (C2Hs)2NH 0.05-0.41 Water, 20~ 
3. Epoxy (C2Hs)2NH 0.01-0.05 Water, 20~ 

1M NaC1 

4. Epoxy n - C 1 2 H 2 s N H 2  0.05-0.20 DMFA, 100~ 

5. Epoxy n-ClsH37NH2 0.01-0.30 Ethyl alcohol, 
20~ 

6. Epoxy H2N(CH2)4CHNH2 10-4-0.4 Water, 20~ 

I 
COOH 

7. Tosyl n-C3HTNH2 0.01-0.05 
8. Tosyl (C2Hs)~NH 0.01-1.30 
9. Tosyl (C2Hs)2NH 0.05-0.10 

10. Tosyl n-C1sH37NHe 0.01-0.30 

11. Tosyl H~N(CH2)4CHNH2 0.05-0.9 

I 
COOH 

12. Tosyl H 2 N ( C H 2 ) 2 N H 2  0.01-0.05 

13. Bromo-propyl n-C3HTNH2 0.01-2.10 

14. Bromo-propyl (C2Hs)2NH 0.02-1.0 

15. Bromo-propyl (C2Hs)2NH 0.01-1.0 

Island-like 
Uniform 
Island-like 

Uniform 

Uniform 

Uniform 

Water, 20~ Island-like 
Water, 20~ Island-like 

Water, 20~ Random 
Triethylamine 
Ethyl alcohol, Uniform 
20oC 

Water, 20~ Random 

Water, 20~ Random 

pH=l; 11; 
pH=3-9 Island-like 
Ethyl alcohol, Island-like 

70~ 
Ethyl alcohol, Island-like 

70~ 
Water, 20~ Island-like 

Indeed, computer simulation demonstrates that for the random distribution of mo- 
differ maximum surface coverage does not exceed 56% of maximum coverage owing to 
unavoidable gaps. The simulated value of maximal coverage for dimethylchloro- and tri- 
chlorosilanes is 2.3-2.8 groups per sq.nm [26,27]. On the other hand, there is a reasonable 
experimental evidence that bonding density of 2.2-2.8 groups per sq.nm can be achieved 
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only in the presence of organic bases [11,12,28,29] or using dimethylaminosilyl modifiers 

[9,10]. Modification in the absence of organic bases affords bonding density not exceeding 

1.3-1.8 groups per sq.nm even with a huge excess of reagents and prolonged treatment 
[11,12,29]. 

Analysis of the published results has led us to a conclusion that the base catalysts alter 

the mechanism of coverage. Namely, in the presence of organic bases alkylchlorosilanes 

react with silica by island-like, while non-catalyzed reaction follows random mechanism. 

In order to substantiate this conclusion the following experiments were done. Consider 

close to maximum coverage by alkylsilane, say 90%. Then, for island-like organization 

of modifier distribution of remaining vacant sites should be also island-like. Otherwise, 

random distribution of modifier accounts for the random distribution of vacant sites. The 

experiment was performed in the following manner. Organic base catalyzed modification 

was run with insufficient amount of modifier to achieve the surface coverage of 2.0- 2.1 

groups per sq.nm, that is ca. 90% from the maximum coverage. The remaining free surface 

was covered with 7-bromopropyltrichlorosilane. Further procedures were as described 

above-  aminogroups were introduced and TCNQ added (Eqs. 10,8). 

Modification in the absence of base was performed with an excess of alkylchlorosilane. 

Surface coverage in this case amounted to 1.6-1.8 groups per sq.nm. Next, similarly as 

above, samples were treated with 7-bromopropyl trichlorosilane, amino groups introdu- 

ced and TCNQ added. It is worth noting here that the limiting coverages of random 

distribution for alkylsilane and 7-bromopropyltrichlorosilane are not the same. Greater 

reactivity and smaller steric requirements of the latter allow to bind it to accessible sites. 

Table 7 
Distribution of n-alkylchlorosilane modifiers on the silica surface in the immobilization reac- 
tions 

No. Modifier 

Presence Concentration Surface Type of 

of organic of bonded coverage extent distribution 

base n-alkyl groups, of n-alkyl of n-alkyl 

(pyridine) group/nm 2 groups, % groups 

1. C1SiMe3 + 2.10 91 Island-like 

2. C1SiMe3 - 1.75 76 Random 

3. C13SiCsHa7 + 2.15 93 Island-like 

4. C13SIC8H17 - 1.65 72 Random 

5. C1Me2SiC12H2s + 2.00 87 Island-like 

6. C1Me2SiC12H25 - 1.60 69 Random 

Table 7 presents the data on distribution of alkylchlorosilanes. The data clearly show 

that the role of base catalyst is crucial in determining which type of mechanism the mo- 

dification process will follow. Recently [30], there have been obtained the direct spectral 

evidences that the mechanism of surface silanization changes in the presence of organic 

base. Thus, the conditions of modification process provide the key to govern the orga- 

nization of bonded species on the surface. E.g. to produce ODS-stationary phases for 
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separation of proteins, where octadecyl tails are to be sparse and isolated, it is reasonable 
to apply non-catalyzed modification until the required coverage extent is reached, fol- 
lowed by the extensive screening of free surface with silanization agents. Oppositely, to 
produce dense monolayer coverage with as few defects as possible and maximum bonding 
density, modification should be accomplished in the presence of organic base or using 

dimethylamino-derivatives of chlorosilanes. 

8. W H Y  DOES THE M O D I F I C A T I O N  OF S U R F A C E  O C C U R  B Y  

D I F F E R E N T  M E C H A N I S M S ?  

The experimental data gathered until recently are not sufficient to make solid conc- 

lusions on the reasons of realization of one or another mechanism of surface coverage. 

However, some speculations concerning the mechanism can be given. 
The analysis of published material shows that modification of macroporous stationary 

phases by dimethylaminosilanes affords loading near to a theoretical limit [9,10]. Accor- 

ding to reasoning applied here such bonding density can be reached only in the case of 
island-like coverage. Here, the following description of the mechanism might apply. After 
the first molecule of modifier is attached to the surface, interaction of the liberated dime- 
thylamine with the nearest silanol group renders enhanced reactivity in comparison with 
other silanol groups. Another modifier molecule reacts with the activated silanol group 
to release an adsorbed molecule of dimethylamine and give out still another molecule of 
dimethylamine. Thus, the concentration of organic base grows in the proximity of the 

developing cluster. 
In the case of modification by alkylchlorosilanes in the presence of organic base the 

activation of neighbour sites might be a result of local destruction by hydrochloride of the 
organic adsorbed solvent layer formed in the process. The resulting defect in the adsorption 
layer is likely to be preferable reactive site of bonding of the next molecule. A chain length 
of alkylsilane being bonded might in general be another factor affecting the mechanism 
of coverage. For instance, a situation when a defect of adsorbed layer vanishes (integrity 
of adsorbed layer is restored) before another molecule of modifier hits the surface, is 
altogether feasible- and thus the island-like mechanism might be impaired. Note that in 
modification by chlorosilanes the order of addition of reagents is of importance: organic 
base should be introduced prior to the modifier. Otherwise a part of modifier would react 

by the random mechanism and the subsequent addition of base could not fix up defects 

in parts of the layer formed before. 
Island-like organization of bonded species in the case of bromoalkylchlorosilane modi- 

fiers is likely to be associated with an influence of a dipole moment of the C-Br bond on 
the neighbouring surface silanol groups. "Stretching" of OH-bond is similar to the action 

of organic base. 
In the cases of surface assembly reactions with the participation of amines, unlike the 

immobilization reactions, the researcher have much more factors affecting the resulting 

distribution. 
The data in Table 6 show that the resulting distributions can change from one type 

to another depending on the reaction conditions or on the nature of surface bonded gro- 
ups of modified silica. The island-like coverages are more likely observed in the reactions 
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with the participation of high nucleophilic amines. The higher the nucleophilic activity 

(basic conditions, amine with short alkyl substitutes) is, the higher the surface concen- 

tration of surface bonded groups is, the smaller chances are to obtain uniform or random 
distributions. 

To our mind, the island-like mechanism is more likely associated with the redistribution 

of electronic density of the nearest bonded electrtophilic groups by a lone electronic pair 

of nitrogen. Possibly, this promotes the nucleophilic attack of the other amines nearby 

with those already bonded. 

The following examples support the mechanism suggested. First, the reaction between 

diethylamine and epoxy-silica runs according to uniform distribution. Whereas, this re- 
action in the presence of electrolyte (1M NaC1) runs according to the island-like distri- 

bution. Indeed, the reaction between amine and electrophilic groups goes through the 

charged intermediates. Electrolyte promotes the charged intermediates produced in the 
reaction and, thus, facilitates the positive neighbour effect. Let us give one more exam- 
ple: the reaction between diethylamine and tosyl-silica runs according to the island-like 

type of distribution. At the same time, in the presence of excess of triethylamine this 

reaction runs according to the random distribution. The excess of physically adsorbed 

triethylamine cancels the positive neighbour effect of bonded diethylamine. 
Thus, as the nucleophility of amine is decreased (acid conditions, long chain substitu- 

tes), the probability of realization of random or uniform distribution of bonded molecules 
is increased. Promotion and stabilization of intermediate ionic structures (electrolyte) 

facilitates the island-like mechanism of surface coverage. 
Different reasons account for the occurrence of one or another type of surface coverage. 

Here only the most probable factors are mentioned. In conclusion we would like to say 
that factors determining the reasons for realization of one or another mechanism of surface 

coverage are far from ultimate clarity. No doubt, understanding of this matter would allow 
for both improvement of the known methods of surface modification and development of 

nanomaterials of new generation. 

9. O U T L O O K  F O R  S U R F A C E  M O D I F I C A T I O N  OF S O L I D S  

In this section we would like to consider the most promising and actual problems of 

the chemistry of surface bonded compounds concerning the organization of bonded layer. 

Quite a few experimental and theoretical studies have been devoted to the study of 

supramolecular organization of bonded layers. However, the very early studies have already 

demonstrated that these problems are very important both from the point of view of 
fundamental science and practical application of the surface modified solids. 

The tendency arising in this field can be defined as the "design of bonded layer". 
This means the controlled preparation of supramolecular structures that are formed from 

molecules covalently bounded with the surface and possibly with each other. 
Below, we shall discuss the basic published results and summarise the experimental 

approaches that may permit the preparation of nanostructures on the chemically modified 

surfaces. In this section we are not going to consider the methods concerning "remote" 
actions on the surface. Among them, this can be an action with the needle of scanning 
tunnelling microscope, "writing" from different source of radiation over photo-, radiation- 
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or electron- sensitive bonded layer. The methods listed seem to be very promising for the 

chemistry of bonded compounds, but they require special consideration. Next, we shall 

discuss "pure chemical methods" for preparation of nanostructures of surface bonded 

molecules. 

9.1. Is lands of bonded  molecules.  The  m e t h o d  of molecu la r  t emp la t e s  

( impr in ts )  
Polyakov [31] has a priority in preparation of the sorbents in the presence of molecular 

imprints. The sorbents obtained show specificity toward the substance that is used as 

an imprint. Since then the molecular imprinting methods has been successfully used in 

adsorption [32,33] and catalysis [34-37]. 

I. Adsorption of a template 

m 

II. Blocking of surface accessible functional groups 

t. 

III. Removal of a template 

IV. Modification of the island formed 

Figure 5. Method of molecular templates in the surface chemical modification. 

The use of chemical modification for the "fixation" of imprints was proposed by one 

of the author of this paper in 1986. The idea is clear from Figure 5. In the first stage 
template molecules are adsorbed in small concentration on the surface, say the surface of 
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silica. It is important that templates adsorb in a random or uniform way. This leads to 

the presence of predominantly isolated adsorbed molecules. Other important requirements 

for the template are uniqueness of the adsorption complex and negligible lateral diffusion. 

The latter is true for many adsorbates containing functional groups, which are capable of 

interacting specifically with the surface silanols. The second stage involves the blockage 

of surface silanols, which are not covered with adsorbed templates (Fig.5). The use of 

hydrophilic water-soluble templates in the first stage and organic solvents in the stage of 

chemical modification seems not to disturb the distribution of adsorbed templates. In the 

third stage the templates adsorbed are removed and the islands of nonmodified silica can 

be modified by the modifier of another type (Fig.5). 

Evidently, the size of an island is closely related to the cross-sectional area of a tem- 

plate. 

9.2. "Mosa ic  s t r u c t u r e s . "  B o n d e d  m o l e c u l e s  are s i tua ted  in the  sets  of a regular  

lat t ice  

In order to obtain the mosaic bonded structures the following approach may be sug- 

gested. The surface is covered with a dense monolayer of large flat molecules covalently 

bonded to the surface along the axial anchor group (Fig.6). Conceivably the oxidative 

destruction of the bonded molecules or modification of the exposed reactive groups might 

result in regular network of bonded molecules in the surface. This idea can be realized, 

for example, by immobilization of phthalocyanine of silicon or aluminium on the surface 

of a crystalline silica. 

I. Chemisorption of molecules with axial anchor groups 

II. Modification of the exposed reactive groups 

�9 �9 

�9 �9 

�9 �9 

0 0  O O 

0 0  O O  

Figure 6. Scheme for preparation of a regular lattice from bonded molecules. 

The following method can be also used for the preparation of mosaic bonded layers with 

a regular structure [38]. At first, the surface is covered with a dense monolayer of bulky, 

spherical molecules (Fig.7). Thereafter the surface acquires the mosaic structure due to 

unavoidable gaps, distribution of which depends on the crystalline structure of a support, 
the nature of modifier and other factors. Under certain conditions this distribution appears 

to be a regular with the lattice parameter equal to the diameter of adsorbed molecule. 
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I. Adsorption of "mask molecules" 

II. Modification of accessible surface 

III. Remove of mask molecules 

�9 Q Q Q 

0 0 0 0 0 0 0  

0 0 0 0 0 0 ;  

0 ~ 0 0 0  ~ 
I I I 

Figure 7. Scheme for preparation of mosaic structures on the surface. 

This idea has been realized in the excellent study [39]. The quasi- crystalline monolayer 

of the protein from the thermophilic bacterium Sulfolobus acidocaldarius was prepared on 

the flat support. Then the deposition of metal (Ta/W) on the obtained layer of adsorbed 

protein was followed by the removal of both the protein and the metal deposited on the 

protein using the ion bombardment. As a result the regular network of metal islands with 

the lattice parameter 22 nm equal to the distance between the centres of the adsorbed 

proteins was obtained. The islands of metal have a diameter of 15 nm and a thickness of 
lnm. 

To our mind, a similar scheme can be applied for chemical modification of surface as 

follows. In the first stage organosilicon modifiers with bulky substitutes such as triphenyl, 

triisopropyl etc. should be used. In the second stage the sample is modified with a proper 

modifier penetrating the original surface of a support through the gaps. 

9.3. Pa i r s  of b o n d e d  molecules  s e p a r a t e d  by a fixed d i s t ance  

The idea of this method is clear in Figure 8. This method was used in the study [40]. 

Organosilicon derivative of phenylboronic acid was used as a modifier of silica, while 

bis-NAD I and bis-NAD II were used as spacers. Residues of phenylboronic acid were 

supposed to be separated by 0.7 and 1.5nm respectively. The stationary phase obtained 

exhibits higher retention of spacer used in comparison with other related biopolymers. 

Evidently, this method is appropriate only for the preparation of bonded layers with a 

low density of bonded groups. 
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I. Chemisorption of bifunctional modifier 

II. Removal of a spacer 

O O 

Figure 8. Scheme for preparation of modified surfaces containing pairs of bonded molecules 
situated at a fixed distance. 

To our mind, except for bivalent biopolymers, the terminally functionalyzed conforma- 

tional-rigid molecules such as polyphenylenes, polyacetylenes, perfluoroalkyls etc. seem 

to be promising spacers for this procedure. 

Finally, we list in brief the most important fields of the potential use of materials with 

chemically bonded nanostructures. 

Nanoelectronics and nanolithography may become an important area of the application 

of nanostructured surface materials. Since the use of nanoscale surface bonded materials 

allows one to achieve the ultimate level of miniaturization of electronic devices. 

In catalysis one may expect the appearance of heterogeneous metallo-complex catalysts 

containing active centres distributed by "the required way". This can result in preparation 

of highly selective catalyst, s for structurally sensitive reactions. 

The distribution of bonded molecules is a very important parameter for bioaJfinity 
sorbents. Evidently, biospecific binding is dramatically dependent not only on the spatial 

disposition of bonded affinity ligands, but even on the number of ligand-surface bonds 

(one - or more) [41]. 

Among the stationary phases for modern liquid chromatography one should mention 

multiphase sorbents. It is clear that the adsorptional properties of such sorbents are 

closely related to the uniformity of mixing of bonded molecules in a bonded layer. 

Recently, the so-called diphylic stationary phases, or more correctly - heterosurfaced 
sorbents, introduced by Pinkerton and co-workers [42] have received a wide acceptance 

in liquid chromatography of biological liquids [43]. These sorbents have different bonded 

groups on the internal surface than on the external surface of the particle. 

The problems of supramolecular organization and distribution of bonded molecules are 

of great importance not only for the materials with a low surface coverage. These are 

also important for the preparation of the most dense bonded layers with the maximum 

shielding of the surface. Indeed, the complete modification of silica with alkylsilanes and 

preparation of superhydrophobic surfaces [44,45] are only possible under the conditions of 
island-like coverage of the surface with a modifier. 

The above mentioned examples do not cover all the fields of possible application of 
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nanoscale surface bonded materials. However, just now one can see the potential usefulness 
of this tendency in modern surface chemistry. 
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Chapter 1.8 
The chemical basis of surface modification technology of silica and 
alumina by molecular layering method 

A.A. Malygin, A.A. Malkov, S.D. Dubrovenskii 

Department of Chemical Technology of Materials and Devices for Electronic Industry, 

St.-Petersburg State Technological Institute Technical University, 198013 St.-Petersburg, 

Russia 

1. I N T R O D U C T I O N  

The molecular layering method (ML) and its main principles were formulated on the 

basis of solid substance chemistry using the "skeleton hypothesis" of Aleskovskii made in 

the fiftieth [1].The first publication presenting the main rules of ML method is the article 

by Aleskovskii and Koltsov, submitted to the Technological Institute in Leningrad in 1963 
[2]. The detailed account of the results of the chemical aspects of the ML method is found 
much later (1968-1978) in articles, inventions, monographs and textbooks of Aleskovskii, 

Koltsov, Volkova, Malygin et al. [3-25]. Just in this period qualitative accumulation of 
theoretical and experimental data, as well as quantative ones, prepared the transition of 

researches to another level - evaluation of the most perspective areas of application of 
the new method of synthesis and creation of scientific principles of ML technology and its 

subsequent development. 

In the period mentioned above the most known world centers of the studies of chemical 

reactions on silica and alumina surfaces were USSR, Germany, Bulgaria. But since 1977 
after the patent [26] had been published and later in the eightieth as well as at present the 
number of publications in this field has increased in various countries [27-39]. It should 
be noted, that some authors use another names for the synthesis like the ML method for 

example, atomic layer epitaxy (ALE) [30], chemical surface coating [31], grafting [321,ele- 

mentary surface reactions of CVD method [33]. 
According to paper [30], including a list of main laboratories in the world and their 

first publications, it is possible to think, that since 1980-1982 the interest in the new 

synthesis method has increased greatly. The application of chemical principles of ML me- 

thod to study the reactions between porous silica and alumina and elements of II-VIII 
groups of the Periodic Table chlorides has allowed, at first, to justify the principles of 

ML, experimentally and, secondly, to define its realization as the one of perspective areas 

for creation effective inorganic sorbents and heterogeneous catalysts. The purpose of this 

paper is generalization from the present results on study of chemical conversions on sur- 
faces of inorganic sorbents (silica and alumina) in reactions with phosphorus, vanadium, 

chromium, titanium, chlorides etc. 
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2. T H E  M A I N  C H E M I C O - T E C H N O L O G I C A L  F A C T O R S  A N D  T H E I R  

I N F L U E N C E  O N  C H E M I S O R P T I O N  O F  C H L O R I D E S  

The synthesis by ML method is executed by repeated and alternate processing of solid 
state surfaces by surplus of appropriate reagents with removal of non-acted ones and 
forming gaseous products after each stage of processing [2,3,13]. For each cycle of ML 
reactions no more than one monolayer of new structural units joins the surface, thus the 
monoatomic assembly of the solid substance is realized on the chosen matrix. 

The basic feature of the chemical assembly process of the surface by ML method, unlike 
the majority of conventional ways of solid substances formation, is the execution of syn- 
thesis in conditions, far from the equilibrium state [2,3,13]. The realization of the principle 
mentioned has been executed experimentally, for example, by permanent transport of the 
excess amount of the reagents to matrix surface by flow of gas carrier, and removal of 

collateral gaseous products from reaction zones. 
The researches carried out both on study of reaction mechanisms in ML processes on 

silica, and synthesis of oxides and other structures on the surfaces of matrices of various 
chemical nature have shown, that in all cases it is necessary for the certain sequence of 

the same physico-chemical stages to be realized [13,15,40,41]: 
- preparation of matrix surface (formation of functional groups, thermotreatment); 
- chemical reaction of appropriate low-molecular reagent with surface functional groups; 
- desorption of the surplus not-acted reagent and gaseous products of reaction. 

The mentioned stages can be repeated a proper number of times. So, the ML method 
from a technological point of view represents a multistage heterogeneous process in the 
gas(liquid) - solid system, including a stage of chemisorption and desorption of reagents 
and products of reaction, quantity and sequence of which are set by program of synthesis, 
made in view of requirements for target products (chemical nature and concentration 

of components in the solid phase, thickness of synthesized layer, mutual arrangement of 

monolayers etc.) [13,41]. 
The chemical composition, structure, and, hence the properties of products with mo- 

dified surface are determined both by observing the required sequence of operations, 
and chosen chemico-technological parameters of process: the chemical nature of reagents 
(volatile and solid), temperature (in stages of preparation of surface, chemisorption and 
desorption), concentration of reagents (in gas phase and functional groups on surfaces 
of substrate), hydrodynamics of the process (rate of transport and removal of reagents, 

mobility or stationary condition of disperse solid phase). 
The present article submits the results, obtained in the experiments with various frac- 

tions of large-pore silica gel with a specific surface area (Sap) 250 m2/g, contents of OH- 

groups (Con) 3,46 mmol/g and "),-A12Oa with Sap= 200 m2/g and COH=5,22 mmol/g. 
All the synthetic experiments conducted in a tubular gas-flow reactor at the atmosphe- 
ric pressure by the known technique [2,3,13]. Chlorides and oxychlorides (PC13, POC13, 

VOC13, CRO2C12, TIC14) were applied as the volatile reagents, in the reaction chamber 
with a flow of dried gas - carrier (nitrogen, air). 

In literature the significant number of submitted data is devoted to the processing of 
reactions of volatile halogenides with OH-groups on surfaces of silica and alumina in the 
temperature range of sample preparation 200-800~ [3,5,42-44]. The interaction in the 
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stage of chemisorption proceeds according to: 

m ( - M -  OH) + EOkCln --+ ( - M  - O-)mEOkCln_m ~- mHC1 (1) 

where M - is the surface silicon or aluminum atom in SiO2 or A12Oa; E - is an atom of 

vanadium, chromium, titanium or phosphorus in appropriate chloride or oxychloride. 

The magnitude of factor m is defined by nature of reagent, concentration of OH-groups 

on surfaces, concentration of halogenide in the gas phase (Cg) and 1 _< m _< n. 

So at Cpoc13 - 3 .2.10 .4 mol/1 the reaction of silica gel with POC13 is completed in 

4 hours, the amount of phosphorus in the sample does not exceed Cp - 0.40 mmol/g, 

and m=3. As Cpoc13 increases to 7.10 .4 mol/1 the value of Cp changes to 1.06 mmol/g, 

m=3 and m=2 for 29 and 71% surface ( -  S i -  O--)mPOCl3-m groups accordingly [6]. The 

kinetic study of the vanadium oxychloride interaction with silica gel at different Cvoc~3 

has shown, that with the increase of concentration of oxychloride in the gas phase the 

degree of surface coverage by vanadium-oxide groups grows [45-47]. Thus, the predefined 

(threshold) value of VOC13 concentration in the gaseous flow for the given linear speed 

of gas-carrier, provided the fluidized state, exists, above which the kinetic curve does not 

change, but below which decreasing of both VOC13 chemisorption rate and the maximum 

possible vanadium content in the final product is observed (Figure 1). 

[V], mmol/g 

0.8 1 

0.6 

0.2 
I 

0.03 0.09 0.15 0.21 0.27Cvoc13,mol/cm3 

Figure 1. The vanadium oxychloride concentration in the gas flow influence on the chemisorbed 

amount. Gas flow rate 0.05 m/s; reaction time: 1 - 7200 s, 2 - 900 s, 3 - 420 s, 4 - 180 s. 

The temperature makes an essential influence on the structure and composition of 

surface structures both in the stage of preliminary heat treatment of oxide (To), and in 

chemisorption (Ts) and desorption (Td) stages. As the study of reactions of chlorides 

of vanadium, phosphorus, titanium, chromium with silica gel surface, dehydroxylated at 

temperatures 200-800~ has shown, the quantity of the chemisorbed reagent is reduced 

with the increase of To [3,42-44]. In this case the value of factor m decreases (see reac- 

tion 1) and interaction of chlorides by the nucleophilic mechanism practically does not 

take place, including oxygen in -Si-O-Si-  groups. In Fig. 2 typical dependencies of To 

influence on the surface groups chemical composition are presented, taking as an example 

the interaction of VOCla with silica. To increase from 180 to 700~ causes the decre- 

ase of surface OH-groups content. Some other features were observed in the research on 

chemical structure of reaction products of chlorides with surface of alumina, annealed at 

200-1000~ (Table 1). 

The analysis of results included in Table 1, as well as of literature data on the reaction 

of TIC14 with 7-A1203 [43] testifies, that the chemical nature of halogenide predetermines 
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Figure 2. Dependencies of VOC13 chemisorption on the OH-group content on the silica surface: 
1 - total vanadium content; 2 - 4 - amount of vanadium-containing groups bonded with surface 
by 3, 2 and 1 bonds respectively; 5 -  [OH]/[V] ratio. 

Table 1 
The influence of preliminary heat treatment temperature of alumina on chemical structure of 
products of chemisorption of vanadium and phosphorus oxychlorides 

Contents, mol/g Contents, mmol/g 
To,~ C1/V C1/P 

V C1 P C1 

200 0.87 1.67 1.90 1.20 2.26 1.89 
300 0.95 1.55 1.63 1.05 2.42 2.31 
400 0.84 1.52 1.81 0.99 2.37 2.39 
500 0.59 1.54 2.61 0.96 2.41 2.51 
600 0.56 1.46 2.60 0.86 2.41 2.80 
700 0.48 1.35 2.80 0.66 2.43 3.66 
800 0.48 1.08 2.27 0.65 2.18 3.33 

the To value, at which the nucleophilic affiliating of molecule begins to proceed. In the 
range POC13 - VOC13 - TIC14 appreciable chlorinating of alumina is observed at To 300 
(C1/P=2.31), 500 (C1/V=2.61), 900~ (C1/Ti=2.61), accordingly. 

The study of To influence was carried out with the model of the chemisorption of 
TIC14 by silica. It was shown in [44], that with the increase of To from 200 to 800~ the 
number of bonds forming titanium-oxychloride groups with surface increased (factor m 
grows) while titanium concentration in the samples decreases. Authors [44] associate the 
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increase of m with reorganization of surface as a result of interaction between mono- and 

bifunctionally connected groups, for example, in scheme: 

C1 
/ 

( ~ S i - O - ) -  Ti ~ -  C1 

\ 

C1 

(=Si -O-)  C1 
\ / 

Ti ~ 
/ \ 

(-si-o-)" 

(~Si -O-)  

(=Si-O-)-- ~ Ti C1 + 
/ 

(=Si -O-)  ' 

TIC14 

cl (2) 

In contrast to SiO2, during the interaction of 3,-A12Oa with TIC14 (Figure 3) in the same 

range of Ts magnitudes at 800~ alongside with the reaction of electrophilic substitution 

of proton in OH-groups the interaction, the increase of t i tanium content in the samples 

(Figure 3 B, curve 4) and weight gain in the process of gravimetric control were observed. 

[Ti], mmol/g 

1.0 

0.8 

0.6 

0.4 

0.2 

o 

A 
1 

~ 2  

~ 2 3 

3 4 

4 

gO z, min 20 40 '~, min 0 20 40 

Figure 3. Titanium content dependencies on the chemisorption time at different temperatures" 
1 - 200; 2 - 400; 3 - 600; 4 - 800~ A - Si02; B - A1203. 

The temperature  regulation in the desorption stage can result in its essential inten- 

sification, as shown by the study of reaction of vanadium oxychloride with silica [48]. 

But it is necessary to take into account the properties of surface groups, in particular, 

their thermal stability. The latter, as it is known from the papers [49,50], can essentially 

influence the structural conversions of solid matrix. 
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In Figure 4 the data of annealing temperature influence on the specific surface area of 

both the initial and containing vanadium- and chromium-oxide surface groups silicas are 

presented. 
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Figure 4. The thermal stability of vanadium- and chromium- containing silica. 1,2,3 -are 
specific surface area dependencies on temperature of annealing of initial (1), vanadium (2) and 
chromium (3) containing silica gels. 4,5 - are temperature dependencies of Cr(+6) and Cr(+3) 
content; 6,7-  are the temperature influence on the surface/bulk vanadium distribution. 

Comparison of the modified silica gel thermal stability has shown, that characteristics 
mentioned are connected with the melting point of corresponding oxides. The elements 
can be distributed into three groups: 1) those which do not influence the silica gel ther- 
mal stability (Ti, A1) because of their melting point Tm is significantly higher than the 
temperature of silica gel sintering; 2) those which reduce the temperature of silica gel 

sintering (V,P,B) by the reason of low oxide melting point (Tm < 800~ 3) those which 

do not change the temperature of silica gel sintering (Cr 6+) because during the surface 
groups destruction, for example, (=Si-O-)2CrO2 groups, the new Cra+-containing groups 

of stable in the considered temperatures range oxide are formed. 
It is necessary to note, that the use of solid (hard-volatile) chlorides (ZnC12, CdC12, 

TaC15 etc. ) requires the execution of chemisorption process at temperatures, close to 

the point of boiling or sublimation of the above mentioned compounds to achieve their 

optimum concentration in the gas phase [40]. 
Taking into account, that the collateral product of ML reactions with the use of element 

chlorides is the hydrogen chloride, stability of groups (-Si-O-)mEOnCln_m for this effect 
as well as influence of HC1 concentration in the gas phase on processing of modifying 

reactions were investigated [38,40,51]. 
Under identical conditions of processing (temperature, concentration and rate of HC1 

submission) the stability effect of hydrogen chloride correlates with the value of binding 
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energy EM_ O ( M=Cr, V, P, Ti )[51]. 
The interaction of vapour mixture VOC13-HC1 with silica gel was investigated at 

180-1-5~ The concentration VOC13 in the gas phase was constant: 0.43-t-0.02 mmol/m 3. 

The HC1 contents in VOC13-HC1 mixture changed in the range appropriate to a molar 

ratio (c~) CHcl/CvocI3 from 0.35 to 2.0. Characteristics of vanadium-oxide layer on the 

silica gel dependending on a are submitted in Figure 5. 

iv] 
mol/kg 

0.5 

1 2 
12 

0.5 

Figure 5. Dependencies of the chemical composition of vanadium-containing groups at the silica 
surface on the [HC1]/[VOC13] gaseous concentration ratio (a): 1 -is the total vanadium content; 
2 - is the [C1]/[V] ratio in the solid phase; 3,4- are the amount of vanadium-containing groups 
bonded with the surface by 1 and 2 bonds respectively. 

The obtained results show that with the increase of vanadium concentration in product 

(curve 1) not only changes, but also the ratio [C1/V]s in the solid phase (curve 2)increases, 
i.e., the ratio of groups ( -  Si-O)2VOC1 (curve 3) and (---_ Si-O)3VO (curve 4) on surface 
changes. 

The analysis of experimental data permits to assume, that during synthesis the gradual 
destruction of three-functional groups ( -  S i -  O)aVO with the increase of c~ and Ts and 

formation of ( -  S i -  O)2VOC1 takes place. And at c~ > 1 the total breakage of Si-O-V 

bonds with educing of VOC13 into the gas phase is observed. 
The interaction of silica gel with VOCla was considered to be an opportunity for ma- 

thematical model construction of the process of volatile halogenides chemisorption on the 

disperse silica surface. 

Developing the model the following factors, affecting distinctions in behaviour of ac- 

tive sites of surface and in structures of forming new functional groups were accepted: 

1. Availability on the silica surface of various active sites - hydroxyl groups, isolated 

and connected by hydrogen bonds, siloxane bridges, coordinately linked water, stabilized 

radicals and charging states etc. [34,52-60]; 2. Opportunity of occurrence of gradient of 
low-molecular reagent concentration due to diffusion breaking in bulk layer and in porous 

space of grain; 3. Influence of HC1 - the collateral product of reaction. 

Assuming diversity of active sites, the characteristics of reactivity of silica surface 
may be the distribution function of active centers by the parameters of reactivity. It was 
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shown, that the free energy of transient complex (AG) was the most convenient parameter, 

connected with the rate constant of reaction (k) by the well known equation: 

AG = - R T .  In (k) (3) 

Thus based on approximation, not accounting diffusion breaking and HC1 influence, 

dependence of contents of modifier in the solid phase on the time of chemisorption A(t) 

is possible to be presented as: 

) A(t) - , 1 - �9 C.  t �9 ~h(AG). d(AG) (4) 

AGmin 

where C - is the concentration of low-molecular reagent in the gas phase; r - is the 

distribution function of surface active sites upon the reactivity. 

This equation was used to estimate the reactivity of silica gel surface at interaction 

with VOC13 vapour in the flow system in conditions of avoiding the diffusion moderation 

at the thickness of material in one grain [10]. On the basis of experimental kinetic data the 

function of distribution, submitted in Figure 6 was obtained. The account was conducted 

by numerical decision of the reverse task (4) by the Tikhonov regularization method with 

the use of the projector of conjugate gradients in the areas of non-negative magnitude of 

function r [61]. 

~1/-10 3 
~mol/m 2 

AG, kJ/mol -30 -20 -10 

Figure 6. The calculated distribution function of silica surface sites on the reactivity in the 
interaction with VOC13. 

From the submitted data it follows, that for the considered system the exactly expres- 

sed inhomogeneity of surface sites on reactivity is not observed. The reliability of the 

results is confirmed by the model calculations, demonstrating restorations of function of 

distribution, consisting of several peaks, with an error of 5-10%. Therefore for the con- 

sidered system inhomogeneity of silica gel surface is possible to be neglected as the first 

approximation. 
The account of influence of diffusion moderation is connected first of all with the 

concentration factor and the influence of hydrogen chloride. As shown earlier [40], in the 
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presence of HC1 in the gas phase together with VOCI3 on the silica gel surface the following 
reactions are possible: 

3( = _ S i -  OH) + VOCla ---+ ( -  S i -  O)3VO Jr- 3HC1 (5) 

(= S i -  o)3vo + HC1 -~ (= S i -  O)2VOC1 + ( -  S i -  OH) (6) 

(~ Si - O)2VOC1 + 2HC1 ~ 2 ( -  Si - OH) + VOC13 (7) 

Then the process kinetics can be described by the system of differential equations: 

dC1 
= kl-[VOC13]" (a0 - C, - C2) - k2" [HC1]. C1 + k3" C2 

dt 

dC2 
= k2. [HC1]. C1 - k 3 "  C2 - k 4 "  [HC1]- C2 

dt 

A0 = [ -  S i -  OH]/3 + C1 -}- C2 (8) 

where C1, C2 are the concentrations in the solid phase of groups (-Si-O)3VO and 
(-Si-O)2VOC1, accordingly, A0 - is the concentration of the "hydroxyl triads" on the 
initial surface. 

Estimation of parameters of the given system on the basis of experimental data on kinetics 
of silica gel interaction with gas mixture of HC1 and VOCI3 in conditions of avoiding the 
diffusion moderation [40], demonstrating adequacy of the proposed model, was performed. 
Influence of diffusion stages of heterogeneous process (5-7) equations (8) should be com- 
plemented by differential diffusion equations for gas components in pore space of silica 
grains: 

0[VOCla] 02[VOC13] (0C 1 0C ) 
0t - Dvocl3 0x 2 = - B .  - ~  + 

O[HCI] cO2 [HC1] ( 0C, 0C2'~ 
0t DHCl 0x-------~ = B -  , ~ ' 3 -  0t ] 

0[VOC13] 0[HC1] 
x - 0 "  0x =0 ;  0x = 0 ;  

x - R" [VOC13]- Cvo~ [ n c l ] -  0; 

t = 0" [VOC13] = 0; [HC1] - 0; (9) 

where" 

D v o c t 3 , D H c l  - are the gas diffusion coefficients of VOCI3 and HC1 accordingly; 
R -  is the linear size of material grain; 
B - is the translation factor of surface concentration C1, C2 in volume ones; 

Cvocl3 - is the concentration of VOC13 in the gas flow; 
The obtained system of parities (8-9) represents the nonlinear task. It was resolved 

numerically for various values of R and Cvoc13. 
As a result of carried out calculations it was shown, that the HC1 accumulation in 

pore space results in occurrence of gradient both of the concentration, and functionality 
of vanadium-oxide groups on the depth of separate grain. The value of a given gradient 
is determined by boundary conditions in equation (7). In Figure 7 the dependencies of 
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chemical composition of final solid product of interaction upon the reagent concentration 
in the gas phase and the geometrical sizes of particles are submitted. From the submitted 

data it follows, that for silica gel the ratio of concentrations of chlorine and vanadium 

can considerably vary depending on the conditions of synthesis. That can explain the 

spread of data of experimental value of a given parameter, obtained by various authors. 

So, the account of diffusion moderation permits to evaluate the results of surface modifi- 

cation more adequately and to build the mathematical models, necessary for technological 

realizations of similar processes. 
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Figure 7. Dependencies of the stoichiometric ratio ([C1]/[V],A,B) and vanadium content 
([V],C,D) upon the gaseous concentration of VOClz (0.1 (1'); 0.15 (2'); 0.20 (3'); 0.25 (4'); 
0.30 (5') mol/m 3) and grain size R (0.25(1); 0.5(2); 1.0(3); 1.5(4); 2.0(5) mm). 

The study of macrokinetics of reaction VOC13 with silica gel has shown also, that the 
process proceeds in outside diffusion area. The significant intensification of interaction is 

observed during the synthesis in the fluidized regime of solid phase [10,45]. 

3. F O R M A T I O N  OF M U L T I C O M P O N E N T  M O N O L A Y E R S  OF A 
G I V E N  C O M P O S I T I O N  A N D  S T R U C T U R E  ON SILICA S U R F A C E  

From the ML principles and analysis of experimental data on stability of Si-O-E bonds 
to effect hydrogen chloride it was possible to distinguish the following ways of multicom- 

ponent monolayers synthesis: 
a) consecutive processing of silica by vapour of halogenides of such elements as El, E2, 

E3 and etc., that halogenides of E2, E3 interact with OH-groups, not taking part in 

the reaction with compounds of El,  E2, respectively; 
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b) the replacement of surface El-containing groups by E2-containing groups (Em-o  < 

EE2-o), thus halogenide of element E1 is educed into the gas phase; 
c) processing of silica by mixture of halogenides of E1 and E2, differed by reactivity in 

relation to the surface OH-groups. 

Some main results on realization of the mentioned variants will be considered. 

By the interaction of silica with phosphorus oxychloride the phosphorus-containing 

silica were synthesized, with the increase of phosphorus content from 0 to 0.95 mmol/g 

the amount of OH-groups in the samples decreases from 3.62 to 1.42 mmol/g. Obtained 

P-silica were treated by titanium and vanadium chlorides. The content of bonded at the 

expense of reaction with silanols of t i tanium- and vanadium-containing groups decreases 

from 1.08 to 0.35 (Ti, Table 2) and from 1.11 to 0.31 mmol/g (V, Table 3) accordingly 

[62,63]. 

Table 2 
Chemical composition of PTi - silica. Time of TIC14 processing - 30 rain 

Composition of initial 

P-silica, mmol/g 
Composition of PTi-silica, mmol/g 

P C1 C1/P OH P Ti P /Ti  C1 AC1 AC1/Ti OH 

- - - 3.62 - 1.08 - 1.52 1.52 1.41 0.82 

0.13 - - 3.23 0.13 0.97 0.13 1.58 1.58 1.63 0.93 

0.20 0.02 0.10 3.04 0.20 0.89 0.22 1.53 1.51 1.70 0.99 

0.34 0.08 0.22 2.67 0.34 0.74 0.46 1.55 1.47 1.99 1.18 

0.45 0.14 0.32 2.41 0.45 0.63 0.72 1.46 1.32 2.10 1.21 

0.61 0.30 0.49 2.08 0.61 0.47 1.30 1.36 1.06 2.26 1.25 

0.95 0.65 0.68 1.42 0.95 0.35 2.71 1.49 0.84 2.40 0.86 

Table 3 
Chemical composition of PV-silicas. Processing time V O C I 3  - 30 min 

Composition of initial 

P-silica, mmol/g 
Composition of PV-silica, mmol/g 

P C1 C1/P OH P V P /V  C1 AC1 AC1/V OH 

- - - 3.62 - 1.11 - 0.42 0.42 0.38 0.71 

0.08 - - 3.32 0.08 1.02 0.08 0.46 0.46 0.45 0.78 

0.28 0.05 0.18 2.83 0.28 0.83 0.34 0.55 0.50 0.60 0.84 

0.37 0.10 0.27 2.61 0.37 0.73 0.51 0.76 0.66 0.91 1.08 

0.69 0.37 0.54 1.92 0.69 0.42 1.64 0.77 0.40 0.95 1.06 

0.81 0.51 0.63 1.70 0.81 0.34 2.38 0.89 0.38 1.12 1.06 

0.92 0.62 0.67 1.48 0.92 0.31 2.96 0.98 0.36 1.16 0.91 

The data of spectroscopic researches (ESCA, ESDR), submitted in work [63], testify to 

the transference of electronic density on a titanium atom and increase of the coordination 

number of titanium in the PTi-samples, that is stipulated by formation of donor-acceptor 
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P-=-O~Ti bond in the structure of surface groups. In PV-silica in connection with incli- 
nation of V(+5) to reduce the transference of electronic density on a vanadium atom with 
formation of P = O ~ V  bond results in vanadium reducing to V(+4), that is confirmed by 
EPR data [62]. 

The reactions of replacement of vanadium-, titanium- and chromium-containing gro- 
ups on silica surfaces are investigated when processing by vapour of POC13, TIC14, VOC13, 
as well as chemical composition and interfunctional interactions in formed vanadium-pho- 
sphorus (VP-), titanium-phosphorus(TiP-), vanadium-titanium (VTi-), chromium-va- 
nadium (CrV-) and chromium-titanium (CrTi-) containing silica [63,64,65]. During the 
synthesis of TiP- and VP-samples on the surface the reactions of replacement with for- 
mation of (=Si-O-)~POC1 groups and allocation of TIC14 and VOC13 proceed in the gas 

phase. The relation P/ATi  and P/AV makes accordingly 1.42-t-0.05 and 1.20-t-0.03, that 
testifies the partial interaction of POC13 with OH-groups, concentration of which grows on 
the surface with decreasing of titanium and vanadium contents in initial V- and Ti-silica, 
with formation of (=Si-O-)POC12, as well as owing to the partial destruction of Si-O-M 
bonds (M=Ti, V) and formation of Si-O-P bonds. In TiP- and VP-silica similarly to 

PTi- and VP-samples of the same chemical composition donor-acceptor P=O---+Ti and 

P=O---,V bonds in the two-component monolayer are formed. 
The POC13 chemisorption rate in replacement reactions is found out to be above, that 

is in the interaction of POC13 with OH-groups of silica [64,66]. 
In the synthesis of VTi- and TiV-silica (Tables 4 and 5) in final products the ratios 

Ti/AV and V/ATi are observed to be close to 1. 

Table 4 
Chemical composition of VTi-silica 

No. Proccessing Content, mmol/g 

time, min V Ti C1 Ti/V AV Ti/AV Clcalc C1/Clcalc 

1 Initial 1.11 - 0.42 . . . . .  

2 2 0.61 0.52 0.89 0.84 0.50 1.04 0.94 1.06 

3 3 0.47 0.65 1.05 1.38 0.64 1.02 1.07 1.02 
4 5 0.27 0.84 1.23 3.10 0.84 1.00 1.26 1.02 
5 8 0.11 1.00 1.38 9.08 1.00 1.00 1.42 1.03 

6 10 0.04 1.07 1.50 24.8 1.06 1.01 1.48 0.99 

7 15 0.01 1.10 1.53 110.0 1.10 1.00 1.52 0.99 

Thus the interfunctional interactions in the monolayer are absent, on the surface 

(~Si-O-)3TiC1 or (-Si-O-)2VOC1 groups are formed, and VOC13 or TIC14 is educed 
to the gas phase. 

By obtaining CrV- and CrTi-silica the ratio V /~Cr  and Ti/ACr in the final pro- 
ducts makes 1.63 and 1.94, i.e., together with the replacement of the interaction of 
VOC13 and TIC14 with residual OH-groups of Cr6+-silica proceeds. In the composition of 

CrTi-samples the significant quantity of Cr 3+, stipulated, obviously, by reducing of Cr 6+ 
to Cr 3+ on the surface under the action of HC1, educed during reaction is present [51]. 

The interaction of TiC14-VOC13 mixture with silica (samples TiV) had been carried 
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Table 5 
Chemical composition of TiV- silica 

No. Proccessing ..... Content, mmol/g 

time, min Ti V C1 V/Ti  ZXTi V/ATi  Clcalc C1/Clcalc 

1 Initial 1.08 - 1.52 . . . . .  

2 60 0.85 0.24 1.33 0.28 0.23 1.04 1.28 0.96 

3 120 0.67 0.41 1.12 0.61 0.41 1.00 1.11 0.99 

4 240 0.50 0.59 0.89 1.18 0.58 1.02 0.93 1.04 

5 420 0.39 0.70 0.87 1.80 0.69 1.01 0.82 0.94 

6 540 0.36 0.72 0.85 2.00 0.72 1.00 0.80 0.94 

out at the molar ratio of chlorides in the gas phase TiC14/VOCla=0.6 (Figure 8 A) and 

1.5 (Figure 8 B). The total concentration of chlorides was 0.40 mol/m 3. 

The analysis of the experimental data has shown, that on the silica surface the consecu- 

tive - parallel reactions of silanol groups with VOC13 and TIC14, as well as (-Si-O-)2VOC1 

with TIC14 with escaping of VOC13 into the gas phase proceed. It follows from the data 

in Figure 8 that at enough large time of interaction TIC14 is, practically, selectively che- 

misorbed on silica. It permits to assume the opportunity for employment of the similar 

processes for separating and purification of chlorides. 
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Figure 8. The kinetic curves of silica gel interactions with the mixture of vapours of VOC13 
and TIC14. A-TiC14/VOC13=0.6; B-TiC14/VOC13-1.5; 1, 2 are the vanadium and titanium 
content [M] accordingly. 

By the treatment of PTi-silica by vapour of VOC13 the PTiV-silica was synthesized and 

the interfunctional interactions in the three-component phosphorus-titanium-vanadium- 

oxide monolayer were studied [67]. It was found that the formation of P = O ~ T i  bond 

in PTi-silica (P/Ti_<l) prevents the interaction of P=O groups with vanadium atoms 

when processing of PTi-silica by VOC13, as a result on silica gel surface three-component 

phosphorus-titanium- vanadium-oxide monolayer (PTiV-silica) is formed. At P / T i > l  

the part of groups P=O is not connected with titanium atoms and formation of P = O ~ V  
bonds becomes possible. 

Thus, synthesis of monolayers, containing the given number of heteroatoms, has to be 
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executed both in view of nature of initial reagents, and properties of surface structures 
formed. 

4. T H E  G R O W T H  OF O X I D E  A N D  O X Y G E N - F R E E  C O A T I N G S  O N  T H E  

S U R F A C E S  OF SiO2 A N D  A1203 

Literature presents numerous data on the syntheses by ML method of oxide layers of 

titanium, aluminum, chromium, phosphorus, tantalum and series of other elements on 

silica and alumina surfaces, when appropriate chloride and vapour of water are used as 

initial reagents [13,35,18,42]. The synthesis thus proceeds without the change of oxidation 

state of elements. But the stability of Si-O-M bonds in the process of gaseous treatment 

of element-chloride surface structures is of significant importance. Our researches have 

shown [44,68], that the strength of Si-O-M bonds is influenced by the thermal stability 

of element-oxide-chloride groups, quantity of their bonds with surfaces (factor m) and 

series other ones. The reason for the destruction is the hydrogen chloride which educes in 

the process of vapour hydrolysis [68]. 

The further researches have shown, that the temperature of synthesis and the nature 

of solid matrix render the appreciable influence on composition and structure of the 

oxide layer forming in the ML process. In Figure 9 the data on changes of titanium 

contents on silica and alumina surfaces in the ML process at the temperature of synthesis 

at the 200-600~ are shown. As results from the submitted dependencies, escalating 
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Figure 9. Dependencies of titanium content in the oxide layer on the number of ML cycles (n). 
Temperature of synthesis: 1 - 200, 2 - 400, 3 - 600~ A - SiO2, B - A1203. 

titanium-oxide layer proceeds in regular intervals at all considered temperatures Ts. At 

the same time, the gain of titanium amount for each ML cycle with the increase of Ts 

from 200 to 600~ is reduced with 0.78 to 0.44 and with 0.68 to 0.27 mmol/g SiO2 and 

A12Oa accordingly. The tendency to stipulate was found, on one hand, by the decrease of 

quantity of active hydroxyl groups both on initial surface, and formed during the synthesis 

as a result of dehydroxylation. On the other hand, with the increase of temperature the 

conversions in structures of formed ti tanium-oxide- chloride groups took place as shown 
earlier in work [44]. The obtained surface structures by XRD data are the polycrystalline 

formations whose phase structure depends both on chemical nature of matrix, and on 
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temperature of the chemisorption stage (Figure 10). On the surface of silica up to 350~ 
the single--phase structure is formed, adequate anataze modification of TiO2. At Ts>350~ 
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Figure 10. The rutile phase part Xr (1) and crystallite size D (2) dependencies upon the 
synthesis temperature (A-SiO2, B-A1203). 

alongside with anataze the rutile modification is proceeds, a part of which is increased 
with the increase of Ts and at 600~ makes 89 %. On the surface of alumina, on the 
contrary, a biphase structure is formed at low temperature. And with the increase of Ts 

the part of anataze form of TiO2 grows, up to 100 % at 600~ 
The application in the ML processes of such compounds, as the chromium dioxydichlo- 

ride and vanadium(5+) oxychloride (oxidators), the phosphorus trichloride (reductor) 
permits to expand the set of chemical interactions on surfaces in the synthesis of poly- 
molecular layers. For the first time in work [14] the process of formation of oxide layer 
of phosphorus(5+) on silica gel was carried out with application of oxidizing-reducing 

reactions: 

3 ( -  S i -  OH) + PC13 --~ ( -  S i -  O-)3P + 3HC1 

( -  S i -  O-)3P A- C12 ---+ (-= S i -  O-)3PC12 

(-- S i -  0-)3PC12 q- 2H20 --~ (= S i -  O-)3P(OH)2 + 2HC1 

(10) 

(11) 

(12) 

Further reactions (10-12) appear again in the given sequence. 
Using the oxidizing property of compounds of chromium(6+) in (=Si-O-)~CrO2 groups, 
for reception on surface hydroxyl groups, capable to enter further in the reaction with 
Cr02C12, chromium(6+)-containing sample was processed by the reductor- the molecular 
hydrogen. Thus the reaction on the surface at 180~ proceeds as follows [11]: 

( -  S i -  O-)~CrO2 + 3/2H2 - H2d ( -  S i -  O-)2CrOH (13) 

For the growth of chromium( 3+ )-oxide layers of given thickness on the silica surface the 
processing of Cr~+-silica obtained by recurrence of cycles of ML reactions: 1- reduction 

by H2; 2- processing by vapour of CRO2C12; 3-processing by aqueous vapour [12]. 
It follows from Table 6, which adduces the chemical composition of ML products that 

the repeated alternation of reactions mentioned results in the regular increase of chro- 

mium(3+) content in samples. 
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Table 6 
Chemical composition of products of repeated alternate processing of silica gel by vapour of 
CRO2C12, H20 (samples "a") and hydrogen (samples "b") 

Sample Content,  mmol /g  Vs, Ssp, 

Cr(+6) Cr(+3) Cro ACro [OH]E cm3/g m2/g 

. . . . .  3.57 0.96 246 

la  1.03 0 1.03 1.03 1.50 - - 

lb 0 1.04 1.04 - 2.47 0.79 229 

2a 1.03 1.01 2.04 1.00 2.29 - - 

2b 0 2.04 2.04 - 2.18 0.77 209 

3a 1.12 2.11 3.23 1.19 2.29 - - 

3b 0 3.19 3.19 - 2.14 0.64 193 

4a 1.32 3.54 4.86 1.67 2.36 - - 

4b 0 4.84 4.84 - 2.15 - 166 

5a 1.44 5,07 6.51 1.67 2.36 - - 

5b 0 6.32 6.32 - 2.25 0.54 155 

6a 1.57 6.44 8.01 1.69 2.42 - - 

6b 0 8.23 8.23 - 2.34 - 133 

Thus the total volume of pores in silica gel and value of specific surface area with the 

increase of a number of ML cycles decreases. 

For the first time with the use of oxidizing-reducing properties of surface groups 

and low-molecular reagents the synthesis of oxide layers, consisting of monolayers of 

various chemical composition, was carried out [51]. The study of interaction of groups 

( - S i - O - ) a V O  with PCI3 and ( - S i - O - ) a P  with VOC13 allowed to obtain on silica surface 

a two-component  oxide layer, in which as a result of processing of oxidizing-reducing 

reactions vanadium and phosphorus are in three and five-valent states accordingly. The 

samples of, practically, identical chemical composition, differ by mutual  arrangement of 

vanadium- and phosphorus - containing monolayers, connected by A T r -  7rTr bonds. 

When processing Cr6+-silica by vapour of PC13, alongside with oxidizing-reducing 

reaction between ( -S i -O-)2CrO2 groups and PC13 with formation of C r - O - P  bonds, 

the affiliating PC13 to the surface S i -O-P bonds takes place [7]. Repeated and alternate 

processing of silica gel by vapour of CRO2C12, PCla and H20 leads to the regular increase 

of chromium and phosphorus contents in the samples [21]. 

The important  factors, corroborating the generality of the principles of ML method for 

obtaining various kinds of surface structures, are the consequences, according to which, 

in appropriate stages of synthesis of the required reagents, it is possible to form on a 

surface not only oxide structures. In works [69-73] on the surface of silica, alumina and 

other solid matrices carbon (with the use of CC14 and CH4), sulfide (from ZnC12 and 

H2S or Zn(OC2Hs)2 and H2S), nitride (processing, for example, vapours of TIC14 and 

NHa) structures or their compositions were synthesized. The integrated outline of ways 

of chemical assembly of surface of solid by ML method has been presented in Fig. 11. 

In summary we note the following: irrespective of the chemical nature and structure of 

disperse matrix the technological operations, hardware registration of process of synthesis 
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Figure 11. Solid surface chemical assembling scheme. 

in all the cases is identical [41,42,72]. Only the technological regimes (temperature, concen- 
tration, the rate of gas - carrier) change, which are defined by properties of low-molecular 
reagents and initial matrix surface, physico-chemical characteristics of forming modified 
products, as well as operational requirements for them. So, using, practically, identical 
hardware it is possible to execute the production of materials of various target purposes 
of required properties. 

5. T H E  M O D I F I C A T I O N  O F  S T R U C T U R A L  A N D  A D S O R P T I O N  

C H A R A C T E R I S T I C S  O F  S I L I C A  A N D  A L U M I N A  B Y  T H E  

M O L E C U L A R  L A Y E R I N G  M E T H O D  

The investigation of properties of products obtained by the ML method allowed to find 
out three fundamental features that define new technology: 
1) the monolayer effect, i.e. sharp, spasmodic change of matrix characteristics of new 

structure units; 
2) the matrix overlap effect; 

3) the effect of mutual concordance of matrix structure and formed layer [13,75] 
On the basis of these effects and possibility to form multicomponent mono- and polylayers 
we considered the most perspective application fields of the ML method technology. 
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It is very good to use a "monolayer effect" (ME) in such cases when it is necessary to 

distribute uniformly and to bind in a strong way small quantities (from parts of mo- 

nolayer to several monolayers) of alloy additions on a developed surface (from one to 

hundred m2/g). Catalysts, sorbents, pigments, ceramic powders, fillers of compositional 

materials and some others are considered to be such materials. In different papers one 

can find information about application of the ML method basically for creation of hi- 

ghly active and selective catalysts [25,29,76,77], but the number of solid phase materials 

where ME could be applied is much greater. For example, uniform distribution of mo- 

nolayer with elements combinations which change their colouring under the influence of 

surroundings can be used for raising of sorbents-indicators sensitive to the vapours H20, 

NH3, H2S, NO2 and other harmful components in many technological processes. One of 

the best examples is a coloured humidity indicator which was created on the basis of 

vanadium-containing silica gel. 

It is known that V205 in dependence on crystallohydrate water content has different 

colouring [78]. But in literature there is no information about using vanadium compounds 

for visual control of humidity in gas media because of very low rate of colour changing and 

contrast. At the same time the data presented in Table 7 show the great dependence of co- 

louring of vanadium-containing silica gel on humidity of air stream. The edge of sensibility 

for IVS-1 in the contact with air stream (expenditure 0.5 1/min.) is -40~ according to a 

dew-point and the sample acquires even yellow colouring in 30 minutes. It should be noted 

that the sensitivity of IVS-1 approximately ten times higher in comparison with indu- 

strial cobalt-containing silica gel (Table 7), this is a reversible sorbent-indicator on water 

vapours and may be regenerated at 200-400~ As shown IVS-1 can be used in control of 

industrial gases on vapours of ammonia in the concentration range 30-400 mg/m 3 (yellow 

colour), of SO2 at 360-1400 mg/m 3 (blue colour), H2S at 20-140 mg/m 3 (violet colour). 

It should be noted that the synthesis of the second monolayer of vanadium-containing 

groups on silica gel and the formation of samples by the impregnation method does not 

allow to receive products with indicator properties on water vapours. 

Table 7 
Sorbent-indicator of the H20 vapour 

Relative humidity (%) 0.5 1.6-4.6 6-10 10-13 15-45 48-95 

Dew-point (~ -40  - 3 0 - 2 0  - 1 8 - 1 3  - 1 2 - 1 0  - 9 + 6  + 8 + 1 9  

Color of the external layer 

IVS-I* 

TU 6-10-1971-84 lemon 

bright light dark from red 

yellow orange orange to dark brown 

* IVS-1 can be used as a humidity indicator in the presence of NH3, S02, NO2. 

Speaking about "matrix overlap effect" (MOE) it should be noted that it could be 

used in all the cases mentioned above. The ML technology allows to control the surface 

layer composition down to one monolayer. But the most interesting aspect of the use 

of this effect is creation of kernel pigments and fillers. It means that we use as a kernel 

the particles of cheap materials (desirably industrial waste materials) and form on their 

surfaces a jacket of optically active product (for example TiO2, ZnO in creation of white 
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pigments). By the ESCA data it was shown that the intensity of Si2p peak (matrix) 
constantly decreased during the growing of titanium oxide layers on the SiO2 surface 
(white soot BS-30), and Ti2p a/2 peak in its energy parameters corresponds to the same 

one in the standard TiO2. The samples of the white soot BS-30 with the TiO2 jacket were 
tested as a white pigment. The mechanical mixture of SiO2 and TiO2 with the same ratio 
of components was used for comparison. It was shown that at the ratio SiO2:TiO2=9:1 

(calculated thickness of TiO2 jacket ~2 am) the coverage of white pigment was ~78 g/m 2 
vs. ,-~166 g/m 2 for a mechanical mixture. 

On the basis of the white soot BS-100 with the ZnO jacket (~20% in calculation for 
ZnO) a new activator of rubber mixtures vulcanization was made. On the one hand, it 
substitutes ZnO, on the other it has better characteristics in comparison with a mechanical 

mixture of the same composition [79]. 
The possibility of coloured casing pigments and fillers creation was demonstrated on 

the basis of SiO2 (Aerosil 175) with chromium(III) oxide jacket (~15% wt. in calculation 

for Cr203) [80]. 
The received data show the expediency of MOE application from the point of view of 

deficit raw materials great saving (for example ZnO), solving ecological problems (waste 
materials as kernels of casing products) and increasing of pigments and fillers output wi- 
thout great enlargement of raw materials' base. It should be noted, however, that because 

of many stages in the ML technology one needs serious economical estimate in realization 

of "thick layers" synthesis. At the same time, as it is known from literature and experi- 
mental data, there are ways to make the ML process in its combination with traditional 

methods much cheaper. 
Thus, the ML method and MOE can be the basis for creation of the new resource 

saving technology for casing pigments and fillers. 
The effect of mutual concordance of matrix structure and formed monolayer (EMC) is 

much less discussed in literature than the previous ones. But the very first experiments 

demonstrated that the above mentioned EMC could influence in a great way the phase 
transformations of both matrix and grafted layer increasing their velocity and decreasing 
power consumption [81,82]. The results obtained in [81,82] allow one to forecast with eno- 
ugh confidence their application in the processes of compacting high-dispersed products, 

for example in the ceramic technology. 
One more interesting perspective of the ML method is in its possibility to form prac- 

tically any artificial multicomponent nanostructures with any composition as shown in 

Figure 11 (schemes B and C). 
Taking into account the above mentioned ME and MOE one can distinguish three main 

directions in realization of such artificial structures: 
a) formation of clusters with a different known ratio of different atoms; 
b) introduction into the surface structure composition different atoms increasing the in- 

fluence of basic alloy additions; 
c) chemical assembling of coverings possessing polyfunctional properties. 

In Figure 12 the technological scheme of silica gel modification by the vanadium is 

submitted [41,74]. 
Preliminary dried silica is loaded into the section I by the loader 9 from vessel 10 on 

the gas-distribution plate 13 to be dried and heated up to 200~ The air injected by the 
compressor 2 is used as a carrier gas. It is dried by the NaX zeolite up to a dew-point 
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"4 

Figure 12. The technological scheme of gaseous obtaining of V-sifica gel. Details are: chemical 
reactor (1), compressor (2), absorber (3), calorifer (4), injector (5), commingler (6), barboters 
(7,8), loader (9), vessels (10,11,12), gas-distributor plate (13), isolating device (14). 

-50,  -60~ into the adsorbers 3 and then is heated passing the calorifers 4. After the 

isolating device 14 has been opened, silica gel moves into section II, where it is treated 
by the VOC13 vapour. In section III the removal of the main part of non-reacted VOCI3 

by the air flow takes place at the temperature 300-500~ Sections IV and V are used to 

desorbe VOCI3 by the aqueous vapour-air mixture. The air is saturated by the VOC13 and 

H20 vapours in the injectors 5 and in the comminglers 6. The VOCI3 and H20 vapours 
are absorbed at the reactor outlet into the barboters 7,8. 

The mathematical description and the methods of technological calculations of VOC13 
chemisorption by the fluidized silica gel process were proposed. For this purpose the exact 
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dependence of vanadium content on synthetic parameters and physicochemical properties 
of acted phases as well as on the processing time have been found: " 

a =  a (Cin, w, H0, Dg, day, Papp, A, r) (14) 

where H0 is the height of silica layer; Dg is the gas diffusion coefficient; p~pp is the apparent 

density; A is the maximum possible vanadium content for given silica gel; d~v is the average 
silica gel grain diameter; w is the gas flow rate; Cin is the vanadium concentration in the 
gaseous flow inlet the reactor; v is the processing time. 

Mathematical model was based on the dimension analysis method. The obtained de- 
pendence of silica gel surface conversion degree on the process parameters can be presented 
as:  

1 
O - 1 - [ 1  - O*] D~ ] (~-0 ~ ) \d]v ] (15) 

where O* is the maximum coverage of silica surface by the vanadium-containing groups 
under the experimental conditions. 

The experimental data were treated by the least square method. As a result the nume- 
rical values of c~l, c~2, c~3, c~4 were obtained. To found the magnitude of O* the empirical 
equation was proposed: 

O* = 1 - e- 27Cin (1 6) 

The average relative error of | | parameters estimation according to equations 

(15,16) does not exceed 10%. 
The proposed mathematical model was taken as a basis of chemisorption process cal- 

culations for a semi-permanent action apparatus, used for the V-silica gel synthesis. 
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Chap te r  1.9 
Kinet ics  of organic compounds  chemisorpt ion from the gas phase on 
oxides surface 

V. I. Bogillo 

Institute of Surface Chemistry of National Academy of Sciences, 252022 Kiev, Ukraine 

1. I N T R O D U C T I O N  

Organic compounds chemisorption on Si, A1, Ti, Zr and other element oxides surface 

is a decisive stage in oxide modification and various catalytic processes proceeding on 

the surface of these solids [1-4]. Modification of the parent and mixed oxides surface 

by organic compounds is widely used in preparation of chromatographic supports [5-7], 
substrates for making chiral reagents for enantiometric separations [8], molecular reco- 

gnition [9], extraction/detection of metal ions [10], dispersed fillers of polymer materials 

[5,11], immobilization of biomolecules such as enzymes [12], DNA [13] and antibodies [14], 
thickeners of dispersive media [1] and modified electrodes [15]. To select appropriate con- 

ditions of synthesis of modified oxides, it is essential to know the kinetic parameters of the 

processes involved and the laws governing the effects of preliminary thermal treatment of 
materials, structure of gaseous reactants and oxides on these parameters. From the kine- 
tic study there may be determined the optimal parameters for modified oxide synthesis; 

that is reaction time, temperature of reaction and surface pretreatment, pressure of gase- 
ous reactant as well as established the most optimal structure of reactant and catalytic 

additives for this process. 

Problems of justification for correct kinetic model, limiting stage and reaction mecha- 
nism often arise in the investigation of organic compounds interaction with active sites of 
the solid surface. Such conclusions can be deduced from a kinetic study for series of related 

reactants with the solid surface and from well-known relations and postulates of physical 

organic chemistry [16-21]. However, the surface properties of the oxides are generally not 

identical to those of the bulk solid structure. The BrSnsted and Lewis acid-base sites are 

the main types of active sites on SiO2, TiO2, A1203 and other parent and mixed oxides 

surface in different chemisorption and catalytic transformations of organic compounds. 
The properties of such acid-base sites strongly depend on their geometry and will gene- 

rally display a distribution of the surface on the reactivity parameters. Furthermore, the 
induced surface heterogeneity may result from the lateral interaction between chemisorbed 

species at high surface coverage or due to the reconstruction of the surface during che- 

misorption. Same difficulties emerge when the application of physical organic chemistry 
methods to study of the reaction mechanism with active sites of the heterogeneous oxides 
surface is considered. The central problem concerns difficulties of description of reaction 
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kinetics using models of homogeneous surface. Kinetic models of such reactions should 

account for the effects of chemical and structural heterogeneities of the oxide surface. 

So far, kinetics of various chemisorption reactions, mainly organosilicon compounds 

on the Si, Ti and A1 oxide surface has been investigated. Kinetics of organic compounds 

reactions with hydroxyl groups of silica surface is one of the best investigated of these 

oxides [4,22]. Chemical properties of high surface area silica are now fairly well understood 
from adsorption, infrared, XPS and NMR studies [1,2,4,6,22]. Kinetic studies in the area 

were initiated by Evans and White [23] as well as by Hair and Hertl [24,25] over 25 

years ago and are being continued by other investigators [4,22,26,27]. Most examples of 

organic compounds chemisorption on the oxide surface considered in the present review 

are given also for the above systems. At the same time, considerable advances have been 
made in the theory of elementary reaction kinetics on the solid, especially, on single 
crystal surface [28-32]. This is caused by development of new spectral techniques for 
the surface analysis as well as by a wide use of powerful computers for simulation of 

surface processes by Monte Carlo and molecular dynamics methods [33] and for solution 

of forward and opposite problems of reaction kinetics on the heterogeneous surface using 

modern numerical methods. As the review devoted to description of the organic compound 

chemisorption using well justified models is lacking in the literature, comparison of organic 
species or oxides surface active sites reactivity and following progress in the field of surface 
chemical modification is not possible. Most discussed studies are concerned with reaction 
kinetics from the gaseous phase on the oxides surface. However, some regularities presented 

in the review are likely to be true for chemisorption from the liquid phase, especially, from 

nonpolar or slightly polar media on the oxides surface. 
A main purpose of proposed models and solutions presented in the review is to provide 

feasibility to describe the chemisorption kinetics in a wide range of experimental conditions 

and to determine the optimal conditions and structure of reactants for the oxides surface 

modification. 

2. T Y P E S  OF R E A C T I O N  SITES O N  T H E  O X I D E S  S U R F A C E  

Understanding the mechanism of organic compounds chemisorption on a molecular 
scale means defining the active sites of oxides surface and the elementary steps of the 

overall process. Depending on the structure of initial reactants, preparation method and 

temperature of metal oxides pretreatment, different types of active sites may exist on 
their surface. Mainly, there are Br6nsted and Lewis acid-base sites. Metal oxide surfaces 
have a surface density of about 4-5 hydroxyl groups/nm 2. These can be grouped into 

sets of surface hydroxyl groups with varying acidities [34-36]. For example, on the surface 

of silica, such Br6nsted acid sites may be represented by single, vicinal and geminal 
OH groups [37-39]. Thermal and chemical treatment of the silica alter the degree of 

clustering of the silanol functionality present on the surface [1,40]. When silica surfaces 
are dehydroxylated in vacuum above 650~ highly reactive surface sites, as edge-shared 

tetrahedral dimers, are created [41]. The highly strained Si-O-Si bonds in the dimers 

are destroyed "instantaneously" via dissociative chemisorption reactions [42-44]. For the 
formed defects, the strained silicon site is a Lewis acid since it possesses an unoccupied 

d-orbital which is available as an electron acceptor. The lone pair of electrons on the 
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bridging oxygen can function as a Lewis or BrSnsted base (electron-donor). 
It is known that several types of hydroxyl sites are present on the surface of -)'-alumina 

[3,45]. Pretreatment or heating alumina at high temperatures leads to dehydroxylation 
of the surface hydroxyl groups and the formation of Lewis acid sites on the surface. 
During dehydration at high pretreatment temperatures (> 300~ OH groups which 
have low acidity combine with hydrogen atoms from the neighbouring sites with stronger 
acidity, forming water molecules. This process creates an anion vacancy (Lewis acid site) 
which exposes coordinatively unsaturated aluminum cations and a cation vacancy,i.e., 
coordinative by unsaturated oxygen. The single and bridged OH groups are identified 
on the pyrogenic titania surface, except that the Lewis sites of the hydroxylated surface 
are capable to charge-transfer interaction with specific functional groups of adsorbed 
molecules [46]. Also, at lower temperatures of oxides surface pretreatment, the reactivity 
of active sites is influenced by the physically adsorbed water [4,22]. 

3. M E C H A N I S M S  O F  O R G A N I C  C O M P O U N D  R E A C T I O N S  W I T H  

O X I D E S  S U R F A C E  S I T E S  

3.1. React ions  with hydroxyl  groups 

Since hydroxyl groups and element-oxygen bonds are key active sites on the Si, Ti 
and A1 oxides surface at moderate temperature of a surface pretreatment [1-4,6,22], the 
most organic compounds interact with these sites during chemisorption according to the 
following mechanisms. 

3.1.1. E l e c t r o p h i l i c  s u b s t i t u t i o n  of hydrogen (SEi) 
Scheme of electrophilic substitution mechanism of surface OH group proton by organic 

residue at interaction of the organic compound RX with a single group of oxide (Mn+-OH) 
can be presented as follows [47-49]: 

M"+-OH + RX ~ M n + - o  : 

H 

. ~  

R 

: X -- -- M n+-  OR + HX (1) 

Diborane (B2H6), organosilanes, organosiloxanes, Si, Ti, A1, B and P halogenides, orga- 
nometallics and other chemical compounds possessing high electron-acceptor properties 
and low donor ability interact in accordance with the above mechanism [4,22,47-49]. 
Hence, one molecule from the gas phase interacts with one hydroxyl group and its ki- 
netics is simply first order. In case of bi- and trifunctional compounds,e.g. (CH3)2SIC12, 
CHaSiC13, SIC14, A1C13, TIC14, BCla, etc. interaction with the paired hydroxyl groups 
of oxides surface (geminal or vicinal) the next step of the transformation is reaction of 
surface product with the second OH group 

O H . . .  OH O H . . .  ORX O - - R - - O  

I I I I I I 
M"+-O-M "+ + RX~ ka ~ M~+_O_M~+ k2 ~_ Mn+_O_Mn+ 

HX HX 
R1 R2 Pl  P2 

(2) 
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This reaction has a stoichiometric coefficient equal to 2 with respect to the surface 
OH groups. It must be emphasized that different reaction order cannot be equated to a 
stoichiometric coefficient but must be obtained from the kinetics data. For example, for 
the above reaction we can write the equation for a loss of surface OH groups 

d[OHl/dt = - k l [ O H ] -  k2[OH] ~ 

After integration of Eq. (3) we get: 

(3) 

[OHlo(kl + k2[OH]) } 
In [OH](ka + k2[OH]o) = k , - t  (4) 

where kl and k2 are the rate constants of the steps and t is the reaction time. Also, 
approximate solution of Eq. (3) may be obtained by putting ~o = [OH]o/[OH] and its 
expanding into a power series [50] 

(5) [OH]0 = ( ~ -  1 ) / k 2 t -  ~kl/k2 

Apparent order of the above process consisting of the mixed first- and second-order 
reactions lies between 1 and 2 and it is a function of the first- and second-order trans- 
formations (ka and k2). At a simultaneous RX2 interaction with the paired OH groups 

(k2 >> kl) we have simple second-order reaction kinetics 

(6) [OH] = [OH]o (1 + 2k,t[OH]o)-' 

The consecutive reaction of RX2 with the paired hydroxyl groups is a more probable 
process than its simultaneous interaction. When [R2] >> [R1], and k2 ~ kl, kinetics of P= 
formation is first-order and solution of differential equations set may be written as: 

(7) [P2] -  [R1]o {1 - ( k  2 - kl) -1 [k2 exp ( - k i t ) -  kl exp (-k2t)]} 

where [R1] is the initial concentration of the paired groups on the surface. 

3.1.2. Nucleophi l ic  subs t i t u t i on  of hyd rogen  (SNi) 

M " + - O H  + R X  ~ M  n + - O :  

H 

. ~  

R 

: X -~ " M n + -  R + H X  (s) 

This mechanism is more probable for the interaction of organic compounds possessing 
high electron-donor ability, i.e. alcohols, amines, water, hydrogen halides, diazomethane, 
etc. [4,22,51-54]. Also, at alkoxysilane chemisorption by the SEi mechanism with alcohol 
formation, the following step of transformation includes its interaction with the surface 

OH groups by the SNi mechanism 

M"+OH + RX kl = M"+OR + HX (9a) 

HX + M n + O H  k2 ~ Mn+X + H20 (9b) 
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The differential equations set describing reaction kinetics may be written at [RX]0 >> [OH]0 

d[OH]/dt - -k l [OH]-  k2[OH][XH] (10~) 

d[RX]/dt - k'~[OH]- k2[OH][XH] (10b) 

where k~ - kl[RX]. 
The solution of this set can be obtained only for k~/k2 ratio [55]. It equals the stationary 
concentration of XH. From this solution it follows that XH concentration does not de- 
crease to zero when OH groups are completely consumed and it reaches a limiting value 

[OH] = k~/k2. 
The most effective way of oxides surface modification by organosilicon compounds is 

their reaction in the presence of minor concentrations of the third component. Ternary 
and secondary aliphatic amines, ammonia, heterocyclic nitrogen-containing compounds 

(pyridine, morpholine, etc.), water and other compounds possessing high electron-donor 
ability are effective catalysts of organosilanes and organosiloxanes reaction with the silica 
surface OH groups [1,4,5,6,22,56 and references therein]. Formation of a hydrogen-bonded 
complex between the surface OH group and catalyst molecule leads to the increase of elec- 
tron donor ability of oxygen atom of this group and to enhancement of its reactivity in the 
SEi process. Another function of the catalysts possessing free hydrogen atoms, i.e. primary 
and secondary amines is assistance for removal of OH group proton by departing the al- 
koxy group. For example, catalytic efficiency in chemisorption of trimethoxymethylsilane 
on hydroxylated or dehydroxylated non-porous silica (Cab-O-Sil) surface decreases in the 
following series: ethylamine > diethylamine > ammonia > triethylamine > pyridine [56]. 

Let us consider kinetic scheme of such a transformation. A catalyst molecule (C) forms 
a hydrogen-bonded complex with the surface OH group (OHm) in the first step 

OH~+C ~-k+~ OH~---C ( l la)  
k_ 

with the equilibrium constant K = k+/k_ = [OHs.-. C]/([OH~][C]). The compound RX 

(at [RX]0 >> [OH~]0) reacts with this complex and free OH groups 

RX + OHm..-C kl -~ RO~ + HX + C ( l lb)  

RX + OHs k2 ~ ROs + HX (11c) 

Initial rates of ROs formation and OHs disappearance are described by following equations: 

(d[ROs]/dt)t_~ ~ _ (k~ + k~K)[OHs]0 
- (1 + K) (12a) 

k~[OH~]0 (12b) 
(d[OUs]/dt)'-~~ = -  (1 + K) 

where kl - kx[RX]0, k~ - k2[RX]0 and [RX]0 is the RX initial concentration. At K << 1 
and k~ >> k2 the kinetics is presented by the third-order equation with an apparent rate 

constant kapp = klK[C]0. 
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3.2. React ions  with Lewis ac id-base  sites 

3.2.1. Elec t rophi l ic  or nucleophi l ic  add i t ion  to Lewis sites 
In accordance with donor-acceptor properties of organic compound, it interacts with 

the element--oxygen bond of oxide surface with an attack toward the Lewis base site 
(oxygen atom) 

RX + M n + O  2-  ~ RX. - .  0 2 - M  n+ (13) 

or toward Lewis acid site (coordinative unsaturated metal ion) 

RX + M~+O 2- ~ RX-- .  M~+O 2- (14) 

These reactions are often accompanied by dissociation of metal-oxygen bond (Adi 
process). For example, the element-oxygen bond (e.g., siloxane bond in silica) is cleaved 

readily by nucleophilic or electrophilic reactants 

(M~+)20 + R - X  -~ Mn+-OR + M~+-X (15) 

When X = H, a new BrSnsted surface site is formed in the last step 

RH + M n + O  2-  ~ RH.- .  O2-M n+ ~ ~  R - M n + O H  - (16) 

The best known example for creating the site is hydratation of the oxide surface. 
Reactions of organosilicon compounds with active sites of silica surface proceed via SEi 

mechanism [4,57]. Nevertheless, it has been established that, apart from the occurrence of 
chemisorption by the SEi mechanism, dissociation of silica surface siloxane bonds occurs 

by the Adi mechanism at interaction of such compounds, as (CHa)aSiX (X = N3, NCS 

and NCO) [58-61] 

(CH3)3SiX n t- -SiOSi-  -" (CH3)3SiOSi- -4- -SiX (17) 

Kinetics of both reactions was observed by IR spectroscopy and gravimetry [57-61]. 
From scheme 1 it follows that kinetics measured by a decrease in intensity of stretching 
vibration band of the surface OH group on the reaction time corresponds to the SEi 
mechanism [2]. Dissociative addition (Scheme 17) can be defined by kinetics derived from 
measurements of the increasing intensity of stretching vibration band of surface SiX group 
[58- 61]. Kinetic data derived from the increase in the intensity of valence vibration band of 
surface Si(CHa)a group or from the gravimetric measurements (increasing of solid samples 
mass on the time) display the formation of a product by two parallel reactions and they 

can be described as: 

d[Me]t [OH]0 ' k' [-SiOSi--]0 , 
dt[Me]m~x = k~[Me]m~-------~ e x p ( - k l t )  + 2[Me]m~x exp(-k2t )  (18) 
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where [Me]t is the surface concentration of the chemisorbed (CH3)aSi groups at instant 

time, while [Me]max is that observed on completion of the reaction, [OH]0 and [-SiOSi-]0 

are the concentrations of the OH groups and the reactive siloxane bonds on the surface 

at t = 0, [Me]max = [OH]0 + [-SiOSi-]0, kl = k~[RX], k; = k2[RX]; ka and k2 are the rate 
constants of reactions occurring by the SEi and Adi mechanisms, respectively and [RX] is 

the concentration of organosilicon compound in the gas phase. 
It is clear that with a main chemisorption route proceeding through the SEi mechanism 

(i.e. at kl >> k2), kinetics of the process derived from the change in concentrations of the 

surface OH and (CH3)zSi groups should match. At k2 >> kl ,  kinetics derived from the 

increase in the (CH3)3Si groups concentration with smaller t values will approximate 
to that of the increasing concentration of SiX surface group, characteristic for the Adi 

mechanism. 
A more complex scheme of chemisorption including SEi and Adi mechanisms was con- 

sidered by Mertens and Fripiat [62] for the silica gel methoxylation 

S i - O - S i  + CH30H kl Si-OCH3 + SiOH (19a) 
k_a 

k2 ~ Si-OCH3 + He0 (19b) S i - O H  + CH30H ~k-2 

S i - O - S i  + H20 ~- k3 -~ 2S i -OH (19c) 
k-3 

Kinetic parameters of the surface esterification were determined from the analysis of 
surface OH groups and chemisorbed methoxy species concentrations during the reaction 

assuming that k_l - kz - 0" E1 r - E 2  r - 27.5 kJ-mole-a; kl/k2 - 0.33 at 150~ and 0.64 
at 190~ k_3 = 1.3-10 -4 g. mole -1. hour -1 at 150~ and 1.6-10 -4 g. mole -a.  hour -x at 

190~ Thus, cleavage of the siloxane bridge is a less likely reaction than SNi reaction of 
alcohol with the surface OH groups. It should be noted that very low activation energy 

for silica surface dehydroxylation (E~ - 8.4 kJ .  mole -a) has been calculated from the 

temperature dependence of k3. This value is in contradiction with a high temperature of 
such a process beginning (> 400~ [63]). This may be due to high errors in determination 

of the rate constants. 

3.2.2. Redox  react ions  wi th  Lewis sites 
Such reactions are possible at interaction of transition metal oxide surface in the re- 

dox reactant/surface site pairs possessing low electron transfer free energy and lead to 

formation of radical-ions from the reactant molecules [64] 

RX + M n + O  2- ~ RX ~ + O 2 - M ( n + )  -1 (20) 

RX + M n + O  2- ~ . ~  RX ~ + M ( n + ) + l O 2 -  (21) 
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Following stages of the transformation are dissociation of the radical-ions and recombi- 
nation of reaction product (anion from radical-anion, or proton from radical-cation) with 
surface sites. These reactions may be first steps in catalytic transformations of organic 
compounds with participation of the oxygen atom of oxides lattice. 

Also, elimination reactions (mostly, free radical elimination Ea) are widespread in 
thermal decomposition of organic residue on the modified oxides surface. Degradation of 
organosilicon cover of modified silica surface at high temperatures presents an example of 
such transformation [65]. 

Majority of studies concerning organic compounds chemisorption kinetics on oxides 
surface are performed for the reaction mechanisms described by Schemes 1, 8 or 15 and 
mainly, for the first mechanism of organosilicon compounds interaction with OH groups 
of non-porous silica surface. 

4. M A I N  S T A G E S  OF C H E M I S O R P T I O N  O N  T H E  O X I D E S  S U R F A C E  

Models of homogeneous kinetics, Eqs. (3-7, 10, 12, 18, 19), describe badly the expe- 
rimental kinetics of organic compounds chemisorption on the several oxides surface in 
the whole range of reactant concentrations, surface coverage at different temperatures. 
It may be connected with parallel chemical reactions on different mechanisms as well as 
with change of rate limiting stage at variations in the experimental conditions. Usually 
one of such stages is much slower than the others and it mainly determines the overall 
reaction rate. The chemisorption process can include the following stages. 

4.1. Ex te rna l  and in ternal  pore  diffusion 
This process may be a rate limiting stage at high concentration of reactant in the gas 

phase. Its influence on the adsorption kinetics has been considered in detail by Unger 
[6] and Jaroniec and Madey [29]. The following simultaneous diffusion-adsorption model 
may be applied to the experimental kinetic data in order to derive effective diffusion 
coefficients [66]: 

OC 1 { 0  [ ( O C ) ] }  Oa (22a) 
0t = r ~ Orr r2D ~ r  0t 

where C and a are the adsorbate concentration in the gas phase and on the adsorbent 
surface, respectively, r is the equivalent radius of spherical adsorbent particles and D is 
the diffusion coefficient. This nonlinear partial differential equation is a modified version 
of Fick's second law of diffusion, which includes a nonlinear sorption term, and it can be 
solved using appropriate boundary conditions and assumptions [67-69]. The corresponding 
solution has the general form 

C/C0 = exp ( - D t / r  2) (22b) 

where Co is the initial adsorbate concentration. At interaction with non-porous or ma- 
croporous oxides, chemisorption kinetics is determined mainly by external diffusion and 
chemical reaction. This diffusion stage is fast enough so that its influence on the chemi- 
sorption rate may be neglected. For example, Knudsen diffusion flow may be observed in 
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the volume of non-porous silica (Aerosil 300 with a radius of secondary pores 20 ~) at 

the reactant pressure higher than 1880 torr. 
The diffusion coefficient in the solid layer of thickness 1 is connected with time (tl/2) 

required to observe a half of bulk concentration of the surface product pt = 0.5p~ by 

Crank's equation 

D = 0.049 12tl/12 (23) 

Conclusions about a rate limiting stage of methanol chemisorption on the micropo- 

rous Xerogel were performed by Mertens and Fripiat [62] from the comparison of a 
self-diffusion coefficient of physically adsorbed methanol (D - 1 .5 .10  -6 cm 2- s -1 at 

25~ or 1.5.10 -5 cm 2. s -1 at 150~ with a range of its reaction rate constants on the 
Aerogel determined from the infrared data (5.10 -11 < D < 4-101~ cm : .  s-l).  Hence, the 

second value is five orders of magnitude lower than the first one and reaction rate is not 

limited by diffusion. 

4.2. A d s o r p t i o n  of  reac tant  and  fo rma t ion  of intr insic  p recurso r s  
Adsorption of reactant from the gas phase on the surface and formation of intrinsic or 

extrinsic precursors is a following stage of chemisorption. Precursor state models are built 

based on the notion that before chemisorbing, a molecule becomes trapped temporarily in 

a weakly bound, mobile, molecular state, which arises due to a long range physisorption 

interaction. Every chemisorption involves a passage through a precursor state, since all 
molecules have a long range attraction, and molecules will pass through a region where 

this interaction is effective on their way to the surface. As mentioned above, kinetics of 

organic compound reactions with the hydroxyl groups of silica surface occurs through 

two (SEi and Sii) main mechanisms. Formation of precursors (linear hydrogen-bonded 
or cyclic donor-acceptor complexes between organic molecules and surface groups) have 
been proposed in the first stage of these reactions [4,22,47-49,51-54]. Overall activation 

energy, rate and selectivity of surface reactions strongly depend on the precursor stability. 

These effects as well as relationships between electronic, structural properties of organic 

reactants and BrSnsted, Lewis acid-base sites of oxides surface and heats of the complex 

formation as well as reaction activation energies are studied in [47-49,70]. 

4.2 .1 .  H y d r o g e n - b o n d e d  complexes  
Quantum chemical computations of potential energies surface sections along the re- 

action pathway (PEES) for interaction of typical electrophiles (halogensilanes H3SiX 

(X = F, C1, Br, I), trimethylchlorosilane [48,49], acetyl chloride [51]) and nucleophiles 
(hydrogen halides HX (X = F, C1, Br, I), water, aliphatic amines, aliphatic alcohols [52], 

amino acids [53] and substituted phenols [54]) with the silica OH group in a cluster appro- 
ach using semiempirical AM1, NDDO, MNDO and MNDO/H methods were performed. 

Representative PEES is shown in Fig.1. 
The first minimum on the potential curve conforms to formation of linear hydrogen- 

bonded complex between the surface OH group and most electron donor atoms of organic 

molecule in the absence of steric restrictions. From the calculated heats of such complex 

formation (Q) with OH groups of parent and mixed Si, Ti and A1 oxides surface clu- 
sters (by MNDO/H and NDDO methods [49]) it follows that steric restrictions have some 

influence on the stability of H complexes in case of H3SiC1 (Q -- 7.7 k J -mole  -1) and 
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Figure 1. Potential energies surface sections along the reaction pathway for substitution of 
hydroxyl group on oxide surface by organic residue. Figure taken from [49]. 
(1)-linear H-complex between reactants; (2)-cyclic donor-acceptor complex between reactants; 
(3)-transition state; (4)-cyclic donor-acceptor complex between reaction products; (5)-linear 
H-complex between reaction products. 

(CH3)3SiC1 (Q = 5.8 kJ -mole  -1) interaction with the silica OH group. Heat of H com- 
plex formation between NHa molecule and OH group increases at transition from single 
Si-OH to bridged Si-OH-A1 and Ti-OH-Ti groups on the oxides surface. Also quantum 
chemical computations of bond dissociation energies of the element-OH groups, charges 
on the O and H atoms of OH group and O-H distances for several oxides clusters were 

carried out in [49]. Apparently, useful characteristics which determined proton donor abi- 

lity of the surface OH group to form hydrogen bond with electron donor molecules will be 

deprotonation energy and charge on the H atom. It was established that deprotonation 

energy decreases and charge on the H atom increases in the series of single and bridged 
OH groups of Si, Ti and A1 oxides [49]. 

Quantum chemical computations of H complexes heats formation in case of interaction 

of large organic molecules lead to high errors. A more perspective way is the use of well 

known relations of physical organic chemistry for this purpose. These equations allow to 

predict the heats of hydrogen-bonded or donor-acceptor complexes formation on the basis 
of donor (base) and acceptor (acid) empirical parameters. There are Drago and Weyland's 
equation [71] 

Q = EAEB + CACB (24) 

or the linear expression between Q value and Gutman parameters for organic solvents [72] 

Q = DNBANA (25) 

where EA and EB are the electrostatic and CA and CB are the covalent contributions of 
acid (A) and base (B) in the heat formation; DN and AN are the donor and acceptor 

numbers of base and acid, respectively. For instance, Eq. (26) was used for calculation of 

adsorption heats of organic bases on the surface of dehydrated silica [73] 

Q = 20.33 EB + 1.16 CB + 1.41 PB + 5.36 #s (26) 
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where PB and #B are the molar deformation polarization and dipole moment of the base. 
Also, electrostatic and covalent contributions of sites of silica and silica-alumina mixed 
adsorbents surface to differential adsorption heats were determined using Eq. 24 [74]. 
Firstly, the use of Eq. (24) for characterization of polymers or their fillers surface was pro- 

posed by Fowkes [75]. Eq. (25) was successfully employed for determination of acid-base 
parameters of several silica surfaces from correlation of specific interaction contributions 
to their free surface energy with D N and AN values of test adsorbates [76]. However, 
the acid-base parameters of Eqs. (24) and (25) are not known for most typical organic 
reactants used for modification of oxides surface. 

Linear relationships between quantum chemical indexes (maximum negative (q/n~) 
and positive (q+~x) charges) as well as energies of highest occupied molecular orbital 

(EHoMO = - I P ,  where IP is the vertical ionization potential) and lowest unoccupied mo- 
lecular orbital (ELuMO) and the empirical donor-acceptor parameters of organic molecules 
were established in [49]. Parameters of the relationships are presented in Table 1. 

Table 1 

Parameters of linear equations Y - A X + B connecting empirical donor- acceptor parameters 

of organic molecules (Y) (Eqs. 24 and 25) with their quantum chemical indexes (X) from [49] 

Empirical Quantum 

donor-acceptor chemical 

parameter index 

Mean square Number of 
A B deviation compounds 

CB EHOMO 2.30 29.90 103.40 14 

CA ELUMO - 8.90 0.80 4.90 18 

EB qm~x 0.71 0.80 0.91 14 

EA q+max 8.20 2.40 77.90 18 
DN qm~x 90.80 4.10 17.40 8 

Hence, from these data one would expect the linear relationships between the quantum 
chemical indexes and heats of H complexes formation. However, thermodynamic functions 
of such complexes are absent for most organic reactants. As observed by IR spectroscopy 
method, the formation of H complexes between adsorbed compounds and oxides surface 
OH group at low temperatures is attended by a shift of valence vibration band of these 
groups in the direction of low frequencies (A//OH), to the widening and reduction of its 
intensity [2,77]. The A//OH values for interaction of several organic bases and organosi- 
licon compounds with the silica surface OH groups are presented in [2,77,78]. They are 
connected with heats of H complexes formation by the following expression [77,78]: 

Q -  1.255 (A//OH- 40) 0.5 (27) 

Following linear dependencies between &//OH on the silica surface and qm~x as well as 

EHOMO of organic compounds have been established [49]" for small organic molecules 
possessing basic properties 

AuOH -- 84.5 EHOMO + 1268 qm~x + 1025; S - 199; n - 7 (28a) 



and for organosilicon compounds 

AuoH = 92.8 EHOMO + 1264; 

chemical indexes are presented in Fig. 2. 

S = 116; n -  19 (28b) 

The better correlation of AUOH with EHOMO than with qm~x values in case of organosi- 
licon compounds adsorption may be explained by more softness of these compounds in 
comparison with the small organic bases. The dependencies between A~OH and quantum 
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Figure 2. Dependencies of shift of valence vibration band of silica surface hydroxyl groups at 
adsorption of small organic bases (a) and organosilicon compounds (b) on the maximum negative 
charge of the bases (a) and on the ionization potential of organosilicon compounds (b). 

A simple expression for the observed chemisorption activation energy (Eoeu~) with con- 
sideration of H complex formation prior to a slow chemical reaction can result from 
application of the quasi-steady-concentration for H complex medthod: 

Eo~bs # (29) = E~ho~ - ( O  + zxO~) 

where Echen ~ is the activation energy of proton transfer stage and AQI~p is the contri- 
bution of nonspecific interaction to the overall adsorption heat. This contribution to the 
adsorption heat on the dehydrated silica surface can be estimated from its dependence 
on the molar deformation polarization Eq. (26). In such a manner the adsorption heats 
of organosilicon compounds on this surface can be calculated on the basis of their E~OMO 
and P values Eqs. (26, 27, 28b). Using these data and Eq. (29), the activation energies 

for interaction of wide series of organosilicon compounds with OH groups of silica surface 

were estimated. These data are presented in Table 2. 
It is obvious from this table that the change of structure of the organosilicon compounds 

can have a more pronounced effect on the activation energy of chemical stage than on the 
heat of H complex formation. Moreover, steric effects of substituents at Si atom in these 

compounds have a more dominant role in the chemical interaction than in the complex 
stability. This is apparent from comparison of the Q~as change at adsorption of alkoxy- 
silanes with the observed chemisorption energies. The E~o ~ increases at enhancement (the 
absolute value) of a steric constant of the alkoxy substituent at Si atom. 
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Table 2 
Activation parameters of the organosilicon compounds reactions with OH groups on the pyro- 

genie silica surface (A r pre-exponential factor and EoCb~, observed activation energy on "free" 
surface) [79-81], the estimated heat of adsorption complex formation (Q~d~) and activation 

energy of proton transfer (Ec~orr)from [49] 

Compound A S Eo~bs Q~ds Ec~orr 

(cm3. molecule- 1. s -1 ) (kJ .mole -1 ) 

(CH3)3SiC1 2.5.10 -12 105 54 159 

(CH3)3SiBr - 23* 57 80 

(CH3)3SiI - 20* 60 80 

( CH3 ) 2 SIC12 2.7.10 -13 76 52 128 

C H3 SIC13 1.2.10 -13 70 49 119 

SIC14 2.2.10 -16 50 42 92 

(CH3)3SiOSi(CH3)3 2.4-10-11 129 59 188 

(CH3)3SiN(CH3)2 7.8.10 -14 43 61 104 

( CH3 )3Si CN 5.0.10-17 29 53 82 

(CH3)3SIN3 8.2.10-14 78 61 139 

(CH3)3SIN CO 1.1.10-16 77 57 134 

(CH3)3SIN CS 4.7.10-16 32 61 93 

(CH3)3SiOCH3 - 23* 58 81 

( C2 H5 )3SiOCH3 - 24" 58 82 

(CH3)3SiO C2 H5 - 60* 58 118 

(CH3)3SiOC3H7 - 62* 58 120 

(CH3)3SiOC(CH3)3 - 62* 59 121 

(CH3)3SiOCH2C6H5 - 63* - - 

(CH3)3SiOCOCF3 - 13" - - 
[(CH3)2SiO]4 2.2.10 -16 55 61 116 

[(CH3)2SiO]3 3.0.10 -16 64 62 126 

[(CH3)(CH2=CH)SiO]3 1.1"10 -17 34 61 95 

*Activation energy was estimated on the basis of the time for given coverage achievement at cer- 
tain temperature [80]. Temperature of preliminary preparation of the non-porous silica samples 
(Aerosil 175 or 300) ranges from 673 to 923 K in vacuum for 2 h. 

4 .2 .2 .  D o n o r - a c c e p t o r  c o m p l e x e s  and  r e a c t i o n  of p r o t o n  t r a n s f e r  

Subsequent transformations of the above H complexes are affected by a way of tempe- 

rature or reactant concentration enhancement as well as by addition of the third donor or 

acceptor component (catalyst) [4,47,48]. Quantum chemical computations of a section of 

potential energies surface along the reaction pathway for some SEi and SNi processes with 

silica OH group reveal that  the linear H-complex with this group formed in the first reac- 

tion stage reactions thereafter transform to a cyclic donor-acceptor complex. The second 

minimum on the potential curve (Fig. 1) is due to formation of a cyclic donor-acceptor 

complex (DAn) which is recognized for SEi and SNi reactions [49]. 
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In case of large organic molecules interaction (for example, with (CH3)2CHOtt and 

(CHz)zSiC1), this minimum often missing from a potential curve and the DAR complex 

is consistent with the reaction transition state. The heat of such complexes formation va- 

ries from 8 to 40 kJ.mole -1. Relationships between activation energies of these reactions 

and quantum-chemical indexes of organosilicon compounds were established in [49,82]. 

Electron donor ability of surface sites and electron acceptor ability of gas reactant play a 

leading part in the rate of SEi reaction, while opposite properties of reactants affect the 

precursor stability. It increases with enhancement of proton donor ability of the surface 

OH group (B-acidity) and electron donor ability of the reactant molecule. By contrast 

to the above mechanism, the height of activation barrier of SNi reaction decreases with 

the increase of electron acceptor ability of Si or metal atom on the surface and with en- 

hancement of electron donor ability of the gas phase reactant. Dependencies of precursors 

stability on the electronic structure of the gas phase reactant and OH surface group are 

closely allied for the SNi and SEi mechanisms. In such a manner the surface sites reacti- 

vity in SNi reactions will increase with the enhancement of their electron acceptor ability. 

The latter property (Lewis acidity) may be associated with their proton donor ability 

(nrSnsted acidity) of mixed oxides surface [83]. 

4.3. Surface diffusion of reactant  

This is a rate limiting stage at higher surface coverage in case of fast chemical reactions, 

due to the lateral interactions between precursor and chemisorbed organic species. Since 

the mobility of the adsorbed molecules is greatly restricted in the adsorbed state, the 

energy of adsorption acts as an additional barrier to rotation, vibration, or translation of 

reactant. Diffusion on the homogeneous and heterogeneous solid surfaces has been widely 

studied recently [84-88]. From the simulation studies it follows that surface diffusion is 

strongly affected by adsorptive energy correlations through the induced correlations on 

activation barriers as well as through the influence of adsorbate cluster morphology. From 

numerical calculations of diffusion coefficient dependence on the surface coverage taking 
into consideration the effects of chemical heterogeneity and lateral interactions between 

the activated complex and adsorbed particle as well as between the adsorbed molecules 

themselves it follows that this coefficient increases up to a surface coverage equal to 

0.5 and decreases below this value in case of chemical heterogeneous surface without 

lateral interactions, while it decreases at enhancement of surface coverage with attractive 

interactions between the activated complex and adsorbed particle or repulsive interactions 

between adsorbed molecules [87]. The diffusion coefficient of methylmetacrylate on the 
non-porous silica surface increases from 1.10 -6 cm2.s  -1 to  3 .10 -5 cm2-s -1 with the change 

of surface coverage from 0.2 to the whole monolayer [89]. Only at k > 2.5.10 s 1.mole -1 .s -1 

(a rate constant for the second-order kinetics) the surface diffusion has an essential effect 

on the chemisorption reaction [89]. A diffusion coefficient of pyrene on the silica surface 

was determined to be 1 .2 .10 s 1. mole -1 .  s -1 at room temperature and the apparent 

diffusion activation energy is 20 k J -mole  -1 [90]. 
A following stage of chemisorption process on the solid surface is a chemical reaction 

of the reactant immediately from the gas phase (Eley-Rideal mechanism) or between the 

intrinsic precursor and active sites (Langmuir-Hinshelwood mechanism). Possible mecha- 
nisms of these reactions and formal kinetic equations have been discussed previously. 



251 

Of course, the Eley-Rideal mechanism is a likely pathway at high reaction temperature, 

whereas the Langmuir-Hinshelwood mechanism is realized at low temperature, when the 

precursor concentration remains sufficient. The importance of reactant preadsorption on 

a given surface can be probed by the use of a Langmuir-Hinshelwood kinetic model 

[91-93]. With the assumptions for this model the surface coverage (O) is related to the 

initial pressure of reactant (P) and to the apparent adsorption equilibrium constant K: 

O = KP/(1 + KP) (30) 

The rate of product (R) formation can be written as: 

d[R]/dt = kKP/(1 + KP) (31) 

where k is the apparent chemical reaction rate constant. The linearity of a plot of (d[R]/dt) -1 

versus ( l /P )  tests the validity of this model. Subsequent desorption of reaction products 

may be rate limiting in the following catalytic transformations and thus it will influence 

on reversibility of overall chemisorption process. 

5. M A I N  R E A S O N S  F O R H E T E R O G E N E I T Y  OF OXIDES S U R F A C E  

A rate constant and activation energy of organic compounds chemisorption on the 

oxides surface in the most cases depend on the surface coverage. It may be connected with 

different heterogeneity types of oxide surfaces. The reasons for oxides surface heterogeneity 

are as follows. 

5.1. Geometric  heterogenei ty  

It is connected with the amorphous structure of surface layer of most oxides. The re- 

sults of numerical simulations of the adsorption equilibria of some gases on the surface 

of amorphous solids, i.e., hydrogen on amorphous ice [94] and argon on amorphous oxide 

simulated by a dense random packing of solid balls [95] allow for the conclusion that the 

distribution function of surface sites on the adsorption energy is a set of smeared peaks 

unlike narrow peaks characteristic for the surface of single crystals at low surface cove- 

rage. It has been shown experimentally [96] that the distribution curve of the pyrogenic 

silica surface on adsorption energy of n-octane is two smeared peaks in contrast to a 

narrow peak on the similar curve for the crystalline silica surface. If the chemisorption 

reaction is proceeded through formation of intrinsic precursor on the surface, then the 

distribution on adsorption energy may result in the distribution on the chemisorption 

activation energy. The reactant is in a random reaction field of amorphous surface and it 

leads to broadening of active sites distribution function on the interaction potential, for 

instance, Morse potential, and on rate constants. This is possible due to the difference in 

the Mn+-O bond distances and Mn+-O-M n+ bridge angles of oxide surface layer as well 

as to clustering of its OH groups in the micropores or in secondary pores. For example, 

adsorption ability and reactivity of bridged Si-OH-A1 groups of alumina-silica surface 

depends on the Si-O and AI-O bond distances as well as on the Si-OH-A1 bridge angle. 

Quantum chemical calculations [97-100] have evidenced a dependence of the O-H disso- 

ciation energy and stretching frequency on both Si-O and AI-O distances and the bridge 

angle. The reaction kinetics on amorphous surface may be described by integral equation 
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with a single distribution function on rate constants. Such equations for kinetic isotherms 

including normal, Gamma, Beta and other distribution functions on rate constants are 

presented in Section 6.6. 

5.2. Chemical  heterogeneity 
That is the existence of several active site types on oxides surface (various single, gemi- 

nal, vicinal, bridged OH groups and those placed in different coordination surroundings of 

metal ions, element-oxygen bonds and also ion, radical Lewis acid and base sites) which 

has been discussed previously. Quantum chemical computations of deprotonation energies 

and partial charges on the oxygen atom of OH groups on model surface clusters of SiO2, 

TiO2, A1203 and mixed oxides of these elements display a considerable range of variation 

of these parameters which may well cause different reactivity of these groups in the che- 

misorption processes [22,97-101]. Reaction kinetics on such a surface is described by a 

model of discrete heterogeneous surface 

dO 1 
dt = ~ kapp(i)fi exp (-kapp(i)t) (32) 

i = l  

where 1 is the number of different sites, fi and kapp(i) --- k(i) P are their relative concentration 

and apparent rate constant of the interaction with i-th site of the surface, and under the 

following condition 

1 

fi = 1 (33) 
i=1 

Already at 1 = 2, this model describes well enough the kinetics of chemisorption of CH3OH, 

CHaNH2, H20 and NH3 on the dehydroxylated silica surface at a constant temperature 

[26]. The use of Eq. 32 to describe the organosilicon compounds chemisorption kinetics 

on the silica surface is presented in Section 6.2. 

5.3. Lateral interactions between chemisorbed species 
The lateral interactions between chemisorbed particles or between these particles and 

activated complexes should be taken into consideration describing the chemisorption kine- 

tics on the solid surface. This interaction is determined by a distance between neighbouring 

active sites (r). The account for the lateral interaction is possible on a single crystal sur- 

face in quasi- chemical or mean-field approximations [30,32]. Let us write the common 

expression for chemisorption kinetics on the homogeneneous surface with the account for 

lateral interactions between chemisorbed particles: 

dO/dt  = f(NA)ko(1 - O)nF(AEc, T, O) (34) 

where f(NA) is the function of reactant concentration (N A) in the gas phase, k0 is the 

rate constant of the reaction on the "free" surface, e.g., at O ~ 0, n is the reaction 

order with respect to the surface active sites, F(AEc, T, O) is the function allowing for 

the change in the configuration contribution into free energy of the activated complex 

with the O varying. With F = 1 and f(NA) = N A, this equation describes well enough the 

chemisorption on a homogeneous surface in the absence of lateral interactions between 
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particles while with F = exp( -zwO/RT)  it describes the chemisorption with lateral 

interactions between chemisorbed particles in the mean-field approximation (z is the 

lattice coordination number and w is the lateral interaction energy between neighbouring 

active sites; w > 0 for repulsive and w < 0 for attractive interactions). This model 

postulates the independence of [(RT) -1 in F] parameter on the reaction temperature and 

linear increase of apparent activation energy with enhancement of surface coverage in 

case of repulsive interactions between chemisorbed species. Taking into consideration the 

lateral interactions on a single crystal surface in a quasi-chemical approximation, the 

calculations may be performed using the following expressions [102]: 

1 + u x  }~ 
F(AEc, T, O) - 1 - u + uexp (zw/RT) 

(35 ) 

5 - 1 + 2 0  
u - (35b) 

6 + 1  

5 - {(1 - 20) 2 + 40(1 - O)exp (-zw/RT)} 1/2 (35c) 

x = exp ( -zw/RT)  - 1 (35d) 

In contrast to the mean-field approximation, consideration of the lateral interaction in 

the quasi-chemical approximation takes into account possible correlation effects between 

localization of the adsorbed particles and predicts the correct diagrams of phase transi- 

tions on the surface [32]. This approach predicts the increase of apparent chemisorption 

activation energy with the growth of surface coverage and S-shaped dependence of the 

energy on the coverage. The Monte Carlo simulation technique has been used to elucidate 

the main features of the surface layer evolution during chemisorption of tetrachlorosilane 

on the hydroxylated silica surface (111 face of/3-crystobalite). The S-shaped dependen- 

cies of apparent activation energy on the surface coverage, similar to those obtained in 

the quasi-chemical approximation, have been reached if the lateral interactions between 

chemisorbed species (repulsive or attractive) interactions are taken into account [103]. 

Unlike the single crystal surface, characterized by a constant distance between neigh- 

bouring active sites (r), on the surface of amorphous oxides there should exist a wide 

distribution of the active site pairs with respect to the distances between them. As it fol- 

lows from the results of Monte Carlo simulation of adsorption kinetics of Lennard-Jones 

gas on the amorphous solid surface represented by a normal distribution of the neighbo- 

uring active sites on the distances between them and with the account of repulsive lateral 

interactions described by the Lennard-Jones potential, apparent chemisorption activation 

energy depends but insignificantly on O at its low value (< 0.5), while over this value 

the energy increases abruptly [104]. From the Monte-Carlo simulation it follows that the 

dependence of apparent activation energy on O can be approximated as [80]: 

Eo r - Eo r + ,70 ~' (36) 

where u > 1. Approximate analytical solutions of kinetic isotherm equations, including di- 

stributions on the chemisorption rate constants and on the distance between neighbouring 
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sites on an amorphous random and patchwise heterogeneous surface [105] are presented 

in Section 6.8. 

6. K I N E T I C  M O D E L S  U S E D  F O R  D E S C R I P T I O N  O F  C H E M I S O R P T I O N  

O N  O X I D E S  S U R F A C E  

Organic compounds commonly interact with silica and other oxides surface at high 

temperatures. Ratio of surface site number of the types that undergo reaction (nt) to the 

total number of the sites present before (no) is the relative surface coverage 

0 = nt/no (37) 

Also, the conversion degree may be calculated from the kinetic data determined by the 

gravimetric method or from the data of elemental analysis during the surface reaction 

Oc = [Plt/[Plo~ (38) 

where [p]t and [p]o~ are the concentrations of chemisorption product at a time t and 

finally of irreversible reaction at maximum temperature. The latter value is limited by 

decomposition temperature of the surface compound. Also, it is suggested that the only 

monomolecular layer of organic groups is formed on the oxides surface. The conversion 

is limited by the maximum number of active sites that are accessible to the reactant. 

According to the Unger's definition [6], the surface coverage of silica OH groups can be 

estimated as 

0 = a e x p / a m a x  = (wAmNA)/(101SMSa) (39) 

where w is the mass of chemisorbed species in grams per gram of solid, M is the molecular 

mass of this species and Sa is the specific surface area of the initial silica corrected by the 

weight increase due to modification, Am is the mean cross-sectional area occupied by one 

OH group and NA is the Avagadro's number. An analogous definition may be applied to 

a relative coverage of other active sites on the oxides surface. In the absence of sterical 

restrictions for chemical reaction and at high temperature of decomposition of the surface 

compound, both quantities O and @c are coincident to each other. 

The following models are used for description of organic compound chemisorption ki- 

netics on oxides surface. 

6.1. H o m o g e n e o u s  surface  
This model is intended for description of alkylchlorosilanes and alkoxysilanes reaction 

kinetics with the OH groups of dehydrated non-porous silica surface [106,107] 

dO/dt  - kapp(1 - 0)  n (40) 

where kapp is the apparent reaction rate constant including the reactant concentration 

on the surface and n is the reaction order with respect to the number of surface active 
sites interacting in a rate limiting stage. The fractional order obtained has been rela- 

ted to parallel reactions of chlorosilanes with the single and geminal OH surface groups 
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[25,106,107]. Infrared studies of kinetics of methylchlorosilanes chemisorption reveal that  

trimethylchlorosilane follows the first-order kinetics, while 1.5 + 0.2 order kinetics were 

established in case of dimethyldichlorosilane and methyltrichlorosilane interactions, sug- 

gesting tha t  50% silane molecules react monofunctionally and 50% difunctionally. This 

model describes the reaction kinetics within a limited region of the surface coverage, i.e., 

at O from 0.3 to 0.8. A possible reason for the high fractional reaction orders in respect 

to the surface OH groups obtained by Hertl and Hair for organosilicon compound chemi- 

sorption (n = 1.7 for t r imethylmethoxysilane,  n = 3.0 for tr imethoxysilane, n = 2.2 for 

dimethoxymethylsi lane,  n = 2.0 for hexamethyldisi lazane [106,107]) may be chemical and 

geometric surface heterogeneity. The dependence of reaction order on the tempera ture  

provides a useful check on the surface heterogeneity. For example, at chemisorption of 

cyclic and linear organosiloxanes on the non-porous  silica (Aerosil 300) surface [108,109] 

the reaction order in most cases decreases with enhancement  of reaction tempera ture  (Ta- 

ble 3), while the linear dependence in the logarithmic coordinates of integrated solution 

of Eq. (40) is observed with a high correlation coefficient at the constant temperature .  

It must be emphasized that  rate constants at different temperatures  obtained using Eq. 

(40) are poor parameters  of siloxanes reactivity. The best way may be the calculation of 

these constants using some models of heterogeneous surface. 

Table 3 

Parameters for Eq. (41) describing the organosiloxanes chemisorption kinetics on non-porous 

silica, surface [108,109] 

Compound  Tempera ture  (~ Reaction In kapp Correlation 

Pre t rea tment  Reaction order (l/r/)  coefficient 

[(CH3)2SIO]3 

[(CH3)2SIO]4 

[(CH3)(CH2=CH)SiO]3 

(CH3)3SiOSi(CH3)3 

700 350 4.2 - 1.55 0.992 

- 410 2.6 - 2.50 0.999 

- 450 1.3 - 2.51 0.994 

460 270 2.8 - 4.74 0.999 

- 350 2.9 - 2.51 0.995 

- 450 1.5 - 2.87 0.985 

460 350 2.2 - 3.59 0.997 

- 390 2.0 - 3.16 0.999 

- 410 1.4 - 3.75 0.999 

- 450 1.4 - 2.15 0.977 

460 200 6.7 - 3.87 0.994 

- 250 4.8 - 2.87 0.999 

- 275 3.1 - 3.44 0.999 

- 310 2.3 - 3.26 0.998 

460 350 8.0 - 5.49 0.994 

- 390 1.4 - 5.89 0.990 

- 420 4.5 - 4.27 0.999 

- 450 5.5 - 2.24 0.999 

- 490 1.1 - 3.38 0.997 
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With a high number of different active sites the rate of chemisorption on heterogeneous 

surface can be described using a simpler Crickmore-Wojciechowski equation 

dO/dt  = kP(1 - 0) 1/" (41) 

where k is the rate constant averaged over the entire heterogeneous surface and r/ is a 

parameter that characterizes the surface heterogeneity. For r / =  1 this equation reduces 

to Eq. (40). Eq. (41) is an approximate representation of the chemisorption rate on the 

discrete surface 

1 

dO/a t  = P y~ fiki(1 - 0i) (42) 
i = l  

where 0i is the local surface coverage of the active sites of i- th type. Efficiency of this 

approximation was demonstrated for the discrete heterogeneous surface at 1 = 5 [110]. The 

expression for kinetic chemisorption isotherm can be obtained from Eq. (41) for r /<  1 

(1 - O )  ("-a)/" = (1 /7 / -  1)kPt + 1 (43) 

and for r /=  0.5 Eq. (43) transforms to the Ritchie equation which describes well the che- 

misorption kinetics of hydrogen, water vapour and carbon monoxide on various adsorbent 
surfaces [112] 

(1 - O )  -~ = kPt + 1 (43a) 

This is a simple second-order equation which usually applies to description of dissocia- 

tive chemisorption from the gas phase on the homogeneous surface. However, Eq. (43a) 
describes well only an initial part of kinetic chemisorption isotherm for interaction of 

trimethylchlorosilane on dehydrated pyrogenic silica [113] and mixed alumina-silica and 

titania-silica [114] surface. At the same time, whole kinetic chemisorption isotherms are 
described using equations derived for the heterogeneous surface. Thus, high fractional 

reaction orders in respect to the silica surface OH groups obtained by Hertl and Hair 

for chemisorption of silanes and siloxanes [106,107] and in other studies [lla,l14] may be 

explained by heterogeneity of the oxides surface. 
Isosteric activation energies of several organosilicon compound chemisorption on py- 

rogenic silica surface have been determined by the method also involving the surface 

homogeneity but with the unknown reaction order [4,22,2a]. To reduce and integrate Eq. 

(40). using the Arrhenius equation, we can obtain the expression for calculation of isosteric 

chemisorption activation energy from the dependence of t on T at O = const. 

d(ln t)e 
Eo r - R ~--~)~ (44) 

However, as it follows from Fig.3, the isosteric chemisorption activation energy of or- 

ganosiloxane interaction with the surface sites of pyrogenic silica depends strongly on the 

surface coverage. Dependencies similar to those in Fig. 3 are inherent in the chemisorp- 
tion of some other organosilicon compounds on the surface of parent and mixed pyrogenic 
oxides of Si, Ti and A1. This indicates an energetic heterogeneity of the oxides surface in 

the chemisorption processes. 
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Figure 3. Dependencies of isosteric activation energy of organosiloxanes chemisorption on the 
pyrogenic silica surface (Aerosil-175) versus the surface coverage. Figure taken from [80]. 
(1) (CH3)3SiOSi(CH3)3; (2)[(CH3)(CH2=CH)SiO]3; (3)[(CH3)2SIO]4; (4)[(CH3)2SIO]3. 

6.2. Discrete heterogeneous surface 
This model was discussed previously, Eq. (32). It applies kinetic description of chemi- 

sorption of CH3OH, H20 and NH3 on the dehydroxylated silica surface at the constant 

temperature [26]. For most reactants, the kinetics results are best fit assuming two parallel 

and independent first order reactions. Although only one type of defect is apparent in the 

FTIR spectra, two distinct defect reactions with water molecules are observed: a rapid 

reaction (k - 0.5 min -1) which mainly produces isolated silanols, and a slower reaction (k 

= 0.015 min -1) which produces hydrogen bonded silanols. The reaction between surface 

defects and methanol is similar to that observed for water. The rate limiting step in the 

chemical dissociation of Si-O bonds in the surface defect sites could be either acid-base 

reactions leading to the adsorption gases onto the defect, or subsequent dissociative chemi- 

sorption reaction. Also, the organosilicon compound chemisorption kinetics on the surface 

of pyrogenic oxides is described well enough at T - const, by this model Eq. (32) at 1 - 2. 

It has been found, however, that the calculated relative concentrations of active sites (fi) 

vary with T, while, for example, for the reaction of trimethylchlorosilane with dehydrated 

silica surface (temperature of pretreatment of the surface is 873 K), the fi increases from 

0.2 to 0.7 with T varying within 593 to 693 K which is in contradiction to the model 

used [80]. Thus the model of discrete surface heterogeneity at 1 = 2 or 3 fails to describe 

adequately the chemisorption kinetics under consideration at various temperatures. 

6.3. Un i fo rmly  heterogeneous surface 
Kinetics of several organosilicon compound chemisorption from the gas phase on the 

non-porous silica (Cab-O-Sil M5) surface is described by the well-known Elovich equ- 

ation [27]: 

dO/dt  - aexp ( -bO)  (45) 

where a and b are the empirical coefficients. Proceeding from the calculated a and b values, 

rate of the transformations has been determined at different surface coverage, temperatu- 

res and the dependencies of chemisorption activation energies on concentration of reacted 
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surface OH groups have been plotted. From the above dependencies it follows that ac- 

tivation energy at O --, 0 ranges from 50 to 70 kJ.mole -1 at the temperature of silica 

pretreatment (Tp = 673 K) and from 40 to 46 kJ.mole -1 at T o = 873 K. The difference be- 

tween activation energies at O = 1 and O = 0 (this value ranges from 90 to 180 kJ.mole -1) 

decreases in the following series: methyltrichlorosilane > trimethylchlorosilane > tetra- 

chlorosilane > dimethyldichlorosilane at Tp = 673 K and trimethylchlorosilane > dime- 

thyldichlorosilane > tetrachlorosilane > methyltrichlorosilane at Tp = 873 K. Eq. (45) 

results from the kinetic model of the heterogeneous surface with a uniform distribution 

function on the activation energy. 

The equation for kinetic isotherm on the uniformly heterogeneous surface was derived 

by Temkin [115] for the middle region of surface coverage 

( a~rkoP ) 
19 - (af) - l l n  sin(aTr) 

sin(art))  (46) 
+ (af) - l l n  t + aTrk0P 

where a - A E # / A H  and f -  (Eo ~ - E0~) �9 (RT)-(O~O)--1; k0 and E0 ~ are the rate constant 

and activation energy at O --, 0, while AH is the reaction enthalpy. At a7rk0P >> sin(aTr) 

the linear dependence of O on the In t should be observed for chemisorption kinetics. 

Eq. (46) at high 7' = af coincides with the solution of Eq. (34) for kinetics on homo- 

geneous surface with the account for lateral interactions between chemisorbed species 

in the mean-field approximation. Calculation of activation parameters for organosilicon 

compound chemisorption on the Si and A1 pyrogenic oxides surface has shown that the 

mean square deviation between the calculated and experimental O values on the kinetic 

isotherms at different temperatures (SM) decreases by more than an order of magnitude 

coming from F = 1 to F = exp ( -7 'O /RT) .  However, both latter models Eqs. (34) and 

(46) postulate the independence of 3" parameter of the T. It has been defined that, de- 

pending on the structure of reactant, oxide and temperature of surface pretreatment, the 

3" values decrease, get constant or increase with increasing the T. Such changes in 7' with 

T are probably related to improper selection of the "apparent" distribution function on 

the activation energy. 

6.4. Exponentially heterogeneous surface 
The exponential distribution function on chemisorption activation energy conforms to 

Howar and Taylor's, Banham and Burt's as well as to Kwan's equations. They were used 

long ago for the description of small molecule chemisorption kinetics on oxide surfaces 

[116]. It is suggested that apparent rate constant depends on the coverage heterogeneous 

surface as follows [117]: 

ko = kl(~ -era (47) 

where kl is the apparent rate constant at O --~ 1, n = C / R T -  no; no = m/R; C and m 

are the coefficients of dependencies of chemisorption enthalpy and entropy on the relative 

surface coverage 

Ho = H1 - C In O (48a) 

So = S1 -11- m l n  O (48b) 
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Thus, the expression for chemisorption kinetic isotherm on this surface may be written as: 

O (~nkl) 1/an t 1/an (49) 

6.5. Power ly  he te rogeneous  surface 

All the above-mentioned models described poorly the kinetics in a whole range of sur- 
face coverage at different temperatures. This conclusion is confirmed by isochrones given 

in Fig. 4 plotted using the kinetic data for chemisorption of some organosilicon compo- 
unds on the pyrogenic oxides surface. A type of distribution function on the activation 

energy may be determined from the dependencies of O maximum value (Omax) on T at 
a considerably fixed time of the reaction, that, is, from the dependence of the "plateau" 
height of kinetic isotherm on T [118,119]. 

O 

0.8 

0.4 

3 

150 3()0 450 T (~ 

Figure 4. Isochrones of organosilicon compounds chemisorption on the pyrogenic oxides surface 
pretreated at different temperature (Tp). Figure taken from [80]. (1) (CH3)(CH2CH)SiC12 + 
SiO2 (523 K); (2)SIC14 + SiO2 (673 K); (3) CH3SiC13 + SiO2 (673 K); (4)(CH3)2SIC12 + 
SiO2 (673 K); (5)(CH3)3SiOSi(CH3)3 + WiO2 (923 K); (6)(CH3)3SiC1 + SiO2 (673 K); (7) 
(CH3)3SiNCS 4- SiO2 (973 K); (8) (CH3)3SiNCO 4- SiO2 (973 K). 

Fig. 4 shows that these dependencies are characterized by different signs of the se- 
cond derivatives d2Omax/dT 2. Among simple distribution functions (exponential, inverse 
exponential, hyperbolic, uniform and power functions [119]), only the last function is valid 

with O varying in the range from 0 to 1, and, depending on the exponent, resulting in 

different signs of the second derivatives d2Omax/dW 2 or d2EoC/dO 2. Therefore, Eq. (34) 
is written as follows: 

d@/dt = f(NA)k0(1 - O)n exp { -70" / (R T)}  (50) 

The numerical simulations show that, with a larger ~/ value, the activation energies 

calculated agree with both n = 1 and n = 2 due to the predominant effect of the expo- 
nential term in Eq. (50). Thus, in calculating the kinetic parameters of the reactions, it 
is possible to confine to n = 1. 

To determine the parameters u, 7 and k0 of Eq. (50) the following procedure has been 
used with the kinetic isotherms 0 = f(t) at different T. The quasi-Newton procedure has 
been used in the first step to determine 7' in the mean-field approximation (u = 1) and 

k0 corresponds to a minimum of mean-square deviation at T = const. The differential 



260 

equation has been integrated by the "prediction and correction" method. Then, proceeding 

from the 7' values obtained, the dependence of difference between Eo r and E0 r on @ was 

approximated at several M temperatures 

M 
AEi~ -- Ei~ - Eo~ - E 3':-1 (O~ nin - oi-n~l n) (51a) 

i--2 

and the exponent u has been calculated from the linear expression 

In AEi r - u In Oi + In 3'' (51 b) 

The main chemisorption activation parameters, that are the pre-exponential factor 

(A r which does not depend on O and activation energy on the "free" surface (E0 r ) 

have been calculated, proceeding from the temperature dependence of k0 on T, by the 

Arrhenius equation. 

At high values of 3' >_ 3RT, i.e., for the broad distribution on E r , the approximate 

solution of the corresponding integral equation for chemisorption kinetics including the 

reaction of the first-order with active sites and power distribution function on E # obtained 

by the Roginskij method [119], can be used to determine k0 , 3' and u parameters of Eq. 

(5o): 

O ~ _  3' k0NA3' RT 
In 0.7 RT + In t (52) 

3' 

The parameters of power distribution function are connected with those in Eq. (50) as 

follows: p(E r - H(E#)Z;/3 - ( l / u ) -  1; H - {u(E1 r - E0#)l/~} -1 where (E~ r - E0 r is the 

difference between the activation energies at 0 = 1 and 0 = 0. 

Comparison of the paramaters of Eq. (52) calculated from the kinetic isotherms si- 

mulated using exactly Eq. (50) showns that at a relatively wide distribution function on 

Er >_ 50 kJ-mole- l ) ,  Eq. (52) may well be used for determination of Eq. (50) parame- 

ters. However, the 3' values obtained for chemisorption of organosilicon compounds on the 

pyrogenic oxides surface lie within the limits from 10 to 50 kJ-mole -1, and the calculations 

made by Eq. (52) result normally in unthinkable values of k0 and 3' at reasonable values 

of u and vice versa. 

For the power dependence of E r on 0,  the variation in 3'' calculated in the mean-field 

approximation is obviously related to the u value, that is 3'' increases with increasing T at 

u > 1 and decreases with u < 1. If the lateral interactions between chemisorbed particles 

on the amorphous surface mainly contribute to the "apparent" distribution function on 

E r then with the account for the results of Monte Carlo simulations [104], we can expect 

3' > 1 and low 3'' values at low O. If the contribution of chemical heterogeneity of active 

sites dominates, then u < 1. 

Chemical heterogeneity of the parent and mixed oxides surface contributes significantly 

to their overall heterogeneity. Because of this, the comparison of the parameters of Eq. 

(32) and Eq. (50) at u = 1 was performed. It has been found that the 3' values vary 

non-linearly with T, while the dependence of k0 on T is not described by the Arrhenius 

equation and, hence, is in contradiction with the dependence of these parameters on T 
as obtained on the basis of kinetic data for chemisorption on the Si, Ti and A1 oxides 

surface [80]. 
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6.6. Heterogeneous  surface with the uniform, G a m m a - ,  Beta  and sinusoidal 

distribution functions on rate constants  

The common integral equation for kinetic chemisorption isotherm on the heterogeneous 

surface taking into account the distribution function on the apparent rate constants (k) 

may be written as: 

km~x 

1 - O ( T , t ) -  f { ( 1 - 0 ( T , t , k ) } p ( k ) d k  

kmin 

(53) 

where { ( 1 -  0(T, t,k)} is the local concentration of the active sites possessing the rate 

constant k; p(k) is the distribution functions on the k, k=an and km~x are the lower and 
upper limits of integration. 

Exact analytical solutions of Eq. (53) for some distribution functions on k are presented 

in Table 4. 

Table 4 

Solutions for chemisorption isotherm containing some distribution functions of heterogeneous 

surface on the rate constants (k), Eq. (53) 

Distribution function Solution for 1 - O(t) 

Uniform: 

A at [ k -  km[ _< 1/2A 

0 a t l k - k m [  > 1/2A 

or  

(2A/t ) .  exp (-kmt)  sinh (t/2A) 

(A/t ) -  exp (-k0t)  {1 - exp ( - t / A ) }  

Gamma: 

b ~ r(a---7(k - k0) ~-1 exp { -b (k  - k0)} exp (-kot)  b - t  

Beta: 

a n exp { - ( k -  k0)} [1 - e x p { - a ( k -  k0)}] n-1 exp (-k0t)  
F(n + 1)I '(t /a + 1) 

r (n  + t / a  + 1) 

Sinusoidal: 

(A/2).  s i n [ A ( k -  k0)], at k0 < k < k0 + 7r/A 

or 

0, a t k < k o ;  k > k 0 + T r / A  

exp(k0t){1 + exp(-rr t /A)} 

2(1 + t2/A 2 

exp(-kmt) cosh(rrt/2A)(1 + t2/A2) -1 

k0 and km are the minimum and mean values of the rate constants. 

Transformation of the above functions on k to the distribution functions on the logari- 

thms k by the relation: 

F(ln k) = {p(k)}/k (54) 

should be adopted for the following structure-reactivity relationships in the chemisorption 

reactions. Examples of such correlations are presented in Section 7.1. 



262 

6.7. Applicat ion of the regular izat ion method 
From the mathematical point of view, Eq. (53) is a linear Fredholm integral equation 

of the first kind, where the integral kernel represents the local concentration of the active 
sites { ( 1 -  0(T,t,k)}. Many attempts have been undertaken to invert Eq. (53) with re- 

spect to p(k). The disadvantages of the analytical integrating of Eq. (53) are that: 1) it is 
unknown whether the assumed shape of p(k) is correct and 2) often a variety of different 

analytical functions can be used to describe a given data set with about the same degree 

of accuracy. Thus, the calculation of p(k) from Eq. (53) is a numerically ill-posed problem; 
i. e. small changes in O(T, t) caused by experimental errors can distort significantly the 

calculated p(k). The ill-posedness is mainly a mathematical numerical problem. Theore- 

tical foundations for solving numerically unstable problems were developed by Tihonov 

[120,121], who introduced the regularization method. This method was successfully ap- 

plied to the description of gas adsorption on the heterogeneous solid surface [122,123]. 

The fundamental idea of numerical regularization is to replace the ill-posed problem of 
minimizing the select function by a well posed one which smooths the calculated distri- 

bution function and distorts the origin problem insignificantly. The following functional 

~b{p(k)} can be minimized at p(k) _> 0 for Eq. (53): 

{exp(-kt)} p(k)dk + O(t) - 1 + )~ p2(k)dk - ~b{p(k)} (55) 

[.kmi n kmin 

where )~ is the regularization parameter. This parameter is usually chosen through a series 
of trials by an interactive judgment about the solution. A detailed description of strategies 
for finding the optimal ~ value in adsorption applications is given in [124]. The )~ value, 

shape and number of peaks on the calculated distribution curve depend strongly on the 
accuracy of experimental data. Unfortunately, the concentrations of chemisorbed species 

or unreacted active sites during chemisorption process on the oxides surface are determined 
from the spectral data or by gravimetry and elements analysis with a moderate accuracy. 
Then, the simpler methods, based on the assumption of analytical distribution functions 
(Table 4), can be used. One example of application of the regularization procedure for 

description of chemisorption kinetics is calculation of the distribution functions p(k) on the 

basis of the simulated chemisorption kinetic isotherms on the amorphous heterogeneous 
solid surface, taking into account the distributions both on the k and on the distances 

between neighbouring particles [105]. 

6.8. Amorphous  heterogeneous surface taking lateral interactions between 

species into consideration 
The surface of most oxides provides an excellent example of amorphous heterogeneous 

solid surface. Various types of active sites determine the chemical heterogeneity (k). The 
difference in distances between these sites in the amorphous layer (r) estimates geometric 
heterogeneity of the surface. The recent Monte Carlo study of Lennard-Jones gas adsorp- 
tion on the amorphous surface demonstrated that adsorption isotherms are very sensitive 

both to energetic and geometric heterogeneity [125]. One could expect that the geometric 
heterogeneity has a significant effect on the chemisorption kinetics on the heterogeneous 
amorphous solid surface. A simple approach to description of chemisorption kinetics on 
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the random and patchwise heterogeneous amorphous solid surface has been developed in 

[105]. A common equation for kinetic chemisorption isotherm on heterogeneous surface 

taking into account the distribution functions on k and on r in the absence of correlation 
between them may be written as: 

kmax rmax 

1 - O ( T , t ) -  / / { 1 - 0 ( T , t , k , r ) } p ( k ) p ( r ) d k d r  (56) 

kmin rmin 

where {1 - 0 ( T ,  t, k, r)} is the local concentration of active sites possessing the apparent 

rate constant kapp = kF(NA) (under isobaric conditions) and with lateral interaction 

energy depending on the distance between them r; p(k) and p(r) denote the distribution 

functions on k and on r. Eq. (56) is an oversimplified expression and strongly, local surface 

coverage 0i should be a function of r l ,  r2,  . . .  rz , where ri are the distances between the 

site in question and each one of their z neighbours, if only the first-order neighbouring 
sites were allowed to interact. 

Studies of adsorption phenomena on heterogeneous surface have revealed two main 

limiting types for the topography of the adsorption sites [126,127]" the random site distri- 

bution, i. e. when the sites with different adsorption energy are randomly distributed over 

the lattice, and patchwise site distribution, where the sites of equal energy are present 

in groups. Unlike the physical adsorption, where adsorption potential of the sites plays 

a crucial role in adsorption rate and equilibria, the chemisorption free energy (AG ~ is 

the fundamental quantity in the chemisorption process. This is connected with the che- 

misorption rate constant for the series of related sites by Br6nsted-Temkin free-energy 
relation [115] 

AG e - - R T l n k -  c~AG ~ + ~ (57) 

where AG e is the difference between free energies of chemisorption activated complex 

and reactants, c~ and/~ are the constants for given reaction series. Then, the k variation 

determines the "intrinsic" heterogeneity and type of surface topography, when c~ and/3 

coefficients are fixed for all the surface sites. 

Let us assume the patchwise topography for active sites and take into account the 

lateral interactions between the neighbouring chemisorbed species in the mean-field ap- 

proximation [32]. Then, the interaction potential between the first-order neighbouring 

sites (1/RT) ~ ~(r) is  approximated by z~(r)/(2RT), where r is a kind of effective, mean 

r j .  

i=1  

distance between the site and each one of its z neighbours. Local surface coverage may be 
calculated from Eq. (58) 

dy/dt  - - k y  exp{co(y - 1)} (58) 

under the initial condition: y(0) - 1, y - 1 - 0 ;  co = z~(r)/(2RT), where ~ ( r ) i s  an 

interaction potential between neighbouring particles on the surface. The solution of Eq. 

(58) is derived using the perturbation procedure for co value 

2 3 
Y = Y0 + coy1 + co Y2 + co Y3 + - - -  (59) 
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Only repulsive interactions between the chemisorbed species as their exponential depen- 

dence on the distance between them was taken into consideration. Assuming the Gamma 

distribution for p(k) and Gamma- ,  uniform or normal distribution for p(r) functions, ap- 

proximate solutions of Eq. (56) for the reaction on patchwise and random topography 

have been obtained by its sequential integration as a long algebraic series [105]. 

These expressions make it possible to study the influence of distribution parameters 

p(k) and p(r) of an amorphous heterogeneous surface on the chemisorption kinetic iso- 

therms as well as on the moments of distribution on the observable rate constants, (k(0)). 

The 'apparent '  distribution function on the observable rate constants is derived from the 

experimental chemisorption kinetic isotherms at a constant temperature.  The first-order 

kinetic equation Eq. (40) is commonly used to denote the local concentration of surface 

active sites. Opposite kinetic problem is conventionally solved using the regularization 

procedure or from the expressions in Table 4. The regularization procedure was used for 

the calculation of the distribution functions p(k(0)) on the basis of simulated kinetic iso- 

therms, taking into account both p(k) and p(r) functions. The average value, (k(0)) and 

variance (a2(k(0)) of p(k(0)) function were calculated. The influence of average value r (~) 

, s tandard deviation of r (at) and k (ak) on the profiles of kinetic isotherms as well as 

on the distribution functions p(k(0)) was investigated with the following parameters of 

repulsive potential: ~0 - 5.36. l0 s kJ .  mole -1, -~ = 3.7 ~ and T - 500 K. The calculated 

dependencies of k(0) and a2(k(0)) on the average value and standard deviation of r are 

presented in Fig. 5. 
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Figure 5. Dependencies of average observable rate constant (k(0)) and its variance (a~0)) on 

the (a): mean-square deviation on the distance between the neighbouring surface sites with 
the initial parameters of Gamma distribution function on k value: k - 1.0; a - 1 .10  -5 and 
uniform distribution function on r value at ~ = 4 ~ and (b)" on the average distance between 
neighbouring surface sites at ar - 0.01 .&. Figures taken from [105]. 

It was established that the increase of err and decrease of ~ results in lowering the 

reaction rate in an intermediate part of the kinetic isotherm and leads to lower conversion 

degree of the reaction with the equal values of t /k .  A more pronounced effect was observed 

with increasing of ~rk. From Fig. 5a and 5b it follows that  or(k(0)) increases at enhancement 
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of Crr. The lowering of ~ leads to the same broadening of the p(k(0)) function. Also, the 

influence of heterogeneous amorphous surface topography (random and patchwise) with 

distributions on k and r on the parameters of p(k(0)) function was studied. 

It was found that with the initial parameters k = 12.0; O" k - -  11.9; ~ = 4.3 ]k; err = 

1.10 -5 ]k, the k(0) and er(k(0))values increase from random (11.174 and 12.64) to patchwise 

(11.57 and 14.21) surfaces, respectively. 
Variation of the r value on heterogeneous amorphous surface under the experimental 

conditions may be performed, for instance, by elimination of the active sites at high 

temperature. Thermal dehydroxylation of silica surface is the typical example of this 

process [1,63]. The kinetic data for the reaction of hexamethylcyclotrisiloxane with OH 

groups of silica surface pretreated at two different temperatures were used [108]. As the 

temperature of the surface pretreatment increases, the number of OH groups decreases 
and accordingly the average distance between them enhances. From the data obtained it 

follows that increasing temperature of the surface pretreatment from 733 K to 973 K leads 

to decreasing or(k(0)) from 0.173 to 0.095 min -1 (kinetics is measured at 723 K). This result 

correlates well with predicted theoretically decreasing of the or(k(0)) with enhancement of 

the average distance between neighbouring surface sites. 

6.9. H e t e r o g e n e o u s  surface wi th  d i s t r i bu t i ons  bo th  on the  p r e - e x p o n e n t i a l  

fac tor  and on ac t iva t ion  ene rgy  
Pre-exponential factor independence of the coverage of heterogeneous surface has been 

postulated at the above calculation of distribution functions on chemisorption activation 

energies on the basis of kinetic isotherms measured at different temperatures. However, 
it appeared to be in contradiction with some experimental data and theoretical conclu- 
sions [128]. Compensation relationship is commonly observed for the catalytic processes 

proceeding on the heterogeneous surface [129] 

In A r = B + eE r (60) 

where e = (RTis) -1, Tis is the isokinetic temperature and B is the logarithm of the rate 

constant at this temperature. 
It is apparent that such dependence is possible at varying surface coverage of the 

heterogeneous surface, since reactivity of the sites reduces as O increases. An approach 

for calculation of the surface distribution functions on In A # and on E # values from 

chemisorption kinetic isotherms measured at different temperatures has been developed 

in [70,130,131]. Distribution functions on ink at different T can be found, for example, 

using the regularization procedure or expressions from Table 4. If In A # and E # values are 
connected by Eq. (60), the expression connecting cumulant of Ink distribution with the 
sum of cumulants of In A # and E # distributions is changed for cumulants of the second 

order as [132]: 

a2(lnk) = cr2(Er 2 + cr2(ln A #) - 2Ro-(Er er(ln A r (61) 

where R is the correlation coefficient. Parameters of distribution function on In A r in 
this case can be determined from ~ and ~r:(E r as well as from B and e coefficients of 

Eq. (60) 

a ( l n A  ~) - ecr(E r (62a) 
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In X # - B + eE -r (62b) 

where In A r and E-# are the averages and a(ln Ar a(E r are the mean-square deviations 

of In A r and E r values. 
The above approach was applied for calculation of distribution functions of pyrogenic 

silica surface on the dimethyldichlorosilane chemisorption activation parameters [22,133]. 

Dependence of variance of distribution function on In k versus 1/T is presented in Fig. 6. 
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Figure 6. Dependence of variance of the logarithm of the rate constant on the inverse tempera- 
ture for chemisorption of dimethyldichlorosilane on the pyrogenic silica surface, pretreated at 
673 K. Figure taken from [130]. 

As shown, this dependence agrees well with Eq. (61) (R = 0.99978). The following 

parameters of distribution on the chemisorption parameters are obtained: 

Er - 139.8 kJ .  mole-l; a(E r = 169.1 kJ-mole  -~ 

lnA ~ - -21.2; ~r(ln A ~) - 33.0 (A ~, in cm 3- molecule -a" s -~) 

The B and e coefficients of Eq. (60) are equal to-48.46 and 0.195 respectively, then 

Ti~ =617  K. 
The Er value agrees well with isosteric activation energy (~00 - 126 k J - m o l e  -I)  for 

this reaction calculated in [57]. However, the high a(E r value testifies to high energetic 

heterogeneity of pyrogenic silica surface OH groups. The In A r value lies in the range of 
"normal" pre-exponential factors predicted by the transition state theory for unimolecular 

adsorption {In A r = (-20.7) + (-36.8)} [128]. The range of in A ~ varying {-54.2 + 11.8} 

obtained from In A r and a(ln A e) values is far in excess of that, predicted by this theory. 

It may be explained by more complex reaction mechanism including, for instance, the 

formation of intrinsic precursor (H complex between silane and the surface OH group) at 

low temperature. 
Let us suppose that p(E #) function is described by the Gamma distribution. Then, 

the expression similar to Eq. (53) (substituting p(E e) instead of p(k) function) may be 
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written using Eq. (60) 

1 - O ( t ) -  ~ e x p { - t  [ e x p ( B + ( e - 1 / R T ) E r 1 6 2  (-bEe) dE ~ (63~) 

A final approximate solution of Eq. (63a) can be obtained in the form 

1 - O(t) - exp { - t  [exp(b)]} [1 + tb -1 exp (B)R(T - Tis)/(TTis)] -~ (63b) 

The Tis, B, a and b parameters for distribution functions of pyrogenic oxides surface 

on chemisorption activation energy of some organosilicon compounds are presented in 

Table 5. The Tis value conforms to the temperature, at which the rate constants with 

several active sites coincide, that is surface becomes homogeneous. This implies that 

heterogeneity of surface active sites is irrelevant at Tis. This is due to high energy of 

reactant molecules from the gas phase which do not distinguish different active sites. It 

is in agreement with the results about reduction of energetic heterogeneity at sufficiently 

high temperatures [135]. 

Table 5 

Isokinetic temperatures (Ti~), logarithms of apparent rate constants at this temperature (B) and 

parameters of Gamma-distribution function (a and b) of some pyrogenic oxides surface on che- 

misorption activation energy of organosilicon compounds calculated from the kinetic isotherms 

obtained in [4,134] and activation energies on "free" surface from [79] 

Organosilicon B T E0 r 
Oxide a b 

compound rain -1 K k J-mole -1 

[(CHa)2SiNH]3 A1203 - 9.74 293 0.176 2.30.10 -1~ 1.2 

(CH)aSiCN SiO2 - 3.24 476 0.162 0.20-10 -a 28.9 

[(CH3)aSi]20 S iO2 (30% WiO2) -9 .86  538 0.788 0.25.10 .4 76.4 

[(CH3)3Si]20 SiO2 (30% A1203) - 13.00 615 2.065 0.48-10 -s 127.0 

The B coefficient corresponds to the logarithm of the rate constant at Tis, i.e. to the 

reaction proceeding on the "pseudo-homogeneous" surface. It is likely, that Tis and B 

constants may be useful characteristics of heterogeneous surface active sites reactivity 

towards a "test" gas reactant. For example, as it follows from Table 5, Tis value increases 

with enhancement of the chemisorption activation energy for interaction of organosilicon 

compounds with the "free" surface of pyrogenic parent and mixed oxides. 

7. C O N N E C T I O N  B E T W E E N  T H E  S T R U C T U R E  OF O R G A N I C  

C O M P O U N D S  A N D  T H E I R  R E A C T I V I T Y  IN C H E M I S O R P T I O N  O N  

T H E  O X I D E S  S U R F A C E  

7.1. Free energy  re la t ionships  on he t e rogeneous  surface 
Chemisorption rate constants and activation energies are the basis for the following 

quantitative analysis of the reaction mechanism on the oxides surface. The examples of 
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such analysis with application of Taft's, Polanyi's and Klopman's equations are illustrated 
in [49,57,70,82,136-138]. 

A main task of chemisorption kinetics theory is prediction of activation parameters on 

the basis of physicochemical properties of reactant and surface active sites. One of the 

most widespread methods used for homogeneous media is application of the linear models 

I1 

Oj = ~ xijai (64) 
i=l 

where Oj are the Ink or E # quantities, xij is the i-physicochemical property of reactant j; 

a i is the parameter, characterizing active site property to the i-th type of interaction in the 

transition state determined by the property of reactant j. This model used, for instance, in 

relationships between logarithms of rate constant for the organic compounds reactions and 

substituent constants of these compounds in the Hammet's and Taft's equations [18-21]. 

Surface of most oxides is heterogeneous, and properties of its active sites should be 

described by means of the distribution on parameters ai. Approach to calculation of di- 

stribution functions p ( a i )  o n  the basis of chemisorption kinetic data on heterogeneous 
surface was developed in [132]. 

Let us denote the parameters of Eq. (53) as follows: ~ = 1 - O(T, t); Q = E ~ or In k; 

r - {(1 - 0 ( T , t , k ) }  and F(Q) is the distribution function on Q. Let us take the 
distribution function F(Q) calculated by the regularization procedure or other means 

from the experimental data for m reactants (j ranges from 1 to m). Random Q values, 

according to Eq. (64), are a linear combination of ai �9 In this case m _> n. It is necessary 

to define the distribution function p ( a i ) .  For this purpose the random values yij - xij ai 

can be introduced. Their distribution functions f(yij ) are connected with p(ai) as" 

f(Yij) = ( x i j ) - l p ( a i )  (65) 

In accordance with Eq. (65), cumulants of f(Yij) and p(ai) are connected by the ratio 

Kij,r - xi; ~;i,r (66)  

where Kij,r is the cumulant of order r of yij and x~ is xij in the exponent r, gi,r is the 

cumulant ai of order r. Since each Qj equals to the sum yij (i = 1,n), in accordance 

with the well-known theorem of probability theory [139], the cumulant of Qj equals to yij 
cumulants sum, i.e. 

n 

Rj , r -  Kij,r :-  2 Xi; gi,r (J = 1,m; r = 1, 0o) (67) 
i=l i=l 

where Rj, r is the Qj cumulant of order r. For each r value there will be m equations for n 

values xi,r. Since the distributions F(Qj ) are known, Rj,r values may be calculated on the 

basis of set of Eq. (67). If the set of Eq. (67) is possible to solve for each r, cumulants Xi,r can 

be calculated and the distribution p ( a i )  c a n  be restored. Let us introduce a standardized 
value 

(68) 
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where M(ai) is the first central moment of ai distribution and ~r(ai) is the mean-square 
deviation of this distribution. If the consideration is limited by the cumulants of the second 

order then the distribution function 90(gi) presents the normal distribution 

~Y(gi) = (2~r)-~ exp(-g~/2) (69) 

Hence, the determination of distribution function p(ai) includes approximation of di- 

stribution curves F(Q) and calculation of their first and second moments (#a and #2); 

distribution cumulants on the basis of the moments (R1 = #1; R2 = #2 - #~); cumulants 

ai,r on the basis of Rij and xij from Eq. (67)and ~(gi) from Eq. (69). 
This approach was applied to the determination of silica surface distribution functions 

on reaction constants of organosilicon compounds chemisorption using the Gamma di- 

stribution on k (Table 4). The distribution functions on in k were calculated on the basis 

of chemisorption kinetic isotherms for methylchlorosilanes (CHa)4_nSiCln (n from 1 to 

4) and for the compounds (CHa)aSiX { X = C1, CN, N3, NCO, NCS, OSi(CH3)3} on 
the non-porous dehydrated silica surface [4,22]. As shown in [57] the correlation is ob- 
served between the logarithms of rate constants with the sum of inductive constants of 

substituents at Si atom in (CHa)4_nSiC1, corapounds (cri) 

l n k =  f l E o - i  -1 t- b (70) 

The following average values and mean-s~quare deviations of p and b constants are 

obtained: F = 5.51; ap = 4.14; b = 6.22; % = 0. The positive sign of p conforms with 
the proposed SEi reaction mechanism [57] and higher value of % reflects the considerable 

heterogeneity of silica surface OH groups. For the (CHa)aSiX compounds it was established 
that their reactivity increases with the enhancement of electron acceptor ability of X 
substituent (cr~) and with the decrease of Si-X bond strength (E si-x) [81]. Then the 

following linear equation can be written: 

l n k =  alaI + a2E si-x -}- a3 (71) 

The average and mean-square deviation of silica surface distribution functions on the 

parameters of Eq. (71) are : gl = 5.88; a~a = 39.2; a2 = -0.0257; a~2 = 0; ~3 = 27.6; 
O ' a 3  " - -  10.2. The positive value of ~1 and negative ~: agree with the SEi mechanism of the 
reactions, and higher value of a~l also characterizes the distribution of surface OH groups 
on their reactivity. 

Thus, the proposed approach for determination of heterogeneous oxides surface distri- 

bution functions on the coefficients of linear models may be useful for the description of 
chemisorption kinetics of organic compounds. 

7.2. Reac t iv i ty  of organosi l icon c o m p o u n d s  toward  silica surface act ive sites 

The parameters of Eq. (50) proposed above allow to determine the dependence of 
the concentration of chemisorbed organosilic,on compounds on the oxides surface on the 

reaction time at various temperatures over tile entire range of the surface coverage. 
Earlier, the chemisorption kinetic isotherms of alkylchlorosilanes [4,57,133,140], cyclic 

and linear organosiloxanes [108,109] and trimethylsilylpseudohalogenides [4,58-61] on the 
pyrogenic silica surface have been obtained. 
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Table 6 

Kinetic parameters of Eq. (50) for organosilicon compounds chemisorption on pyrogenic silica 
surface 

Compound E0 ~ A # u 7 SM 

kJ.mole -1 cma.molecule -1 kJ.mole -1 

Kinetics measured by the decrease in the surface OH groups absorption intensity 

and by the gravimetry method (see also Table 2) 

(CH3)3SiCI* 35.6 7.80.10 -18 0.33 20 
(CHa)2SiCI~ 38.8 1.20.10 -17 0.43 18 

CHaSiC1; 36.9 3.90-10 -17 0.40 24 

(CHa)(CH2CH)SiCI i 36.8 1.30-10 -17 0.50 12 

0.0232 

0.0150 

0.0208 

0.0221 

Kinetics measured by the increase in the surface -SiX groups absorption intensity 

(CH3)3SiN3 57.2 2.86-10 -15 0.61 42 0.0230 

(CHa)zSiNCS 21.8 2.25"10 -17 1.15 60 0.0072 

(CH3)3SiNCO 60.3 1.06-10 -1~ 1.18 84 0.0120 

Kinetics measured by the increase in the surface-Si(CH3)3 groups absorption intensity 

(CHa)aSiCN 12.5 2.15-10 -is 1.34 30 0.0166 

(CHa)aSiN3 75.8 4.79.10 -14 1.46 52 0.0163 

(CHa)aSiNCS 62.7 9.49.10 -15 1.12 50 0.0105 

(CHa)aSiNCO 64.0 5.38-10 -16 0.90 44 0.0161 

*Temperature of silica surface pretreatment is 523 K. In other cases this temperature is 923 K. 

Reactions of these compounds with OH groups of pyrogenic silica surface proceed via 

the SEi mechanism [4,57,108,109,133,140]. Nevertheless, it has been disclosed that, apart 

from the occurrence of chemisorption by the SEi mechanism, the dissociation of silica 

surface Si-O bonds occurs by the Adi mechanism in the interaction of such compounds 

as (CH3)aSiX (X = Na, NCS and NCO)[4,58-61]. 

Kinetics of both reactions was observed by IR spectroscopy and gravimetry. The para- 

meters of Eq. (50) which are calculated on the basis of kinetic isotherms are presented in 

Tables 2 and 6. 

It is obvious from Tables 2 and 6 that for the reaction of (CHa)aSiCN running only by 

the SEi mechanism, the difference in E0 ~ values calculated from the change in the surface 

OH and (CH3)3Si groups concentrations is minimal and reaches 16 kJ-mole -1. However, 

the reactions of (CHa)aSiX (X = Na and NCO) compounds correspond to both the Ssi 

and Adi mechanisms, because of a low potential barrier of the latter process, by close E0 ~ 

values measured in kinetics of the increase of SiX and Si(CH3)3 groups concentration. 

It follows from the data listed in Table 2 that reactivity of the (CHa)aSiX compounds 

relative to the silica surface OH groups, decreases in the series of X substituents: 

I > Br > CN > NCS > N(CH3)2 > NCO > N3 > C1 > (CH3)3SiO 

In the dissociative addition to siloxane bonds of silica surface, the reactivity decreases in 
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the following series: 

NCS > N3 > NCO 

Reactivity of organosiloxanes, in the interaction with the surface OH groups, decreases 

in the series: 

[(CH3)(CH2 = CH)SiO]3 > [(CH3)2Si013 > [(CH3)2Si014 > (CH3)3SiOSi(CH3)3 

and reactivity of alkylchlorosilanes with these groups decreases as: 

SIC14 > CH3SiC13 > (CH3)2SiC12 > (CH3)3SiC1 

7.2.1. Structure-reactivity relationships 
Organosilicon compounds act, while interacting with the silica surface OH groups, as 

electrophilic agents. Therefore, the main properties of these compounds governing the 

height of a reaction potential barrier are likely to be an electrophilic ability of reactants 
and strength of Si-X bond that becomes weakened in the transition state. Since there are 

no data on most organosilicon compounds under analysis, as far as the strength of Si-X 

bond (E SiX) is concerned, these quantities for (CH3)3SiX compounds have been calcula- 

ted by the Sanderson method [141] for various substituents X. The inductive constants 

of the substituents X (cri) were selected to make quantities describing electrophilic ability 

of these compounds [142]. The computed energies of Si-X bonds and cri constants for the 

series (CH3)aSiX compounds are listed in Table 7. The correlation analysis of the linear 

dependencies of E0 ~ values for interaction of (CH3)3SiX compounds with OH groups of 

pyrogenic silica surface on the E SiX and O" I parameters has disclosed that activation ener- 

gies decrease with lowering the bond energy and with enhancement of inductive constant 

of substituent X. This dependence is described by the linear relation [79,81] 

Eo ~ = 0.29 E SiX - 274.5 ai + 62.9 kJ .  mole -x (n - 6; cr 2 - 318.3) (72) 

Similar regularities are observed also on comparing apparent activation energies of the 

conversion at the surface coverages | = 0.5 and 1.0 with the above parameters of the 

(CHa)aSiX compounds [81]. 

Using the parameters of Eq. (72), it is possible to estimate in a satisfactory way the 

change in chemisorption activation energy with organosiloxane structure varying (Table 

2). Thus, E0 ~ can increase in coming from (CH3)3SiOSi(CH3)3 to [(CH3)2SiO]4(AE0 r exp = 
65 kJ .  mole-X), which is associated with the decrease of the Si-O bond energy and the 

increase of electron acceptor ability of the siloxane Si atom observed with the decrease in 

the number of electron donor ell3 substituents at this atom (AE0 ~ c ~ r  - 25 kJ .  mole -x) 

[65]. The difference in activation energies of cyclic organosiloxanes [(CH3)2SIO]4 and 

[(CH3)2SIO]3 interaction (AE0 r exp - 9.6 kJ.mole-1; AE0~c~lc = 6.6 kJ.mole-X), is related 

to the increase of energy of strain of siloxane cycle for the last compound (23 kJ.mole-1). 

The decrease of E0 ~ in coming from [(CH3)eSiO]3 to [(CH3)(CH2=CH)SiO]3 is well 

explained by the increase of the siloxane Si atom electron acceptor ability observed when 
a CH3 substituent is replaced by the CH2=CH substituent, possessing higher electron 

acceptor ability (AE0 # ~xp - 20.6 kJ -mole - l ;  (AE0ec~jc - 27.5 kJ .  mole-I). 
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A main simple way of separating a thermodynamic (enthalpy of reaction) and kinetic 

(internal barrier caused by, in particular, polar effects in the reaction) contributions into 

the potential barrier of the interaction is the Evans-Polanyi linear relation [21] 

E0 ~ - aAH +/3 (73) 

where AH is the enthalpy of reaction and/3 coefficient approximates the reaction potential 

barrier at AH - 0. The a coefficient, can describe the location of transition state on the 

reaction coordinate (1 >_ a >_ 0). It seemed interesting to check up on the applicability of 

Eq. (73) to description of the reactions of organosilicon compound chemisorption on the 

silica surface. There are no data on enthalpy of such interface reactions. For the reactions 

of structurally similar (CH3)3SiX compounds, the calculation of the reaction enthalpy 

difference is not that difficult because the product, of the reaction with the surface OH 

groups, Si(CH3)3, is identical for all these reactants. Therefore, the reaction enthalpy 

proceeding by the SEi mechanism equals 

AH - DRSiX - DH_ X + B (74) 

where DRSiX and DH_ X are the energies of homolytic dissociation of the Si-X and H-X 

bonds in the reactant and product of the interaction, B is the constant for the entire series 

of (CH3)3SiX compounds. Table 7 lists the calculated ( A H -  B) values for the series of 

organosilicon compounds, incorporating experimentally found DRSiX and DH_ X parame- 

ters [143], and those determined by the Luo and Benson's method using electronegativity 

of X substituents (Vx) [144]. 

The comparison of the data listed in Table 2 shows that the decrease in (CH3)3SiX 

compounds reactivity observed in coming from X - C1 to X - OSi(CH3) (AE0 ~ ~xp = 

24 k J .  mole -1) is caused primarily by a significant increase in the reaction enthalpy 

(AH - 229 kJ .  mole-l). If X is the halogen atom (C1, Br, I), then the reaction enthalpy 

increases as the main quantum number of the halogen decreases. However, the difference in 

activation energies observed in passing from X - C1 to X = Br (AE0 ~ ~p - 72 k J-mole -1) 

cannot be attributed solely to the decrease in the reaction enthalpy in the series (AH - 

12.5 kJ-mole  -1). It is likely that the main contribution into the decrease of height of the 

reaction potential barrier is made by the decrease in the energy of the lowest unoccupied 

molecular orbital of the silane corresponding to the cr* of Si-X bond in coming from X - 

C1 to X - Br, and by the decrease in/3 coefficient. 

It follows from Table 6 that the E0 ~ values, calculated for a dissociative addition to 

siloxane bonds of silica surface at the interaction with (CH3)3SiX (X = N3, NCS and NCO) 

compounds, are by 10 to 20 kJ.mole -1 lower than the activation energies of reactions of 

these reactants with the silica surface OH groups. The lowest E0 ~ value in the Aai process 

is displayed by the reaction with X - NCS that features the weakest Si-X bond and a 

substituent with the highest electron acceptor ability, while the reactions with X - NCO 

and X - N3 occur to the close activation energies, which, probably, is related to the close 

strength of Si-X bond in these reactants. 

Using Eq. (73) for chemisorption of the (CH3)3SiX compounds on silica surface, the 

difference in activation energies of the reactions occurring by the SEi and Aai mechanisms 

can be related by the expression between the bond dissociation energies in the reactants 

and products 

AEo r - a(Dsio_ H - DSiO_Si + DSi_X - DH_X)+ A/3 (75) 
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Table 7 

The energies of Si-X bond in the (CH3)3SiX compounds (kJ-mole -1) calculated by Sanderson 

method [141] (ESiX), inductive ai constants of substituent X [142], energies of homolytic disso- 

ciation of HX compound (DH_x) [143] and Si-X bond (DRsi_x) calculated by Luo and Benson 
method [144] and relative reaction enthalpy ( A H - B )  (kJ-mole -1) for reaction with surface OH 

group from [81] 

Substituent X E SiX O" I DRSi_ X DHX AH - B 

F 555.5 0:46 648.9 565.7 83.3 

C1 597.9 0.47 474.0 427.6 46.4 

Br 331.8 0.45 397.5 362.3 35.2 

I 275.1 0.40 322.6 294.6 28.0 

OH 340.2 0.34 536.0 498.7 37.3 

SH 407.5 384.9 22.6 

N3 455.6 0.43 

NCO 496.2 0.38 

NCS 374.0 0.44 

CN 374.5 O.55 

OSi(CH3)3 467.8 0.36 811.7 536.0 275.7 

OCH3 490.8 0.27 

CHa 308.8 - 0.05 376.6 435.1 - 58.6 

Sill3 325.9 387.0 - 61.1 

Si(CHa)3 338.9 377.4 - 38.5 

H 402.1 0.00 377.4 432.2 - 54.8 

CONH2 326.4 - 0.13 

NH2 420.1 0.12 470.7 438.1 32.6 

PH2 272.0 0.07 544.8 284.1 260.7 

NHSi(CHa)3 318.8 334.7 - 15.9 

NHCH3 196.6 364.8 - 168.2 

N(CH3)2 209.2 359.8 - 150.6 

N(C2Hs)2 548.1 448.9 99.2 

where AE0 r - E0e(SEi)- E~(Adi), DSiO_H, DSi_OS i and DSi_ X are the energies of homo- 
lytic dissociation of OH, SiO and SiX bonds in the SiO-H, Si-OSi and Si-X surface groups 

of the initial and modified silica, A3 is the difference between internal barriers of the SEi 

and Aai routes. The above relation shows that the difference in activation energies of two 

reactions will be at maximum for organosilanes with maximum DSi_ X - DH_ X difference. 

By assuming that DSi_ X of surface species varies like DSi_ X for (CH3)3SiX compounds 
does on varying the X substituent nature in these compounds, we can easily put down 

the trend in the DSi_ X - DH_ X variation using the data in Table 7. It is obvious that the 

maximum AE0 r value is observed in the case of lowest reactivity of organosilanes in the 

SEi process. This explains the observed maximum of AE0 r at interaction of (CH3)aSiNCO 

and (CHa).3SiN.3 as compared with (CH3)3SiNCS having a high reactivity at interaction 

with both OH groups and siloxane bonds of the silica surface. 
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The DSiO_ H - DSi_OSi difference in Eq. (75) can be estimated proceeding from the 
homolytic dissociation energy by the appropriate bonds of the (CH3)3SiO-H and 
(CH3)3Si-OSi(CH3)3 (AD = -275 kJ .  mole-l). This negative AD value indicates that 
the reaction of (CHz)3SiX compounds with main active sites of the dehydrated silica sur- 
face preferably occurs by the SEi as compared with the Aai route. The latter is likely 
to be realized at interaction of (CH3)3SiX compounds with the stressed siloxane bridges 
formed due to dehydroxylation of silica surface at a high temperature of its pretreatment. 
Moreover, the decrease in the activation energy of Aai process on the silica surface is also 
possible in case a large polar contribution increases into the height of a potential barrier 
of the reaction due to the interaction of organosilanes with electron donor (Lewis base) 
active sites of the surface, that are formed during silica dehydroxylation. 

The data obtained in [79-81] allow for the conclusion that organosilicon compounds, 
exhibiting the highest reactivity at interaction with the main active sites of dehydrated 
silica surface, should have a low strength of the Si-X bond and contain X substituents 
with high acceptor ability. Also, reactivity of the compounds increases as the reaction 
enthalpy decreases. 

7.3. In terac t ion  of front ier  orbi tals  of reac tants  in the chemisorpt ion on silica 
surface 

The static quantum chemical indexes of the reactivity may be used for description of 
kinetics of double exchange reactions which occur through the transition state with high 
charges separation [17]. If a barrier height of the surface reaction is controlled by frontier 
orbitals interaction, then the following correlation may be fulfilled: 

E0 r - a , /  (EHoMO(OH) -- EALuMO(RSiX)) + a2 (76) 

where EHOMO(OH) is the energy of the highest occupied molecular orbital of surface OH 
group cluster and EALuMO(RSiX) is the energy of the lowest unoccupied molecular orbital 
of organosilicon molecule. Furthermore, according to the Koopmans' theorem the frontier 
orbital energies are given by --EHoMO = IP; --ELuMO = EA, where IP is the ionization 
potential, and EA is the electron affinity [145]. These values for organosilicon compounds 
and clusters of silica surface OH group were calculated by the semi-empirical quantum 
chemical AM1 and MNDO methods in [82]. 

The linear dependencies of E0 r values of the organosilicon compound chemisorption on 
the silica surface (Table 2) on the quantum chemical indexes of these compounds (reaction 
enthalpy, charges on the Si and X atoms, their electron affinity and ionization potential, 
electronic polarizability and dipole moment) were compared in [82]. From these data it, 
follows that the best correlation is observed between the organosilicon compounds reacti- 
vity and their electron affinity or parameters which include EA values. According to the 
data, obtained the relationship (76) is satisfied most often. It was found that. the following 
linear dependence between the activation energies of the organosilicon compounds chemi- 
cal reaction with the silica surface OH groups corrected for adsorption complex formation 
Eq. (29)(E~orr ) and their EA values is obeyed [49]" 

-1 .48 - l0  s 
Ec#~ = IPsioH -- EAasix + 251 (SM -- 27.8) (77) 

This dependence is shown in Fig. 7. 
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Figure 7. Dependence of organosilicon compounds chemisorption energy on the silica surface 
corrected for OH precursor formation on the inverse difference between ionization potential of 
silica surface cluster and electron affinity of the compounds. Figure taken from [49]. 

If the E0 r is controlled by charge transfer, then it can be determined on the basis of 
reactants electronegativity comparison as a surface reaction occurs through the SNi or SEi 
mechanisms. If inequality 

(IP + EA)oH > (IP + EA)Rx (78) 

is satisfied, then the reactants from the gas phase are nucleophiles, but at 

(IP + EA)oH < (IP + EA)Rx (79) 

ones are electrophiles. Allowance for these inequalities with the IP and EA values of the 
organosilicon compounds and silica clusters demonstrates that inequality (79) is satis- 
fied and these compounds are electrophiles in the reactions with the silica surfaces. The 
electronegativities obtained, for the NH3, N(CH3)a, H20, CH3OH, C2HsOH, n-C3HrOH, 
n-C4H9OH fall within the interval 5.9+8.6 eV. According to inequality (78) these compo- 
unds are nucleophiles in substitution reactions with the silica surface OH groups. These 
conclusions agree with the obtained correlation equations connecting logarithms of rate 
constant of organosilicon compound chemisorption on the silica surface with the inductive 
constant of substituents at the Si atom in these compounds [133], and with the quantum 
chemical calculations of potential energy surface profiles along a reaction pathway [47,48]. 

7.4. Inf luence of oxides s t r u c t u r e  and  the i r  t e m p e r a t u r e  p r e t r e a t m e n t  on 

chemiso rp t ion  kinet ics  of organosi l icon c o m p o u n d s  
In such a manner the main parameters of electronic structure of silica surface OH groups 

controlling precursors stability and height of activation barrier in the SEi or SNi reactions 
are the positive and negative maximum charges on the atoms of surface cluster and their 
frontier orbital energies. The identical approach with these parameters can be used for 
the description of organic compounds chemisorption on the parent and mixed Si, Ti and 
A1 oxides surface. The activation energies, pre-exponential factors and other parameters 
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of Eq. (50) for chemisorption of various organosilicon compounds on the pyrogenic TiO2, 

A1203 and mixed oxides surface [79,134] are presented in Table 8. It is seen (Tables 6 and 

8), that the highest values of 7 parameter are observed in these reactions. It evidences for 

considerable surface heterogeneity. The lower values of E0 r on A1203 surface are probably 

due to considerable contribution of strong complex formation between the reactant and 

Lewis surface sites to the measured E0 r values, Eq. (29). 
It was established that in the presence of adsorbed water on the silica surface (T = 

250~ the activation energy of alkylchlorosilanes chemisorption is reduced (Table 7), 

probably due to interaction of water dipoles with the polar activated complex in these 

reactions. 
Pyrogenic A1203 and TiO2 surfaces are more reactive with respect to the organosilicon 

compound chemisorption than the SiO2 surface is. It may be explained by the presence of 

strong Lewis acid sites on these surfaces. The addition of 30% A1 to the silica matrix chan- 

ges insignificantly the activation energy of hexamethyldisiloxane chemisorption; however 

the addition of Ti reduces the activation energy of this reaction. It may be explained by 

the lowered reactivity of A1-O bonds as compared to Ti-O bonds and by the absence of 

A1-OH groups on the surface of the mixed oxide at a high temperature of the surface 

pretreatment. Addition of A1 or Ti to the silica matrix was found not to influence the 

activation energies of (CH3)3SiC1 reaction with silanol groups of mixed silicas surface as 

compared to the parent silica [114]. 

Table 8 
Kinetic parameters of Eq. (50) for organosilicon compound chemisorption on the pyrogenic oxi- 

des surface 

Compound Oxide Tp E r 3' u A r 

o C kJ.mole -1 cm3.molecule -1 

(CH3)3SiOSi(CH3)3 TiO2 650 30.1 40 0.58 1.1-10 -17 

(CH3)3SiOSi(CH3)3 *TiSiO 650 76.4 20 0.80 7.8.10 -14 

(CH3)3SiOSi(CH3)3 *A1SiO 650 127.0 26 0.65 2.2-10 -11 

[(CH3)2Si014 A1203 650 -0.2 34 0.34 4.2.10 -2~ 

(CH3)3SiN(CH3)2 A1203 650 12.2 22 0.78 1.2-10 -17 

(CHz)(CH2-CH)SiC12 A1203 650 -3.3 28 0.74 2.7-10 -2~ 

[(CH3)2SiNH]3 A1203 650 1.2 22 0.21 3.4.10 -18 

*mixed oxides containing 30% mass Ti or A1 in the SiO2 matrix; Tp is the temperature of surface 
pretreatment in vacuum for 2 hours. Experimental data at different temperatures were obtained 
by the gravimetric method in [134]. 

Correlation of the parameters of heterogeneous surface active sites or its distribution 

functions on these parameters with activation parameters of organic compound chemi- 

sorption on the oxides surface is required for establishment of the reaction mechanism 

(for example, SEi or SNi). An approach for calculation of distribution functions of he- 

terogeneous surface active sites on the donor, acceptor and polarization components of 

organic compounds adsorption energy using the nonlinear inverse gas chromatography 
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of test adsorbates possessing different donor-acceptor properties has been proposed in 

[146-148]. A more correct mathematically method for calculation of these distribution 
functions of parent and mixed Si, Ti and A1 pyrogenic oxides surface is presented in [149]. 
It includes calculation of distribution function (sum of two uniform distribution functions) 
parameters on adsorption energy and cumulants of the distribution immediately from the 
chromatographic peak without intervening approximation and integration. The average 
values of distribution functions on the adsorption energies present the sum of specific 

(donor-acceptor or H-bond) as well as of nonspecific (mainly, dispersive) interactions be- 
tween surface active sites and adsorbate molecules. The donor (DN) and acceptor (AN) 

numbers are the convenient parameters which determine the adsorbate ability to form the 
donor-acceptor or H complexes with the surface sites (acid-base parameters) 

Esp -- A2 DN + A3 AN (80) 

where Esp is the contribution of specific interaction into adsorption energy; A2 and Aa are 

the coefficients determining the acceptor (acid) and donor (base) parameters of surface 
active sites. The first central moments of distribution function on these parameters for 
several pyrogenic oxides surface were determined from the data of nonlinear chromato- 
graphy [149]. 

As shown previously, the silica surface OH groups manifested as nucleophiles at the 
interaction with organosilicon compounds. On the hypothesis that reaction mechanism is 
invariant in going from the silica surface to parent and mixed Ti or A1 oxides, then one 
would expect the decrease of chemisorption activation energy with enhancement of the 
surface sites donor ability parameter. 
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Figure 8. Dependence of hexamethyldisiloxane chemisorption activation energy on the pyrogenic 
oxides surface versus the first central moment of distribution on donor contribution of the 
surface sites to adsorption energy of organic compounds (A3). 

As can be seen from Fig. 8 the above mentioned dependence is obeyed for the hexame- 
thyldisiloxane chemisorption on the oxides surface. Hence the most likely mechanism of 

the organosilicon compound chemisorption on this surface is the SEi mechanism. 
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8. C O N C L U S I O N  

Hence, the models of chemisorption kinetics on the homogeneous and discrete hetero- 

geneous surfaces describe poorly the kinetic isotherms of organic compounds in a whole 

range of surface coverage at different temperatures. Isosteric activation energies of these 

processes strongly depend on the surface coverage. This is due to different heterogeneity 

types of oxide surfaces. The proposed empirical equation including the power dependence 

of chemisorption apparent activation energy on the surface coverage allows to describe the 

chemisorption kinetics of various organosilicon compounds on the Si, Ti and A1 pyrogenic 

oxides surface in a wide range of experimental conditions and to determine the activation 

energy and pre-exponential factor for surface modification. 

Effects of heterogeneous surface layer disordering and its topography can be studied 

using the solutions of simplified integral equations including the Gamma-distribution 

function on the chemisorption rate constants as well as the Gamma, normal or uniform 

distribution functions on the distances between neighbouring sites with the account for 

lateral interactions between chemisorbed species in the mean-field approximation. A sa- 

tisfactory qualitative agreement has been found between the present model predictions 

and the experimental kinetic data obtained for the organosilicon compound chemisorption 

on the pyrogenic silica surface. 

The best way to correct determination of chemisorption activation parameters on hete- 

rogeneous oxides surface includes the calculation of its both distribution functions on the 

activation energy and on logarithms of the pre-exponential factor and their central mo- 

ments from the kinetic isotherms measured at different temperatures. Obtained from such 

calculations the isokinetic temperature and logarithm of rate constant at this temperature 

reflect the gaseous organic compound reactivity toward active sites of the heterogeneous 

oxides surface. 

Activation energy of electrophilic substitution of silica surface OH group by organic 

residue decreases with the enhancement of acceptor ability of organosilicon compound 
and with the decrease of Si-X bond energy. The best correlation is observed between 

the organosilicon compounds reactivities and their electron affinities or parameters which 

include these values. Conclusions about the chemisorption reaction occurring through the 

SNi or SEi mechanisms at the Si atom of silica surface can be made on the basis of gaseous 

reagents and surface active site cluster electronegativities comparison. This conclusion 

may be spread on the chemisorption mechanisms on the surface of other element oxides. 

As it follows from the quantum chemical calculations, two minima on the potential 

curves for the interaction of organic molecules with the silica surface OH group are due 

to formation of linear hydrogen-bonded and following cyclic donor-acceptor complexes 

prior to the transition state for proton transfer in these reactions. In case of large mo- 

lecules interaction, the second minimum often missing from the potential curve and the 

donor-acceptor complex is consistent with the transition state of proton transfer reaction. 

Simple linear relationships developed between the quantum chemical indexes of organic 

molecules (their maximum charges and energies of the frontier orbitals) and their empi- 

rical donor-acceptor parameters as well as the heats of the hydrogen-bonded complexes 

formation with silica surface OH groups or the chemisorption activation energies on this 

surface may be used for estimation of the complexes stability and reactivity of organic 

compounds towards Bronsted sites of other oxide surfaces. The electron donor ability of 



279 

surface site and electron acceptor ability of gas reactant play a leading part in the rate 
of electrophilic substitution of hydrogen atom of the surface OH groups, whereas the 
opposite properties of these reactants affect the stability of hydrogen-bonded precursors 
in these reactions. The overall activation reaction barrier reduces with the increase of 
preliminary adsorption complex stability and overall reaction rate grows. 

One of the main problems of organic compound reactions proceeding on the heterogene- 
ous oxide surfaces is possible dependence of their mechanism on the surface coverage. For 
instance, this deduction follows immediately from different variance of distribution func- 
tions of oxide surfaces on the donor and acceptor properties of the active sites [147-148], 
which determines their nucleophilic and electrophilic abilities to interact with organic 
compounds from the gas or liquid phase. 
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Chapter 1.10 
Functionalized polysiloxane sorbents: preparation, structure, properties 
and use 

Yu. L. Zub ~ and R. V. Parish b 

~University of K iev - - -Mohy la  Academy, 254070 Kiev, Ukraine 

bUniversity of Manchester ,  Ins t i tu te  of Science and Technology, Depar tmen t  of Chemistry,  

Manchester  M60 1QD, United Kingdom 

F r e q u e n t l y  U s e d  A b b r e v i a t i o n s :  

acac - Acetyl acetone, [(CH3)CO]2CH2 

A P T E S  - 3-Aminopropyl t r ie thoxysi lane ,  (C2HsO)3Si(CH2)3NH2 

C P T M S -  3-Chloropropyl t r imethoxysi lane ,  (CH30)3Si(CH2)3C1 

dien - b i s (2-aminoethyl )amine ,  NH(CH2CH2NH2)2 

Et - Ethyl,  C2H5 

DMF - N,N' -  Dimethyl formamide  

en - 1 , 2 -  Diaminoethane,  H2N(CH2)2NH2 

ES - Electronic Spectra  

FPS - Functionalized Polysiloxane Sorbent(s)  

M +" - Metal  ion 

Me - Methyl,  CH3 

PAPS - Poly(3-aminopropyl )s i loxane  

PCMS - Poly(chloromethyl)s i loxane 

PCPS - Poly(3-chloropropyl)s i loxane 

PHS - Polyhydrosi loxane 

PMS - Polymethyls i loxane 

PMMS - Poly(mercaptomethyl )s i loxane  

PMPS 

PPhS  

PPS 

- Polyvinylsi loxane 

- Pyridine,  CsHsN 

-e f fec t ive  pore radius 

- specific surface area 

PVS 

py 

reff. 

asp. 
TEOS - Tetraethoxysi lane,  Si(OC2H5)4 

TMS - Tet ramethyls i lane  

- Poly(3-mercaptopropyl )s i loxane  Vm~cro - sorpt ion volume of macropores  

- Polyphenylsi loxane Vs - maximal  sorpt ion volume of pores 

- Polyphosphinosi loxane V t o t .  - to ta l  sorption volume of pores 

1. I N T R O D U C T I O N  

Functionalized polysiloxane sorbents  (FPS)  are spatial ly cross-l inked organosilicon po- 

lymers with a controllable porous s t ructure ,  which are not soluble, and do not swell in 

known common solvents. Their  in termedia te  posit ion among typical  inorganic materials  

(silicas, silicates, quartz,  etc.) and organic polymers  results from their  chemical compo- 
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sition and properties, since they contain both a silicon-oxygen framework and organic 
radicals (functional groups) attached to silicon atoms. 

FPS are usually prepared by hydrolytic polycondensation of a mixture of tri- and 

tetra-functional organosilicon monomers, i.e., R'Si(OR)3 and Si(OR)4, respectively. The 
whole volume of the reaction mixture forms a hydrogel, which allows for the use of systems 
containing one, two or more components. After the hydrogel is aged, washed and dried, 
porous solids, xerogels are formed. 

The surface of FPS is characterized by the presence of at least three dominant types 
of groups: hydrophobic hydrocarbon radicals R' bonded to silicon atoms, often containing 
electron-donating or electron-accepting groups; residual silanol groups, -Si -OH,  where 
the polymer chain terminates; oxygen atoms of siloxane bonds, -Si-O-Si-- .  Such a va- 
riety of the surface character allows for interactions with different sorbates: 

1. coordination interaction e.g., metal or hydrogen ions with donor and/or acceptor 
groups of the R' radical, 

2. molecular sorbent-sorbate interaction which may involve orientation, induction and 
dispersion effects, 

3. hydrophobic interaction between hydrocarbon groups of sorbed substances and hy- 
drophobic groups of the R' group in the sorbent, 

4. proton donation or cation exchange by residual silanol groups, 
5. interaction of the oxygen atoms of siloxane chains with molecules which contain 

proton- donor groups. 

By varying the conditions of gelation i.e. pH of the medium, sol concentration, duration 
of ageing, nature of the original reactants, presence of an intermicellar liquid, control of 
temperature during gel sedimentation and drying, conditions of hydrothermal treatment, 
etc., it is possible to devise syntheses of FPS with porous structures and a range of desired 
parameters. The sorption properties of such materials are determined essentially by the 

nature, sizes and geometry of the organic substituents on the silicon atoms. 

Classification of FPS can be made on the basis of different features, for example: 
- nature of the functional group, 
- composition of the siloxane chain. 
The former can be divided into two types: type A - sorbents containing saturated organic 
radicals on their surface (methyl, phenyl, etc.); type B - sorbents containing electron- 

accepting (vinyl, etc.) or electron-donor (amine, thiol, etc.) groups. Type A and B are 
thus clearly differentiated. However, in principle, functional groups of both types may be 
present simultaneously on the surface of sorbents. 

Modification of organosilicon sorbents by metallic complexes in the gelation stage leads 
to the formation of a separate group of metal-containing FPS. Depending on the nature 
of the complex and a number of other factors the central metal atoms may or not become 
incorporated in the siloxane chain. In the first case a siloxane chain will contain chemically 
bonded heteroatoms, and the sorbents themselves can be of types A and B. In the second 
case, the nature of binding of the complex in a sorbent body may be quite different. 
A monograph by Slinyakova and Denisova [1] published in 1988 generalized the results 
of the experimental investigations of FPS carried out for many years. They synthesized 
and studied mainly sorbents of type A, e.g. PMS, PPhS. In addition, the attention was 
also paid to same type B sorbents: PVS, PHS as well as sorbents containing various 
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heteroatoms e.g. A1, Ti, Zr in the siloxane chain. The present review presents the recent 
studies of FPS of type B and FPS containing the inserted transition-metals complexes. 

2. M E T H O D S  OF P R E P A R A T I O N  A N D  S T R U C T U R E S  OF FPS 

To prepare FPS containing surface groups such as amine, substituted phosphine, thiol, 
or halide, bonded to silicon by alkyl or similar chains, two-component systems are usually 
used (see Scheme 1): 

Si(OR)4 + (RO)zSiR' +H20 S i O 2 ~  O ~ Si-R' 
-ROn o (1) 

where R = Me, Et; R ' =  -(CH2)sNH2,-(CH2)2PPh2,-(CH=)~Sn,-(cn=)~c~, ~tr 
The hydrolysis of Si(OR)4 during polymer formation provides a cross-linking element, 

and is a s t ruc ture-  forming component [2]. However, P H S  [1] ~s wen  as a number of other 
FPS can be also obtained by using a single-component system (see below). 

The preparation of FPS containing amines as functional groups (PAPS) is one of the 
simplest. One of the first such studies is that by Neimark and coworkers [3], which is based 
on the hydrolysis of TEOS and APTES dissolved in methanol in an alkaline medium. A 
more detailed description of the preparation of both PAPS and a sorbent with a diami- 
noethane group has been given by Khatib and Parish [2], Scheme 1, R'= -(CH2)zNH2 
or-(CH2)zNB(CH2)3NH2. In these cases the base necessary to catalyse, the hydroly- 
sis and condensation was provided by one of the reagents. The hydrolysis of APTES 

alone (under these conditions) results in the formation of a mixture of oligomers which 
is completely soluble in water [2]. The optimum ratio for obtaining solid polymers was 
1:2 (APTES/TEOS).  There occurs formation of amine-containing oligomers which are 
removed from the xerogel during washing. Below this ratio, although loss of reactants 
is decreased, the number of nitrogen-containing groups also decreases. At the optimum 

ratio of reactants the NH2 -content is [NH2] ~3.0 mmol/g. 
From the stoichiometry of the initial reaction mixture, the simplest structure for these 

FPS would be a two-dimensional ladder matrix (see Scheme 2): 

I I I 
X( CH2 )3 Si-O-[-Si-O-]n-Si(CH2 )3X 

I I I (2) 
0 0 0 

where X =-NH2;-NH(CH2)2NH2, etc.; n = 4. 
The molar ratio of C/N is consistent with the suggested structure. However, the abso- 

lute quantities of these elements are smaller than those calculated for n = 4, but they are 
close to the compositions with n=6.5 for X= -NH2 or n=8.4 for X = -NH(CH2)2NH2. 
These average values show that in the condensation process there is partial oligomerisa- 
tion of the aminosilanes. These oligomers are lost during washing of the xerogels which 

leads to an increase in the proportion of the number of "skeletal" SiO4 groups. 
Of course, the nature of the organic functional group exerts an influence on the structure 

and, as a consequence, on the stoichiometry of the eventual polymer. The real structure 
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of PAPS is undoubtedly more complex than that shown in Scheme 2. This was confirmed 
by the studies of Zub et al. in which water was added only after mixing the TEOS and 
APTES [4,5]. The IR spectra of these samples showed absorption bands of NH2 groups 
at 3300 and 3365 cm-1; this range indicates participation of these groups in hydrogen 
bonds. A strong absorption due to the vibrations of Si-O bonds was found in the range of 
900-1200 cm -1, which consisted of two components; 1060 and 1160 cm -1. According to 
Finn and Slinyakova [6], this points to the formation of a three-dimensional framework 
of siloxane bonds. 

The hydrolytic condensation of TEOS with CPTMS gives an FPS with surface chlo- 
ropropyl groups. Catalysis of the condensation by both Bu2Sn(OAc)2 and HC1 was used 
[2,7]. The former leads to the incorporation of tetrahedral Bu2SnO2 groups into the poly- 
mer (Sn- l l9  Moessbauer evidence [8]); the latter gives clean polymers and allows for wider 
TEOS : CPTMS ratios down to 1:1. The chloropropyl groups have been functionalized 
with many ligand groups: simple amines, chelating amines such as dien, Schiff bases, ami- 

noacids [-NHCH2CO2H,-N(CH2CO2H)2 ] and macrocycles [7,9], see Scheme 3. The func- 
tionalization reaction is sometimes restricted by narrow pores; refr. for 3-aminopropyl- and 
3-chloropropyl-functioanlized polymers is 44 and 33 ~, respectively [5,7]. For instance, 
75% replacement of chlorine is achieved by the reaction with aniline, but only about 5% 
with diphenylamine [8]. Surprisingly, the macrocycle shown in Scheme 3 gave about 30% 
reaction [7]; however, in this case the starting material was 3-iodopropyl-functionalized, 
which gives greater reactivity. 

.E- DMF (100 ~ 2,4h) 

-HCI 

o. .d- 

(3) 
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The synthesis of FPS containing en as a functional group was also carried out using 

a three-component sys t em-  a vinyl group acting as a "spacer" [10] obtained by taking 

(MeO)3Si-CH=CH2 as one of three initial reagents. 

The hydrolytic polycondensation of P-  and S-containing organotrialkoxysilanes with 

TEOS (1:2) was carried out (see Scheme 1, R'= -(CH2)nPPh2, n = 2 and 3 [8]; 

R'= -(CH2)3SH [2]). Non-aqueous solvents such as toluene or ethanol were used in the 
preparation of PPS with (n-Bu)2Sn(CHaCOO)2 as a catalyst. A disadvantage of this 

system is the incorporation of the catalyst into the polymer [8]. An attempt at the hydro- 
lytic polycondensation of the phosphorus containing silanes again led to oils soluble in, 

for example, CHCla [8]. Possibly, oligomeric siloxanes similar to those described by Bris- 

don and Watts [11] are formed. It should be also noted that the first reported synthesis 

of PPS [12] used a two-component system. Two other methods where employed in PPS 
preparation [8]: 

a) solid PVS, obtained from the reaction of TEOS with (EtO)3SiCH=CH2, was treated 

with PPh2H under an UV irradiation, 

b) FPS derived from TEOS/CPTMS was treated with diphenylphosphine. 
In the former case, only 10 % of vinyl groups took part in the interaction after 100 h 

but in the latter, 25 cA reaction was obtained during 24 h. The first result is probably 

due to the opacity of the polymer, excluding the UV from the centre of the particles. 
Another observation suggests that fraction of the functional groups may be inaccessible 
to voluminous reactants. 

Solid-state 29Si NMR spectra were obtained for phosphine-containing polymers [8]. Two 

major signals were found with the centers at 105 and 60 ppm in relation to TMS which 

corresponds to silicon in Si(O)4 and (O3)SiR' groups JR '=  -(CH2).PPh2 (n = 2 or 3)]. 

The signals were wide and consisted of at least two peaks, possibly indicative of the 
existence of chains with different sets of neighbouring groups, for example, Si(OSiO3)4, 

Si(OSiO2R')(OSiOa)a etc. laC NMR spectra exhibit signals typical for such groups as 
-C6Hs;-OCH2-; -CH2-; CHaCOO. Strong signals were found in alp NMR spectra at 9 
and 17 ppm corresponding to (CH2),PPh2 groups. There was no evidence for the presence 
of phosphine- oxide groups. These data confirm the formation of rigid three-dimensional 
siloxane matrices in which 15-25 % of silicon atoms bear ligand groups [8]. 

In contrast to the 3-chloropropyl system, it is possible to prepare pure PCMS from the 
one-component sys t em-  C1CH2Si(OEt)a [13,14]. Ethanol, DMF, diethyl ether, acetone 

and dioxane were used as solvents. The xerogel of PCMS was obtained as a porous white 

solid of the composition (C1CH2SiO3/2)., insoluble in organic solvents and water. The 

porous structure of PCMS depends markedly on the nature of the organic medium used 
during sedimentation of the gel. An alcoholic medium gave a wide-pore adsorbent with 

a high content of mesopores. Pore volumes towards the benzene are following: Vs = 
1.28 cm3/g, V t o t . - -  1.37 cm3/g, Vmacro  - -  0.09 cma/g and S~p =155 m2/g). Adsorbents 

prepared in acetone, DMF or dioxane possess a macroporous structure with a low content 
of sorption pores, e.g. the pore volume (cm3/g, C6H6) for PCMS prepared from dioxane is: 

V s  - -  0 . 5 2 ,  Vto t .  "-  1.96, Vm~r = 1.44, S~p = 196 m2/g. For a sorbent prepared from DMF: 

V~ = 0.39, Vtot.-- 1.82, Vm~r = 1.43, S~p = 137 m2/g. The use of diethyl ester favours the 

formation of PCMS with a high surface area (Ssp (C6H6) = 259 m2/g), twice as great as 
that upon sedimentation in an alcoholic medium. Removal of the lyogel by washing this 
sorbent with ethanol leads to an increase in a sorption volume of pores and Sap as compared 
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to the samples washed out with water [14]. Change in the concentration of C1CH2Si(OEt)3 

in the reactant mixture influences slightly the porous structure of the PCMS xerogel. 

Calculation of the effective pore radius from the isotherm adsorption curves shows that 

the pore volume distributions for all PCMS samples do not have a maximum at any given 

radius, but give a wide distribution. This shows that the synthesized adsorbents are of 

various structures, and pores of a dominating size are not found. 

The synthesis of FPS containing sulphhydryl functional groups also using a single-- com- 
ponent system was reported[15-17]. Mercaptomethyltrimethoxysilane 

(CHaO)aSiCH2SH was first hydrolysed in alcohol-dioxane with an acid catalyst follo- 
wed by condensation of the hydrolysis product in an alkaline medium, pH 7.8 - 8.2. 

The final product was a solid, porous, chalk-like, elastic sorbent, of composition corre- 

sponding to HSCH2SiO3/2. The existence of SH group is confirmed by an intense band 
in the IR spectrum of the xerogel near 2560 cm -1 In the region of vibrations of the 
silicon-oxygen skeleton there were observed vibrational bands of a Si-O bond at 1140 
and 1055 cm -1, typical for spatially cross-linked FPS. The suggestion that this xerogel 
is spatially cross-linked into a three-dimensional polymeric skeleton is confirmed by its 

insolubility, its non-swelling in such organic solvents as benzene, hexane, alcohol, acetone, 

dioxane, etc. and its infusibility. 

Poly[bis(2-silsesquioxanylethyl)sulphide] was synthesized by a hydrolytic polyconden- 

sation of bis(2-triethoxysilylethyl)sulphide [18] (Scheme 4): 

[(EtO)3Si(CH2)212S + H20 
- EtOH ~ [-O3/2Si(CH2)2s(cn2)2SiO3/2-]m (4) 

It is a white powder, non-melting, insoluble in water and organic solvents with a bulk 
density of 0.5 g/cm 3 and a real density of 0.71 g/cm 3. 

In a similar way, using bis-N,N'-(3-triethoxysilylpropyl)thiourea [19], a spatially cross- 

linked polymer was thiourea groups was prepared [201 (Scheme 5): 

[(EtO)3Si(CH2)3NH]2C = S 
+ H20,-EtOH 

t, pH 8 - 9  
[O3/2Si(CH2)3NH]2C = S (5) 

This sorbent has granules of a spherical form with particle sizes of 0.7-1.5 mm; it is white, 
insoluble and non-swelling in water and organic solvents. It is inflammable and not toxic 
(LDs0 > 5000 mg/kg). A distinguishing feature of this polymer is its high chemical and 
thermal stability. Thus, the temperature at which oxidative thermodestruction commences 

for this sorbent is 240-280~ that is 70-100~ higher than that for organic sorbents. In 

addition, practically no loss of mass or sorbent capacity occurs after treatment in 5N acid 

solutions (HNOa, HC1, H2SO4) and NH4OH. 
The synthesis of organosilicon polymers with highly acidic groups involves a number of 

difficulties. An attempt to carry out the hydrolysis of trimethyl(chlorosulfonylmethyl)silane 
was not successful since the existence of an electron-acceptor group at C atom linked to Si 

atom makes the Si-C bond susceptible to rupture, especially in the presence of bases [21]. 

A similar effect was also observed for a hydrolysis of methyl(chlorosulphonylmethyl)di- 

chlorosilane [22]. Nevertheless, in the latter case such conditions were found under which 
this effect could be reduced to a minimum, and poly(methylsulphonatomethyl)siloxane 
was successfully prepared. Hydrolysis was carried out by gradual addition of water to a 
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solution of the monomer in a considerable excess of dioxane at 5-10~ Scheme 6 was 

proposed to describe the formation of this polymer [22]. 

I - 3HC1 I + H20 
C1-Si-C1 + 3H20 ~ HO-Si-OH 

I I - CHzSO2OH 

CH2SO2C1 CH2SO2OH 

CH3 

L 
HO-Si-OH ; 

I 
OH 

n HO-Si-OH + n HO-Si-OH 

I 
CH2SO20H OH 

- H 2 0  
+ NaOH" 

, { [NaOSO2CH2 (CHa)SiO][CHaSiO3/2] }n (6) 

The resulting polymer was isolated in the form of the sodium salt, as a white powdery 
substance corresponding to the above composition. Absorption bands at 1200-1210 cm -1 
typical for U~sym (SO:) in alkanesulphonic acids were found in the IR spectra. An absorp- 
tion band at 1070 cm -1 seems to correspond to both stretching vibrations of a Si-O-Si 

bond and ysym(SO2). 
A method for the preparation of organosilicon sulphoacids without the necessity for 

synthesis of a monomer with HSO3 groups was also described [23-25]. It consisted of 
oxidation of pre-synthesized P MPS by potassium permanganate or the treatment of 

poly(phenyl-benzyl-2- phenylethyl)siloxanes by chlorosulfonic acid w i t h -  CHC13 as a 

solvent. 
Unger and coworkers [26] described the synthesis of FPS containing 1,2-epoxy-3- pro- 

poxypropyl groups. Initially, polyethoxysiloxane (MW = 800) was prepared from TEOS 

by acid hydrolysis, which was further used in hydrolytic polycondensation with 1,2-epoxy- 

3-propoxypropyltriethoxysilane. Homogeneity of the reaction medium in the second stage 
was maintained by addition of sodium or ammonium hydroxide, so that the final product 
contained either 1,2-dihydroxyl-3-propoxypropyl or hydroxylamine functional groups. 

Over 30 years ago Chuiko, Pavlik and Neimark [27] described briefly preparation by the 

sol-gel method of FPS which contained -(CH2)2COOH groups. The essence of the method 

consisted in an acidic hydrolysis (HC1) of 2-cyanoethyltriethoxysilane in the presence of 

TEOS. The resulting white product showed good sorbtion of NHEt2 and py. 

3.  P R O P E R T I E S  

The sorption activity of polyaminosiloxane sorbents prepared by Parish and coworkers 

was demonstrated by the absorption of protons [2]. It was found that the majority (over 

90 %) of the amino groups were accessible, provided that the contact with acid was 

maintained not shorter than 15 h. The content of amino groups (~3.0 mmol/g) on the 
surface of such sorbents was 3-5 times as much as that, for example, on aminosilicas 
prepared according to standard procedures [2,28,29]. Saturation with salts of 3d-metals 
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with pH optimum values of pH was also achieved after 15 hr. The greatest uptake shown 

by polyaminosiloxanes was for copper(IX) (~1.5 mmol/g). Other metals (Co 2+, Ni 2+, 

Zn 2+) were absorbed to considerably lesser extents even at the optimum pH. This fact is 

connected, firstly, with the stereochemical requirements of the cations. Secondly, it is due 

to irregular distribution of amino groups in the polymer matrix, so that sufficient number 

of ligand groups is not available in all sites. Thirdly, the initial binding of a metal ion 

may block access to deeper sites in pores. However, the latter two factors refer to the case 

of Cu 2+. Absorption of Cu 2+, irrespective of the nature of the polyaminosiloxane ligand, 

leads to formation of the sorbents of complexes with a stoichiometry (Cu/N) close to 1:2 

on the surface. Formation of square-planar complexes [CuN2] 2+ was confirmed by ES and 

ESR data where four-coordination is presumably completed by water or anionic ligands. 

A similar situation was observed for FPS with en functional groups [10]: 1) a minimum 

of 24 h is required for a saturation of the polymer with a metal ion, 2) not all functional 

groups are accessible, 3) known complexes are formed on the polymer surface with a 

maximum saturation by a metal: for coppe r -  [CuN4] 2+, for nickel-  [NiN2(H20)4] 2+ or 

[NiN4(H20)2] 2+ depending on a composition of FPS used. There is a high content of amino 

groups on the surface of these sorbents, from 3.6 to 7.0 mmol/g by H + absorption. 

In the case of other functionalized FPS, the content of surface groups may be markedly 

lower [7]. These sorbents were prepared by the reaction of PCPS with rather bulky ligands 

which could not penetrate the smaller pores: dien and the Schiff-base and macrocyclic 

derivatives. These materials also absorb Co ~+, Ni 2+, and Cu 2+ from aqueous solutions, 

forming complexes on the surface the composition of which is determined by a nature of 

a functional group and the cation. In the case of the dien functionality, virtually all the 

ligand groups were bound to metal ions. Copper(II) binds only one dien, but nickel(II) 

binds both which is consistent with the six- coordination normally shown in Ni 2+. The 

glycinate and iminodiacetate functionalized polymers also bind metals well. Moreover, 
they may be used for chromatographic separation of Co 2+, Ni 2+ and Cu 2+ [9]. 

The hydrolytic stability of FPS containing amino groups was also briefly discussed [7]. 

A decrease in a ratio of Si(OR)4/(RO)3SiR' to 1:1 leads to the appearance of oligomers 

which are leached into the solution and readily observed in Cu 2+ complexes formation. 

This is thought to be due to hydrolysis of the FPS during storage, catalyzed by the amine 

groups. Functionalization of the amine group with HC1 or a ketone gave stable polymers. 

Slow absorption of Co 2+ and Ni 2+ ions from the ethanolic solutions when saturation was 

achieved after 24-48 h was observed for PPS [8]. The slow absorption indicates that many 

diphenylphosphine groups are located in narrow pores, access to which is limited by the 

slow diffusion of cations. In the majority of cases many sites are completely inaccessible 

or possibly blocked by previously bonded metal ions. A ratio of P/M close to 2 was 

obtained only in the case of two samples. The colour of polymers treated with metal salts, 

blue and dark-red, suggested that the resulting complexes are tetrahedral (COP2C12) or 

square-planar (NiP2C12). This conclusion was confirmed also by ES studies. The spectra 

proved to be identical to those of the complexes MC12(PPhPr~)2 "diluted" with polymers 

not containing metals. 

It should be noted that mechanical stirring of solutions during sorption of metals results 

in greater absorption than while shaking. This seems to be due to the fact that a prolonged 
stirring decreases the particle size of the sorbents, increasing the accessibility of ligand 
sites in small pores [8]. 
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PCMS reveals interesting properties [14]. It is characterized by hydrophobicity expres- 

sed in insignificant adsorption of water vapour. The maximal sorption volume of pores by 

water is 0.05 cm3/g, in a high adsorption capacity for hydrocarbon vapours" for C6H6 Vs 

= 1.12 cm3/g; and for hexane Vs - 1.07 cm3/g. A big hysteresis loop is observed in the 

adsorption isotherms of hydrocarbons as a result of capillary condensation of the vapour 
in large pores of the adsorbent. Similar adsorption data show a great organophilicity of 

the synthesized adsorbent and its high area porous structure with a great number of me- 

sopores of a radius of over 100 ~. A study of py adsorption on a PCMS xerogel showed 
considerable chemisorption at a low relative pressure (2.0 mmol/g) [14]. 

The properties of PMMS are discussed in detail in [15,16]. This xerogel is organophylic 
with limited hydrophilicity. Its structural-sorption characteristics as are follows" real den- 

sity = 1.65 g/cm 3, total volume of pores = 2.4 cm3/g, maximum sorption volume of pores 

by b e n z e n e -  0.31, by hexane = 0.13, by methanol - 0.20, by p y r i d i n e -  0.19 and by 

water - 0.12 cm3/g; volume of macropores - 2.1 cm3/g, surface area by hexane isotherms 

= 80 m2/g, by methanol - 84 m2/g and by a low-temperature argon desorption = 162 

m2/g; calculated reducing capacity - 8.7 meq/g, found - 7.6 - 8.0 meq/g. A depth of 

oxidation depends on a particle size of • Only 1/3 of the total capacity is found 
for granules, but the powdered xerogel displays the full reduction capacity after 24 h as 
mentioned above. Ion-exchange properties of this xerogel were studied for a wide group 
of cations: Ag +, Hg 2+ , Pb 2+ , Cu 2+ , Zn 2+ , Mn 2+ , Co 2+ , Ni 2+ and Fe 3+ at pH 1 and 4 

and a contact time 15 min. It was shown that silver and mercury ions were extracted well 
at both pH values, the adsorption of Fe 3+ and Co 2+ ions is reduced sharply upon lowering 

pH to 1 and Ni 2+ and Mn 2+ are poorly sorbed at any value of pH. Thus, this xerogel in 

the range of p H 0.3 - 3 absorbs only silver and mercury ions. This gave a basis for deve- 

lopment of procedures for the concentration of microquantities of silver from the samples 
of complex composition [30,31] and for treatment of mercury waste [32]. In addition, this 

sorbent is 50-60~ more thermostable (stable up to 230~ than the known ionites and 

possesses high chemical stability. The sorption properties are not changed after treatment 

at room temperature with the concentrated solutions of such acids as H2SO4, HC1 and 
HNO3. Additionally, such sorbents extract efficiently also microquantities of Te 4+ and in 
a lesser degree Se 4+ [33, 34]. 

FPS with a sulphide functional gropup [18] extracts metals of the platinum group 

(Pd(II), Pt(IV) and Os(IV)) from hydrochloric or sulphuric acid solutions, the degree of 
metal extraction being increased significantly when the temperature of the solutions rises 

to 100~ At this temperature a sorption equilibrium, for example, for Pt is maintained 

for 3 h that is much more less than that of an organic polythioether. Under certain 
conditions this sorbent is suitable for separation of Pt and Pd from Os. A systematic 

investigation of complex formation of Au(III) and Ag(I) with this polymer [35-37] showed 
that it possesses a high sorption capacity relative to these metals, and sometimes surpasses 

known organic analogues. High coefficients of interphase distribution show the possibility 

of using this polymer to separate and concentrate microquantities of Au(III) and Ag(I) 
from their solutions. A 105-fold excess of such elements as Cu(II), Fe(III), Co(II), Ni(II), 

Zn(II), Pb(II) does not prevent a quantitative sorption of these metals on the sorbent. 

It is believed [20,35,37] that the sorption mechanism includes complexation processes, 

oxidation-reduction due to the possibility of thiourea group existence in the polymer in 
the thiol form and ion-exchange due to thiuronium salts formation in the acidic media. 
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FPS containing HSO3-groups [22] proved to be an efficient ion-exchanging sorbent for 
lanthanids. A study was carried out with Pr 3+ and Tb 3+. It is promising for isolation of 

microquantities from solutions and for the separation of cerium from other Ln 3+. Sorbents 
of this type, including for example [HSO~(CH~).SiO~/:],, show a sorption activity for 
Se(IV) and Te(IV) which rises with an increase in a number of methylene groups in the 

chain n=3 > n=2 > n= l  [33,34]. 
Some physicochemical properties of sulphocationites prepared by the method of func- 

tionalization of FPS have been described [24]. Oxidation of thiol groups gives polymers 

with a content of surface sulpho groups equal to 0.8 mmol/g but, by using the sulpho- 
nation method, 2.3 - 3.2 mmol/g can be achieved. The surface area for such sorbents is 
in the range of 121-525 m2/g. The sulphonated PPhS has a wide pore distribution: the 
average radius 28 ~, and the total volume 0.40 cma/g. It was concluded that sulphonation 
is accompanied by destruction of the polymer. The parameters for the initial PPhS are 
respectively: 30 A and 0.59 cm3/g. Using solid-state ~vSi, laC NMR spectroscopy, the 

thermal and hydrothermal stability of functionalized P PhS was studied [25]. The polymer 

with-C6H4SOaH groups was found to be more stable than that with -(CH2)aSO3H during 
heating in a current of N2 in the absence of H20 vapours. The temperature of thermode- 
struction commencement is 300 and 270~ respectively. In the presence of water vapour, 
the temperature of thermodestruction of the -(CH:)aSOaH sorbent is not changed while 
for the-C6H4SOaH sorbent it falls to 195~ It should be noted that high thermal stability 

is a general characteristic feature of FPS. 

4. FPS W I T H  I N S E R T E D  M E T A L L O C O M P L E X E S  

The presence of metal atoms in porous organosilicon polymers gives rise to active sites 

necessary for specific adsorption interactions. The use of various types reactants as well 
as variation of reactant ratios and synthesis conditions allows for the production of new 
adsorbents with controllable porous structures and selective adsorption properties. 

This method was first examined in a study by Samodumova [38] who used aquo- 
complexes of Co(II), Ni(II) and Cu(II) for a synthesis of polymetalmethylsiloxane ad- 
sorbents. Sodium methylsiliconate was hydrolytically polycondensed in the presence of 
[M(H20),] 2+, in an aqueous medium, pH=10, at room temperature, resulting in lyogel 

occupying the whole volume of the reacting mixture. After ageing for 24 h, the lyogels 

were washed and dried at 120~ for 8 hr. The general composition of these xerogels cor- 
responded to the formula (CH3SiOa/2)nMx. The synthesized adsorbents do not dissolve in 
organic solvents or swell. From n-hexane vapour adsorption isotherms, the parameters of 

the porous structure shown in Table 1 were calculated [38]. 
As can be seen in Table 1 the porous structure of these sorbents depends on both 

the nature of the metal and its amount: polymetalmethylsiloxanes are characterized by a 

higher surface areas and a smaller sorption pores, compared to PMS. The nature of a metal 
inserted into an organosilicon matrix has a significant influence on adsorption properties. 
Thus, the greatest value for adsorption of amines is shown by a copper-containing PMS 
(0.07-10 .2 cm3/m 2 for p/ps = 0.2) which is 4-5 times as great as the adsorption of a 
non-specific adsorbate (hexane). Considerable adsorption of acac was found on Co-PMS 
(almost 6 times as much as adsorption for hexane); during absorption the solid acquires 
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Table 1 
Composition and parameters of a porous structure of some polymetalmethylsiloxanes [38] 

Vp .... , cma/g Ssp , reef, 

Sorbent Si/M Vtot Vs Vmacro m2/g 

PMS 2.7 1.5 1.2 50 1000 

Co-PMS 6:1 0.85 0.75 0.1 70 90 
Ni-PMS 8:1 0.4 0.3 0.1 100 60 

Cu-PMS1 15:1 1.3 1.2 0.1 60 80 

Cu-PMS2 8:1 0.95 0.9 0.05 70 70 

an intense pinky colour that can be explained by chemisorption of the fl-diketone forming 

a surface acetylacetonate complex of cobalt. 
Methods to control the porosity of Cu-PMS were developed [39]. It was shown that: 

1) an increase in copper-content from 0.3 to 5.2 % causes a diminution in a pore size: 

rer. from 820 A to 47 A, respectively and Ssp increases from 65 to 160 m2/g by hexane 

adsorption, 
2) an increase in pH of the sedimentation medium, even in the narrow interval in which 
gelation of PMS takes place, pH 8-12, also leads to a decrease in a pore size and increase 

in Ssp, 
3) the presence of copper ions in P MS hydrogels ensures a high hydrophilicity of the 
system and changes the character of the dependence of porosity parameters, such as Ssp 
and ref., on the duration of hydrogel ageing, as compared with PMS. These parameters 

did not change much during the ageing period up to 24 h. 
The possibility of insertion of aquo- and amine-copper(II) complexes or chromium(III) 

complexes into a PMS matrix during the synthesis was discussed [40,41]. Tetraamino 
complexes of copper such as [Cuen2(H20)2] 2+ and hexa- and penta-amino complexes of 
chromium: [Cren3] a+ and [Cr(NEt~)~C1] 2+ were used. The synthesis of the adsorbents was 
performed in aqueous solutions at pH 9-10, in which amino complexes of transition me- 
tals undergo alkaline hydrolysis forming hydroxo-complexes. The presence of hydroxyl 
groups in the coordination sphere of the metal allowed a polycondensation reaction be- 
tween the complex and hydrolysis products of sodium methylsiliconate (see Scheme 7). 

OH Am Am OH 

I I /  I 
CHa-Si-OH + HO-M-OH + HO-Si-CH3 

I /I I 
OH Am Am OH 

pH 9 -  10 

- n i l 2 0  

0 Am Am 0 

I I/ I 
{ (CH3-Si-)x-O-M-O-(-Si-C Ha)x }n 

I /I I 
0 Am Am 0 

I I 

(7) 
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The insertion of amine complexes into the framework of a sorbent leads to substitu- 

tion of some of the nitrogen-containing ligands by oxygen atoms of the organosiloxane 

matrix. On the other hand, coordinated water molecules in the coordination sphere of a 

complex inserted in a matrix are readily substi tuted by other ligands, e.g., ammonia in 

[Cr(H20)3(OSi-)3] or en in [Cu(H20)6] 2+. The dependence of the quantity of a transition 

metal complex inserted in an adsorbent on its nature and on the ratio to sodium methyl- 

siliconate in the reacting mixture is interesting. Thus, the amount of [Cren3] 3+ inserted 

in the matrix increases linearly and reaches 0.5 % when the concentration of methylsili- 

conate is 5 times that  of the concentration of the initial complex. Further increase in the 

concentration of the initial salt does not increase the amount of the complex inserted in 

the matrix. With Cr(III) complexes with monodentate  ligands, saturation was observed 

already for a concentration ratio of 2:1, and approached a value of 1.0 - 1 .1% on the 

basis of the mass of chromium(III) ion contained in the adsorbent. In the case of copper 

(II) complexes, insertion into the matrix is practically twice as much as for the Cr(III) 

complexes with the same concentrations and saturation is not observed up to 5 %. This 

was accounted for [41] on the basis that  octahedral complexes of Cr(III) have much stric- 

ter requiments for the disposition of oxygen atoms in the matrix cavities. In this case, it 

is not possible to reach a larger content of a complex. Copper(II) ions form tetragonally 

distorted complexes which adapt more easily to the possibilities of the matrix. Considera- 

bly higher copper(II) -contents in the adsorbent can be achieved in the polycondensation 

process. 

An increase in the complex salt content in adsorbents to be described ensures prepa- 

ration of more porous structures with a high area surface [40]. For these sorbents , as it 

was suggested, a specific adsorption of py and NEt3 vapours is typical. 

5. C O N C L U S I O N  

FPS of type B and FPS with inserted metalocomplexes are, undoubtedly, an intere- 

sting and prospective class of specific sorbents from a practical point of view. Thus, a high 

efficiency of FPS containing surface thiourea functional groups [20] upon a determination 

of gold and silver was confirmed by the example of natural  gold-bearing sands, polyme- 

tallic and copper-molibdenium ores in Mongolia and technological copper concentrates. 

These metals are determined quantitatively by means of a sorbent in the range of their 

concentrations from 3.7.10 .5 - 22.7.10 .3 % - for Au(III); 6.10 -s - 7-10 .3 % - for Ag(I) 

and practically to the Clark contents: 5.10 .7 % -Au; 1-10 .5 % - Ag from a dominating 

quantity of accompanying elements, first of all Cu as well as Bi, Sb, Fe, Ni, Co, As, 

Zn, etc.[20]. The presence of a specific adsorption in copper-containing PMS [38-41] was 

used in [42,43] for a sorption of N-(2,3-dimethylphenyl)anthranyl  (mepheneamine) acid 

aiming at preparing ant i- inf lammatory drugs with a prolonged action. A sorption activity 

of the same sorbent in the aqueous solutions was also studied regarding the antibiotic of 

amine-glucoside row - gentamycin sulphate which is characterized by a high activity to- 

wards the most resistant gram-negat ive microorganisms [44]. Unger and coworkers [26] 

showed the possibility of using FPS of type B in a liquid chromatography. 
The use of a "sol-gel" technology presents opportunities for development of scientific 

foundations for preparation of FPS with pre-selected and controllable properties of a di- 
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rected action. On one hand, formation of a porous structure of FPS is obtained according 
to general principles of structure formation of mineral adsorbents [1]. On the other hand, a 
great influence on a structure and sorption properties of FPS is exerted by the organic R' 
radicals at a silicon atom. It is known that an increase in a size of an organic group leads 
to preparation of large-pore samples of sorbents. Thus, the total pore volume for PVS 
reaches 6 cm3/g whereas a volume of sorption pores is only 10-15 % of the total. Introduc- 
tion of atoms or atom groups of electron-donating or -accepting properties into R' radicals 
allows to control sorption properties. The use of three- and more component systems gi- 
ves still more possibilities of an influence on physicochemical and structural-adsorption 
properties of FPS, as already mentioned in literature [1,10,17,45-47]. Appearance of a 
synergistic effect peculiar for multi-component systems [48] is especially important in 
practice. Such copolymers have a great significance also for the theory of adsorption while 
studying intermolecular interactions of adsorbent-adsorbate. Introduction of transition 
metal complexes into a composition of FPS as expected [41] would lead to a specific cha- 
racter of adsorption of individual molecules and ions at the expense of both strengthening 
of acid-base properties upon complexation of coordinated ligands and a matrix itself, and 

substitution processes of ligands in a coordination sphere of the complex inserted into 
an organosiloxane matrix, or an additional coordination to a central ion of this complex. 
Studies [49-51] in which complexes of Co(II) with Schiff bases were inserted as the centres 
of fixation of a molecular oxygen may serve as an example. 
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T. Ishikawa 
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Osaka-fu 582, Japan 

1. I N T R O D U C T I O N  

Calcium hydroxyapatite Cal0(PO4)6(OH)2 (abbreviated CaHAP) is not only biologi- 
cal hard tissue but also an adsorbent for separating biomaterials such as proteins and a 

catalyst for dehydration and dehydrogenation of alcohols [1]. Understanding of the sur- 

face structure and properties of CaHAP are fundamentally important in the science and 
technology of this material. There are numerous studies on the surface properties of these 
materials in liquid phase such as the adsorption of biomolecules and ions. On the contrary 
a few studies on the surface of this material in the gas phase have be done by IR [2, 3], 
NMR [4], TPD [5] and XPS [6]. To our knowledge, the gas adsorption on CaHAP has not 
been investigated except the adsorption of CH3OH and H20 by Dry and Beebe [7]. The 

surface structure and properties of this material in the gaseous phase are important to 
explore the mechanism of catalysis in detail. 

The nonstoichiometry of CaHAP has received extensive attention in medical and 
solid-state science, because the CaHAP formed in the calcified tissues or synthesized 
is mostly non- stoichiometric. Bert et al.[8] have reported that the catalytic activity of 
Ca-deficient CaHAP for the dehydration of butanol can be related to the surface acidic 

hydrogens of HP042- produced to maintain the electrical neutrality. Joris and Amberg [9, 
10] have pointed out that the catalytic activity of cation-deficient CaHAP and strontium 
hydroxyapatite (abbreviated SrHAP) for the similar dehydration reaction is due to the 

acidic hydrogens of the H20 molecules located in OH--defects caused by the deficiency 
of Ca 2+ or Sr 2+ ions rather than those of the surface HPO42- ions. 

Solid solutions (abbreviated SrCaHAP) of SrHAP and CaHAP can be rather easily 
prepared because of the similar ionic radii of Sr 2+ (0.11 nm) and Ca 2+ (0.10 nm) [11]. 

It is of interest to know the structure of SrCaHAP since Sr is a long-lifetime radioactive 

waste material having a high fission yield, which is liable to incorporate into the bone 
structure of the body. The interaction of CO2 with HAP is important for the denaturation 
of human bone and tooth by CO 2- [12, 13] and the formation of long-lifetime radicals 
such as CO-,  CO~- and CO 3- on the calcified tissue [14, 15]. 

The Ca 2+ ions of CaHAP can be rather readily replaced by other metal ions, so that 

there have been many studies on the ion-exchange behaviour of CaHAP [16-22]. However, 
to our knowledge, there seem to be few investigations on the surface structure and nature 
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of CaHAP doped with metal ions except some studies. Misono and Hall [23] studied the 

oxidation-reduction properties of Cu 2+- and Ni2+-substituted CaHAP by EPR spectro- 

scopy and suggested that the surface Cu + ions produced by the reduction of the surface 

Cu 2+ ions are the active sites for the H2-D2 exchange reaction. Recently, Matsumura et al. 

[24] reported that the oxidative coupling of methane to ethane and ethene can be effecti- 

vely catalyzed over Pb2+-substituted CaHAP and the surface Pb 2+ ions activate methane 

and stabilize methyl radicals. However, details of the surface structures of CaHAP doped 

with these metal ions remain still unclear. 

In this chapter, the surface structures of different kinds of HAPs and the adsorption 

of various molecules on the HAPs are described in detail, which may afford fundamental 

information for the usage of this material as adsorbent, catalyst, bioceramic and so on. 

2. E X P E R I M E N T A L  S E C T I O N  

2.1. Preparat ion  of materials  

Colloidal CaHAP and SrHAP particles were prepared by the method described in 

papers [3, 25]. Ca(OH)2 (3.00 g) or Sr(OH)2 (4.39 g) was dissolved in 20 dm 3 of deionized 

and distilled water free from COs in an N2 atmosphere by stirring overnight at room 

temperature. Various amounts ( 7 5 -  85 cm 3) of 10 % mass H3PO4 were added to the 

Ca(OH)2 or Sr(OH)2 solutions to prepare the samples with different Ca/P or Sr/P molar 

ratios. The resulting suspensions were stirred for 24 h at room temperature and then aged 

at 100~ for 48 h in a capped Teflon vessel. The white precipitates formed were filtered 

off, washed with deionized and distilled water and finally dried in an air oven at 70~ for 

24h. 

The SrCaHAP particles of different compositions were prepared following the recipe 

reported previously [26]. To obtain the samples with different molar ratios Sr/(Ca + Sr) 

from 0 to 1, various amounts of Ca(OH)2 and Sr(OH)2 were dissolved in 20 dm 3 of deio- 

nized and distilled water free from CO2. To these hydroxide solutions different amounts 

of 10 % H3PO4 were added, and the resulting white suspensions were aged under the 

same condition as for the preparation of CaHAP. The washing and drying of the formed 

precipitates were the same as for CaHAP and SrHAP. 
The CaHAP particles doped with Fe 3+ ions at different molar ratios Fe/(Ca+Fe) from 

0 to 0.2 were synthesized by the similar method to the case of CaHAP. The reagents 

of 0.36 - 0.40 tool Ca(OH)2 and 0 - 0.04 mol FePO4, of which the total mole number 

was 0.4, were dissolved into 20 dm 3 of deionized and distilled water free from COs in a 

capped Teflon container by stirring for 1 day at room temperature. H3PO4 (0.166 mol) 

were instantly added to the suspension while stirring. The resulting precipitates were 

aged, washed and dried under the same condition as for the preparation of CaHAP. 

2.2. Character izat ion m e t h o d s  

The Ca, Sr and Fe contents were determined with a Seiko induced coupled plasma 

(ICP) spectrometer by first dissolving in HC1 and PO]-  was assayed by molybdenum blue 

method. The morphology of the particles was observed using a Joel electron microscope. 
X- ray powder diffraction (XRD) was done with a Rigaku high-intensity diffractometer 

using nickel-filtered Cu-Kc~ radiation (60 kV, 125 mV). X-ray photoelectron spectroscopy 
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(XPS) was carried out using a Shimazu XPS apparatus. Transmission IR spectra were 

taken with a Digilab Fourier transform near-infrared (FTNIR) spectrophotometer using 

a PbSe sensor having high sensitivity in the wave number region above 2000 cm -1 with 

2 cm -1 resolution. The vacuum cell is capable of heat treatment and gas adsorption in 

situ. The sample disks of 10 mm diameter for IR measurement were made by pressing 
powder of 15 - 100 mg at 50 kg.cm -2. The sample was pretreated at different temperatures 

from under 10 .4 Torr for 2 h. The protons of surface OH groups of these samples were 

deuteriated by repeating adsorption-desorption cycles of D20. 

2.3. M e a s u r e m e n t  of adso rp t ion  i so the rms  
The adsorption isotherms of N2 and CO2 were measured using a computer-aided vo- 

lumetric apparatus designed in our laboratory at the boiling point of nitrogen and 25~ 
respectively. The isotherms of H20, CH3OH and CH3I were determined at 25~ using an 

automatic gravimetric apparatus designed in our laboratory. The samples were pretreated 

under 10 -4 Torr at different temperatures for 2 h. 

3. R E S U L T S  A N D  D I S C U S S I O N  

3.1. Surface s t r u c t u r e  of H A P  

3.1.1.  C a H A P  

Figure 1 (a) shows the IR spectra of CaHAP with the Ca/P molar ratio of 1.64 pre- 

treated at different temperatures in vacuo. All the spectra have a strong and sharp band 
at 3570 cm -1 which was assigned to OH- ions on lattice sites of the CaHAP crystals 
[10]. Spectrum 1 of the sample treated at 150~ has a very broad absorption band at 
about 3300 cm -1. This band almost disappeared spectrum 3 of the sample outgassed at 

500~ Accompanied by this change, the thermogravimetric (TG) curve of this material 
exhibited a steep weight decrease from room temperature to about 500~ together with 

an endothermic heat of desorption in the DTA curve. Furedi-Milhofer and co-workers [27] 

attributed this weight loss to the desorption of H20 adsorbed inside micropores with a 

high energy adsorption. However, the t-curve [28] obtained from the nitrogen adsorption 

isotherm showed that this material exhibits no microporosity. Therefore, the weight loss 

by heating mentioned above might be caused by the dehydration of chemically adsorbed 

H20. Weak absorption bands appeared at about 3700 cm -1 simultaneously with a decre- 
ase of the 3300 cm -1 band in Fig. l(a). These weak bands are shown in detail in spectra 

1, 2, 3, 4, and 5 of CaHAP outgassed at 100, 200, 300, 400, and 500~ respectively, 

Fig. l(b). When evacuated at 100~ a broad band appeared from 3650 to 3700 c m  - 1 ,  

but three bands at 3682, 3673, and 3659 c m  - 1  became obvious by outgassing at 300~ 

Cant et al. [29], Joris and Amberg [10] found an absorption band at about 3660 cm -1 
which may be the same as the 3659 cm -1 band in this spectrum. The former two bands 

are newly found in this work. On elevating the outgassing temperature the 3682, 3673, 
and 3659 cm -1 bands became gradually weaker. H-D isotope exchange of this material 

resulted in the disappearance of 3682, 3673, and 3659 c m  - 1  bands, and the respective OD 

bands appeared at 2721, 2712, and 2705 cm -1. Only a very small portion of the 3570 c m  - 1  

band showed an isotope shift with the isotope wave number ratios of the original bands 
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Figure 1. IR spectra of CaHAP (Ca /P=  1.64) outgassed at different temperatures. 

C 

Figure 2. Crystal structure of CaHAP which is monolinic with lattice parameters with 
a -  0.9429 nm, b = 2a, c - 0.6883 nm and 3' - 120~ 

and OD bands of 1.375. The isotope ratios of the three bands mentioned above were 

1.353, 1.354, and 1.352, respectively, which are almost equal to each other. This probably 

means that  the bond nature  of these OH groups is almost identical with each other. 

These bands can be assigned to P - O H  groups, since the wave numbers of these bands are 

close to the 3666 cm -1 band assigned to P - O H  groups of phosphoric acid supported on 
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silica gels [30]. These P-OH groups may constitute surface acidic phosphate ions, HPO 2- 

and/or H2PO~- . The scheme of the crystal structure of CaHAP is shown in Figure 2. 

The CaHAP particles were rod-shape and their mean sizes were 70 nm (length) and 20 

nm (width) by TEM observation. The predominant crystal face of the particles is ac or 

be face [ 32, 33]. As seen in Figure 2 the ions on the particle surface are PO 3-, Ca 2+ 

and OH- ions. These ions would be hydrated because this CaHAP was prepared in the 

aqueous solution. Outgassing at high temperature removed the H20 molecules bounded 

to these ions as confirmed by TG. The surface HPO42- and H2PO~ ions would have 

been converted from the surface PO 3- ions by protonation to maintain the overall charge 

balance of Ca-deficient CaHAP [9, 34]. However, stoichiometric or Ca-rich CaHAP, of 

which Ca/P is larger than the stoichiometric ratio of 1.67, show the surface P-OH bands, 

indicating that compensating of the surface charge also causes the protonation of the 

surface phosphate ions. Therefore, we can consider that the protonation of these surface 

phosphate ions takes place to maintain the balance of not only the total charge but also 

the surface one. It is difficult to assign the 3682, 3670 and 3659 cm -1 bands to only one 

kind or a number of different kinds of P-OH groups. However, it should be mentioned 

that these groups may be free or isolated OH groups of similar bond nature, looking at 

the almost identical H-D isotope ratios, ion-exchange properties, and quite high wave 

numbers, of these bands [3]. The above discussion can be summarized as Table 1. 

Table 1 
Assignment of the IR bands of CaHAP (Ca/P-1.64) 

cm -1 assignment 

3682 surface P-OH 

3670 (vw) surface P-OH 

3659 surface P-OH 

3570 (s) bulk OH- 

3300 (b) adsorbed and bound H20 

(b) broad, (vw) very weak, (s)strong. 

3.1.2. S r H A P  

Figure 3 shows IR spectra of SrHAPs with different Sr/P ratios outgassed at 300~ 

for 2 h. The Sr-rich SrHAP ( Sr/P >1.67 ) shows the four bands at 3710, 3684, 3674 and 

3662 cm -1. 

With H-D exchange all these bands became weak and respective OD bands appeared 

2742, 2730, 2717 and 2700 cm -1, of which the wave number ratios are 3710 : 2742 = 1.353, 

3684 : 2730 = 1.349, 3674 : 2717 = 1.352 and 3662 : 2700 = 1.356, close to the theoretical 

isotope ratio (OH : OD) of 1.374. Thus the 3710, 3684, 3674 and 3662 c m  - 1  bands are 

assigned to the stretching vibrations of OH groups. As mentioned in the above section, 

the 3682, 3673 and 3659 cm -1 bands observed for the Ca-deficient CaHAP (Ca/P<l .67)  

were assigned to the surface P-OH groups. The 3684, 3674 and 3662 cm -1 bands detected 

for the Sr-rich SrHAP are compatible with the surface P-OH bands of the Ca- deficient 

CaHAP. Hence, these three bands are assigned to the surface P-OH groups. The broad 
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Figure 3. IR spectra of SrHAPs with various Sr/P ratios. 

3710 cm -1 band did not appear in the case of the Sr-deficient SrHAP (Sr/P<1.67) .  The 

Sr-rich SrHAP contains a small amount of CO2a - ions and this band disappeared during 

the H-D exchange. Moreover, the 3710 cm -1 band of the Sr-rich SrHAP disappeared 

with the ion-exchange adsorption of the cations such as Ca 2+ and Na +, and a carbonated 

CaHAP showed a broad band around 3710 cm -1. It seems most likely, therefore, that  the 

3710 cm -1 band can be ascribed not to the surface OH-  ions but to the surface C-OH 

groups. 

Table 2 
Assignment of the IR bands of Sr-deficient (A) and Sr-rich (B) SrAHP 

A (Sr/P=l.59) B (Sr /P=I .71)  
- 1  - 1  

c m  c m  assignment 

3710 (b) 

3684 3684 

3674 (vw) 3674 (vw) 

3662 3662 

3640 

3595 (s) 3595 (s) 

3000 (b) 3100 (b) 

2460 

surface C-OH 

surface P - O H  

surface P - O H  

surface P -OH 

surface P -OH 

bulk OH-  

adsorbed and bound H20 

bulk CO~- 

(b) broad, (vw) very week, (s)strong. 
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The Sr-deficient SrHAP gave rise to a spectrum different from that of the Sr-rich sample; 

these SrHAPs did not show the 3710 cm -1 band besides the 3684, 3674 and 3662 c m  - 1  

bands detected for the Sr-rich SrHAP, although the 3684 and 3674 cm -1 bands of the 

sample with Sr/P = 1.51 were hardly detectable. The 3640 cm -1 band observed for the 

Sr-deficient samples more slowly diminished during H-D exchange than those of the other 

three bands, accompanying the appearance of a new 2685 cm -1 band. The isotope ratio 

(3640 : 2685 = 1.356) of this band was close to those of the other bands, implying that the 

3640 cm -1 band is also due to OH groups. Furthermore, the 3640 cm -1 band disappeared 

during the ion-exchange adsorption of metal ions. It seems reasonable, therefore, that 

this band should be assigned to the surface P-OH groups that are less acidic compared 

to the other three surface P-OH groups. Table 2 lists the assignment of all the bands of 

SrHAP, as a summary of the above discussion. 

3 . 1 . 3 .  F e ( I I I ) - s u b s t i t u t e d  C a H A P  

Figure 4 shows IR spectra of the samples with different molar ratios Fe/(Ca+Fe) 

(abbreviated XFe) treated in vacuo at 300~ In the case of pure CaHAP (XF,=0), the 

r21 

! ! 

004  

A F e - - U  cr ~ cr 

I I 

3750 3700 3650 3600 

wave number, cm -1 

Figure 4. IR spectra of CaHAPs substituted with different amounts of Fe 3+ ions. 

3688, 3677 and 3658 c m  - 1  appeared and these bands have been assigned to the O-H 

stretching vibration of surface P-OH groups [3]. Note that the spectra markedly chan- 

ged with Fe3+-substitution and a new band appeared at 3707 cm -1 for Fe3+-substituted 

CaHAP. This new band completely disappeared upon outgassing above 300~ while the 

other bands still appeared. The 3707 cm -1 band disappeared and a band appeared at 2733 

c m  - 1  by H-D exchange. The ratio of the wave numbers of these two bands allows us to 

assign the 3707 cm -1 band to the surface OH groups. With increasing XFe the 3677 cm -1 

band grew and the 3688 c m  - 1  band diminished, indicating that the state of surface P-OH 
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groups varies with Fe(III)-substi tution.  

It is well known that  there are two kinds of Ca-sites in the CaHAP crystal; Ca 2+ ion 

in one site is coordinated by 9 oxygen atoms from PO4 a- ions (called site I) and Ca 2+ ion 

in another site is coordinated by 6 oxygen atoms of PO ]-  ions and one oxygen atom of 

OH- ion (called site II)  [35]. As mentioned in Section 3.1.1. the CaHAP particles used 

in this study were rod-shaped and elongated along the c-axis. The predominant crystal 

faces exposed on the surface of CaHAP particles are regarded as ac and bc faces that  

have the same structure. The structure of ac and be  faces was illustrated in Figure 2. The 

P -O  groups of surface PO4 a- ions turned into P -  OH groups by protonation to balance 

the surface charge as already described. Since the Ca 2+ ions of the predominant ac and 

be  faces belong to site II ,  the most of the surface Ca 2+ ions belong to Ca 2+ ions in site II .  

The Fe a+- substitution of the surface Ca 2+ ions in site II ,  bonding to OH- ions, leads to 

the formation of surface Fe-OH groups. It seems reasonable therefore that  the 3707 cm -1 

band is assigned to the O-H stretching vibration of the surface Fe-OH groups. This band 

is close to the surface free Fe-OH bands from 3773 to 3659 cm -1 observed for a series 

of FeOOH [36]. This fact also supports the assignment of the 3707 cm -1 band described 

above. 

3.2. A d s o r p t i o n  of m o l e c u l e s  on  H A P  

3.2.1.  A d s o r p t i o n  of H 2 0  on C a H A P  
The adsorption isotherm of H20 on CaHAP (Ca /P  = 1.59) outgassed at 300~ for 

2 h is shown in Figure 5. This isotherm belongs to the type-II  in the BET classification. 

Figure 6 shows the change of IR spectra with H20 adsorption on the same CaHAP as for 

Figure 5 . The spectrum 1 before the adsorption has a band at 4675 cm -1 that  becomes 

small with the increase of the amount of adsorbed H20. A broad band appears around 

5250 cm -1. This band grows stronger proportionally to the amount of adsorbed H20 from 

0.34 mmol-g -1 and splits into 5205 and 5308 cm -1 bands. These bands can be assigned to 

the combination bands of H20 [37]. The reason for this splitting will be discussed below. 

Parallel to this growth of the water combination band, the absorbances of the P -OH fun- 

damental stretching bands at 3682, 3673 and 3659 cm -1 decreased. The same absorbance 

change was observed for the 4675 cm -1 band (Figure 6). Since this 4675 cm -1 band disap- 

peared completely after H-D exchange, the functional group showing this band locates on 

the surface. Therefore, this band might be assigned to a combination of a vibration band 

of the fundamental stretching vibration of surface P -OH groups (ca. 3670 cm -1 ) and its 

deformation vibration (ca. 1000 cm-1). Figure 7 shows the absorbance of the 4675 cm -1 

band as a function of amount of adsorbed H20. The absorbance decrease of the P -OH 

band at 4675 cm -1 with H20 adsorption was observed but it was negligibly small from 0 

to 0.34 mmol.g -1. As can be seen in Figure 7, the absorbance of the surface P -OH band 

at 4675 cm -1 decreased to about one-third of the total absorbance with increasing the 

adsorbed amount from 0.43 to 1.1 mmol.g -1, corresponding to the increase of about 5 H20 

molecules per nm 2. Therefore, two-thirds of the total P -OH groups interact with these 

H20 molecules. The population of P -OH on the CaHAP surface can be est imated as men- 

tioned below. The most developed crystalline surface of CaHAP is ac or bc  plane as men- 

tioned before, and there seem to be two PO 3- ions in this plane of a unit cell of area a - 

0.943 x c = 0.688nm 2 [20], as can be seen from the crystal structure of CaHAP in Figure 3. 
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Figure 6. IR spectra of CaHAP (Ca/P-1.59) 
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H20 for CaHAP (Ca/P=l.59). 
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To balance the surface charge, one of the surface PO3-4 ions in this plane may be proto- 
nated to be HPO42- ions having one OH group and the other may be protonated to be 
H2PO~- ions having two OH groups. Therefore, the resulting surface population of P-OH 
groups per nm 2 is 3/0.688 = 4.4 on the average. Therefore, from the result in Figure 7, 
two-thirds of the total of 4.4 P-OH or ca. 3 P-OH groups.nm -2 would be available for 
the adsorption of 5 H20 molecules. Above 1.1 mmol-g -1 of BET monolayer capacity of 

H20 adsorption, the absorbance of the P-OH band remained constant (Figure 7). This 

suggests that there would still be P-OH groups not interacting with H20 molecules even 
after the multilayer adsorption of H20. Consequently, the absorbance change of P-OH 
bands on H20 adsorption suggests that there seem to be at least three energetic steps of 
H20 adsorption: (1) decomposed, hydrated, or strongly adsorbed H20: (2) H20 adsorbed 
by hydrogen bonding with P-  OH groups; and (3) H20 adsorbed by hydrogen bonding 

and an adsorption interaction such as dipolar and dispersive interactions with the CaHAP 
surface and/or the adsorbed H20 in the first step. 

The configuration of adsorbed H20 in the second and third steps may be inferred from 
the analysis of two separated combination bands of adsorbed H20 at 5308 and 5205 cm -1 
in spectra 4 and 5 in Figure 6. The wave number of the 5308 cm -1 band is close to that of 
H20 vapour (5332 cm -1) [37]. This suggests that the perturbation of the OH bond of OH 
groups of adsorbed H20 showing the 5308 cm -1 band is much weaker than that of the OH 
bond showing the 5205 cm -1 band. The adsorbed H20 having the 5205 cm -1 band may 

have the protons of adsorbed H20 molecules forming a first layer by hydrogen bonding 
with the oxygen lone pairs of surface P-OH groups and/or of water molecules already 
adsorbed. Above the BET monolayer adsorption capacity (1.1 mmol.g -1), the absorbance 
of the 5205 cm -1 band increased with the increase in the adsorbed amount of H20. The 
5308 cm -1 band can be assigned to one or two free OH groups of adsorbed H20 molecules, 

with one free and the other hydrogen bonded to the functional groups, in the former case, 

or less probably with both free and lone-pair electrons of its oxygen atom attached to the 
various sites in the latter case. The absorbance of the 5308 cm -1 band increased until the 
BET monolayer capacity (1.1 mmol-g -1 ) was reached but stayed constant over this H20 
amount. The reason for this could be the fact that these free OH groups exist only on the 
surface of adsorbed layers or may remain inside the layer without hydrogen bonding. A 
model of the configuration of the surface P-OH groups and adsorbed H20 is postulated 
in Figure 8, as a summary of the discussion described above. 

C "0 

"o \o 
I [ 

C~a - - - -  P P - - - - -  da  ~ 

Figure 8. A model of the adsorption of H20 on CaHAP. 

3 . 2 . 2 .  A d s o r p t i o n  of  C H 3 O H  on  C a H A P  

Figure 9 shows the adsorption isotherms of CHaOH on CaHAP (Ca/P = 1.64) pretre- 
ated in vacuo at 300~ for 2 h. The adsorbed amount of CH3OH increased very steeply at 
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Figure 9. Adsorption isotherms of CH3OH on 
CaHAP (Ca/P=1.64) at 25~ The solid and 
dashed lines represent the first and second 
isotherms, respectively. 

Figure 10. IR spectra of CaHAP 
(Ca/P=l.64) adsorbing various amo- 

unts of CH3OH: (1) before adsorption, 
(2) 0.2 mmol.g -1, (3) 0.5 mmol.g -1, 

(4) 1.3 mmol.g -a, (5)outgassed at 25~ 
after taking spectrum 4, (6) outgassed at 
300~ after taking spectrum 5. 

low relative pressure, indicating the strong interaction between CHaOH and the surface 

CaHAP. The second adsorption isotherm shown by the dashed line was measured on the 

sample outgassed at 25~ after measurement of the first isotherm. The adsorbed amount 

of the first isotherm is larger than that of the second one and these isotherms are paral- 

lel to each other, implying that a part of CHaOH adsorbed during the first isotherm is 

irreversibly adsorbed. The amount of irreversible adsorption of CHaOH, evaluated from 

the adsorbed amount after outgassing at 25~ for 2 h after taking the isotherm, was 2.5 

molecule-nm -2 based on the BET-N2 specific surface area (94 m2-g-1). 

To know the adsorption sites for CH3OH, the in situ IR spectra were taken for the 

same sample as in Figure 9. The absorbances of the bands at 3683, 3670 and 3659 cm -1 

due to the surface P-OH groups were decreased by CH3OH adsorption and the C-H 

fundamental stretching bands appeared at 2845 and 2950 cm -1. Figure 10 shows the 

change of IR spectra of CaHAP by CHaOH adsorption. The spectra of CaHAP adsorbing 

CH3OH show a band at 4407 cm -1 of which the intensities increase with increasing the 

amount of adsorbed CH3OH. This band can be assigned to the combination vibration of 
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CH3 groups of CH3OH, because the spectrum in this range on CH3OD adsorption had the 

same band as that of CH3OH, whereas no band was observed in this wave number range 

on CD3OD adsorption while a C-D combination band appeared at 3350 cm -1. Since the 

quantitative estimate of the absorbances of two C-H bands at 2845 and 2950 c m  - 1  w a s  

difficult because of overlapping with O-H bands, the 4407 cm -1 band can be used for 

the quantitative discussion. Figure 11 shows the absorbances of surface P-OH band and 

the C-H combination band of adsorbed CHaOH as a function of the amount of adsorbed 

CH3OH. Below 1.1 molecule.nm -2 of adsorbed CH3OH, the intensitiy of the surface P -OH 

1.2 

~ 0 . 8  

. , . - 4  

e~ 

@ 
c.) 

0.4 
o 

,.Q 

0.12 

- 0.08 

0.04 

0 

0 2 4 6 8 

adsorbed CH3OH , molecule, nm -2 

Figure 11. Adsorbance change of P-OH band at 3682 cm 
(e) with CH30H adsorption for CaHAP (Ca/P=l.64).  

-1 (o) and C-H band at 4407 cm -1 

bands mentioned above did not change appreciably in the site of the sharp rise of the 

corresponding isotherm, which indicates that CHaOH molecules are adsorbed strongly on 

the sites other than P-OH groups in the initial stage. This behaviour is similar to that  

of the H20 strongly adsorbed on CaHAP. Over 1.1 molecule.nm -2 of adsorbed CHaOH, 

the surface P-OH band decreased proportionally to the adsorbed amount of CH3OH 

and disappears at 5.0 molecule.nm -2 that  is equal to the monolayer capacity obtained 

from the isotherm. These results indicate that  3.9 CHaOH molecules interact with P-OH 

groups. Since the population of surface P-OH groups is 4.4 groups per nm 2 of the surface 

as described in Section 3.2.1., the surface P-OH groups bond with CHaOH molecules 

with almost one to one correspondence. As can be seen in Figure 11, the absorbance of 

the combination band at 4407 cm -a of adsorbed CHaOH increased proportionally with 

the amount of adsorbed CHaOH up to the monolayer capacity of 5.0 molecule.nm -2 

(Figure 10). The 4407 cm -1 band becomes smaller when evacuating the sample adsorbing 

CH3OH. The amount of irreversibly adsorbed CHaOH, estimated as CH3 groups from 

the absorbance of the 4407 cm -1 band, was 2.9 molecule.nm -2 that  is roughly equal to 

n i  of 2.5 molecule.nm -2 obtained from the adsorption isotherms. As can be seen from 
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spectrum 6 of Figure 10, the absorbance of 4407 cm -1 band did not decrease any more 

over 300~ which suggests that CH3OH molecules adsorbed strongly attach to P-OH 

groups as CHaO groups. 

3.2.3.  A d s o r p t i o n  of CH3I on C a H A P  

Figure 12 shows the adsorption isotherms at 25~ of CH3I on CaHAP (Ca/P = 1.64) 

outgassed at 300~ for 2 h. The rise of the adsorbed amount of CH3I in the low pressure 

range was not so steep as in the case of CH3OH (Figure 9). The second isotherm was 
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Figure 12. Adsorption isotherms of CH3I on 

CaHAP (Ca/P=l.64) at 25~ The solid and 
dashed lines represent the first and second 
isotherms, respectively. 

Figure 13. Adsorbance change of P-OH 
band at 3682 cm -1 (O) and C-H band at 

4470 cm -1 (O) with CH3I adsorption for ca- 

HAP (Ca/P=l.64). 

measured in the same manner as for CHaOH adsorption. The amount of irreversible 

adsorption of CH3I was 0.4 molecule-nm -2 less than that of CH3OH. The IR spectra of 

CaHAP of the sample adsorbing CH3I showed two C-H combination bands at 4470 and 

4305 cm -1. Figure 13 shows the absorbances of the surface P-OH band (3682 cm -1) and 

the 4470 cm -1 band as a function of the adsorbed amount of CH3I. The absorbance of the 

3682 cm -1 band decreased linearly with the increase of adsorbed amount and this band 

disappeared above the monolayer adsorption capacity. On the other hand the 4470 cm -1 

band grew with the increase of adsorbed amount except a low coverage region. The degree 

of the absorbance increase of this C-H band up to 2 molecule.nm -2 was smaller than that 

over this adsorbed amount. This fact suggests that CH3I decomposed on adsorption to 

CH3 radicals and escaped from the surface, leaving I atoms on the surface to some extent. 

This interpretation is supported by the XPS peaks appearing at 623 and 633 eV assigned 

to I(3d3/2) and I(3d5/2) states, respectively, after evacuating this sample, but the height 

of C(ls) peak at 287 eV was equal to that before adsorption. The irreversibly adsorbed 

I atoms cannot be removed by outgassing even at 300~ One possible reaction of CH3I 
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with the surface during the adsorption would be a kind of Grignard reaction as follows: 

Ca(s) + C H a I ( a ) -  CaICH3(s) (1) 

CaICH3(s) + P - OH(s) - P - OCaI(s) + CH4(g) (2) 

where (s), (a) and (g) represent the surface, adsorbed and gaseous species, respectively. 

3.2.4.  A d s o r p t i o n  of CO: on C a H A P ,  S r H A P  and S r C a H A P  

Figure 14 displays typical adsorption isotherms of CO2 on CaHAPs with various Ca/P 

ratios outgassed at 300~ for 2 h. The second isotherms represented by the open marks 

were determined on the samples outgassed at 25~ for 2 h after taking the first isotherms. 
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Figure 15. Relation between irreversible adsorp- 
tion of CO2 (ni) and cation/P molar ratio for 
CaHAP (0), SrHAP (/k) and SrCaHAP (D). 

The adsorbed amount of the first isotherms shown by the solid marks was larger than that 

of the second isotherms, which suggests that a part of CO2 molecules adsorbed during the 

first isotherm was irreversibly adsorbed, because CO2 molecules reversibly adsorbed are 

considered to be desorbed by outgassing the sample before measurement of the second 

isotherm. Since the first and second isotherms over ca 200 Torr are parallel with each 

other, the amount of irreversible adsorption (noted ni) can be evaluated from the average 

difference in the adsorbed amounts of the first and second isotherms over 200 Tort. Figure 

15 shows the ni values as a function of Ca/P molar ratios. It is of interest that ni exhibits 

a minimum at Ca/P of 1.60. The interpretation for this fact will be given later. The in 

situ FTIR indicated that the surface P-OH groups are not the irreversible adsorption sites 
of CO2 but the reversible ones, different from the adsorption of H20 and CH3OH. The 

adsorption isotherms of CO2 on the SrHAP showed the difference between the adsorbed 
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amounts of the second and first isotherms as in the case of CaHAP. The n i  values obtained 

from the difference of adsorbed amounts are plotted against Sr/P ratios in Figure 15. The 

n i  values slightly decrease with increasing Sr/P and then increase, exhibiting a minimum 

around Sr/P = 1.6 while less clearly than n i  of CaHAP. 

3800 3700 3600 
wave number, cm "1 

Figure 16. IR spectra of SrHAP (Sr/P=l.59) adsorbing various amounts of CO2: (1)before 
adsorption, (2) 0.22 mmol-g -1, (3) 1.02 mmol.g -1, (4) eva~uated at 25~ after recording 
spectrum 3. 

Figure 16 compares the in situ IR spectra of the Sr-deficient SrHAP (Sr/P = 1.59) 

with various amounts of adsorbed CO2. The 3640 cm -a bands due to the surface P-OH 

groups gradually become smaller and a new strong band appeared at 3690 cm -1. The 

3690 cm -1 band shifted slightly to 3694 cm -1 and grew with increasing amounts of ad- 

sorbed CO2. As can be seen in Figure 16, the surface P-OH bands of Sr-deficient SrHAP 

except the 3640 cm -1 band almost recovered when the samples were outgassed at 25~ 

On the contrary, the 3640 c m  - 1  band did not recover after outgassing the sample, indi- 

cating that the surface P-OH groups showing this band are the irreversible adsorption 

sites for CO2. To gain further insight into the irreversible adsorption mechanism of CO2, 

the character of the 3690 c m  - 1  band due to CO2 adsorption was examined by thermal 

treatment, H-D exchange and H20 adsorption. On outgassing the sample at 100 - 200~ 

the 3690 cm -1 band disappeared and the 3640 c m  - 1  band reappeared. H-D exchange 

reduced the 3690 cm -1 band, leading to a new band at 2725 c m  - 1  that is regarded as the 

OD band of the 3690 cm -1 band, taking into account the wave number ratio (OH/OD = 

3690 / 2725 = 1.354). The adsorption of H20 also reduced the 3690 cm -1 band. Further- 

more, the Sr-deficient SrHAP impregnated with NaHCOa showed a band at 3688 cm -1 

which disappeared as well as the 3690 cm -1 band when the sample was outgassed over 
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100~ The 3690 c m  -1 band can be assigned to the surface C-OH groups produced by 

the irreversible adsorption of CO2 on the less-acidic surface P-OH groups inducing the 

3640 cm -1 band through the following reaction: 

P - OH(surface) + CO2 ~ P - OCO(OU)(surface). 

This surface species seems to be thermally unstable as it decomposes to CO2 and P-OH 

during heating, because the 3640 cm -1 band reappeared when the sample was out, gassed 
over 100 o C. 

For the Sr-rich SrHAP (Sr/P = 1.71), the surface P-OH bands at 3684, 3674 and 3662 

cm -1 and the surface C-OH groups at 3710 cm -1 diminished by COs adsorption, but 

the 3694 cm -1 band appeared. Since all the surface OH bands reappeared on outgassing 

the sample at 25~ these surface OH groups are the reversible adsorption sites of COs. 

However, the irreversible adsorption took place on the Sr-rich sample as stated above. As 

distinct from the Sr-deficient SrHAP (Sr/P = 1.59), the Sr-rich SrHAP has no less-acidic 

surface P-OH groups to give the 3640 cm -1 band and form the irreversible adsorption 

sites of COs. So we must find other irreversible adsorption sites of CO2 than the less acidic 

surface P-OH groups. It is well known that the PO~- defects of CaHAP are compensated 

by CO~- and/or OH- ions [38]. It seems most likely, therefore, that the OH- ions that 

exist on the surface function as the irreversible adsorption sites of COs on the Sr-rich 

SrHAP, because the OH- ions are generally reactive to CO2 as follows; 

OH-(surface) + CO2 ---+ HCO3-(surface). 

The 3694 cm -1 band observed for the Sr-rich SrHAP is assigned to the C-OH groups 

of the surface HCO 3- ions yielded by the irreversible adsorption of CO2. Consequently, 

the surface P-OH groups of SrHAP function as the reversible adsorption sites of CO2. The 

irreversible adsorption sites are the less acidic surface P-OH groups of the Sr-deficient 
SrHAP and the surface OH- ions of the St-rich SrHAP. The irreversible adsorption of 

CO2 yields the surface C-OH groups. 
The amount of irreversible adsorption (n~) of the solid solution (SrCaHAP) of CaHAP 

and SrHAP is shown in Figure 15. The ni value can be fitted on a curve showing a minimum 

around a cation /P of 1.56. This result is in accordance with the cases of CaHAP and 

SrHAP. Thus, we can consider that the irreversible adsorption of CO2 on HAPs generally 

depends on its non-stoichiometry. The ni values of CaHAP and SrHAP are a minimum at 
Ca/P = 1.60 larger than ca. 1.55 for SrCaHAP and the curve for SrCaHAP is close to that 

for SrHAP. The ni values of CaHAP are larger than those of SrHAP and SrCaHAP below 

cation/P = 1.60. These results are in good agreement with the result reported by Joris 

and Amerg [9]: the rate of dehydration of butanol over CaHAP or SrHAP decreases with 

the increase in Ca/P ratio up to ca. 1.60 and the rate over CaHAP is faster than that over 

SrHAP. However, since they did not use samples with Ca/P > 1.60, the minimum found 

in this study was not observed. They explained the higher catalytic activity of CaHAP 

crystals and the lower basicity of the Ca 2+ ions. However, the larger ni values of CaHAP 

cannot be satisfactorily accounted for by these two factors. Note that the minimum ni 

values of each series are not zero, showing that the stoichiometric HAP adsorbs CO2 

irreversibly. These findings can be explained by considering that there are two kinds of 
irreversible adsorption sites for CO2 on these HAPs, caused by the deficiency of cations 
like Ca 2+ or Sr 2+ and anions like PO43-. With increa.sing cation/P ratio, the number of 
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adsorption sites resulting from the cation deficiency decreases, whereas that from the 
anion deficiency increases. Thus the curves for each sample possess a minimum. However, 
the kinds of site coexist at the minimum ni value. The cation/P ratio showing a minimum 
ni is less than the stoichiometric ratio of 1.67. This would be because the surface chemical 
composition differs from that of the bulk. It is feasible that the surface P034 - ions are 
more easily exchanged by other anions, such as CO~-, HCO 3- and OH-, than the bulk 
PO]- ions, to give a lower cation/P ratio. 

4. S U M M A R Y  

Various kinds of surface P-OH groups were found for CaHAP, SrHAP and SrCaHAP. 
The Fe3+-substituted CaHAP possesses the surface Fe-OH groups besides the surface 
P-OH groups. These surface OH groups function as the adsorption sites for H20, CH3OH, 
CH~I and CO2. The irreversible adsorption of these molecules depends on the kind of 
cations and non-stoichiometry of HAP. 
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Chapter 1.12 
Surface chemistry and adsorption properties of Alia colloids 

J.Y. Bottero ~ and J.M. Cases b 

~Laboratoire des G(~osciences de l'Environnement, URA 132 CNRS, CEREGE, Europle 
M(~diterann~en de l'Arbois, BP 80, 13545 Aix-en-Provence Cedex 04, France 

bLaboratoire Environnement Min(~ralurgie, URA 235 CNRS, ENSG, INPL, BP 40, 54501 
Vandoeuvre Cedex, France 

The surface chemistry of very small A113 colloids precipitated at pH 6.5 or 7.5 from 

two acidic concentrate sols of isolated A113 (r=[NaOH]/[A1]=2) and aggregated 1113 
(r=[NaOH]/[al]=2.5) has been determined by using the potentiometric titration and zeta 
potential in the NaC1 electrolyte. The ZPC 8.2 is close to the IEP. In parallel adsorption 
of long chain alkylsulfonates on these particulates has been interpret by using two dimen- 
sional condensation on the heterogeneous surfaces. The interpretation of the isotherms 
coupled with the zeta potential versus equilibrium concentration showed that the nature 

of a normal bond between the adsorbate-adsorbent is mainly electrostatic. The specific 
surface area of particulates varies with pH from 540 m2/g (pH 7.5) to 774 m~/g (pH 6.5). 

The site density number determined from the titration is ~1.1-1.2 / n m  2. This parame- 
ter is used to fit the titration and zeta curves of particulates in NaC1 by using a non-linear 
programmation. Four main surface reactions were determined: two in relation to the am- 
photeric dissociation of =A1-OH surface groups (pK1=6.4 and pK:=10) and two with 

complexation of CI- on =AI-OH + site and Na + on =A1-O- site (pK3=3.4 and pK4=3.5). 

1. I N T R O D U C T I O N  

The hydrolysis of A1C13-6H20 leads to A113 polycation species which is the major com- 
ponent from acidic pH to neutral pH [1-5]. The aggregation of A113 from pH=5 to pH=8 
by decreasing the repulsions leads to the formation of large aggregates whose structure 
is fractal. The fractal dimension increases from 1.4 up to 1.8 with the pH increase [6]. 
These precipitates are formed by diluting the concentrate 1113 solution in water. They 
contribute to the removal of inorganic colloids and organics from water in drinking water 
treatment industry. 

The role in adsorbing organics has been studied in the case of micropollutants [7]. 

These very divided solids remove only 30% of dibuthylphtalate molecules present in the 
surface water. 

This paper deals with the surface chemistry and the surface heterogeneity of 1113 
aggregates vs. pH. 
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2. M A T E R I A L S  A N D  E X P E R I M E N T A L  M E T H O D S  

The Al13 precipitates are obtained by diluting concentrate Al13 sols prepared by hydro- 
lyzing A1Cla-6H20 with NaOH. The concentrates Alia solutions have an A1 concentration 
of 0.1M and an hydrolysis ratio r=(NaOH)/(A1)=2 and 2.5. In r=2, Al~a polycations are 
not aggregated. In r=2.5, 70% of Al13 formed small aggregates. 

Dilution at neutral pH=6.5 and 7.5 of r=2 and r=2.5 leads to the precipitates formed 
by the aggregation of isolated Al13 or small Alia aggregates. These precipitates are denoted 
AH2 and AH2.s. A schematic view of these aggregates is shown in Figure 1. 

J 
7 

Figure 1. Schematic view of All3 aggregates formed at neutral pH [5]. 

Surfactants used to characterize the main properties of the precipitate surface i.e. the 
specific surface area and heterogeneity are 1 sodium dodecane sulfonate-SDS (ref. Merck 
12146) with a Krafft point of 31~ and solubility of 6.5-10-3M [8] in water at 25~ and 
1 sodium tetradecane sulfonate-STS (ref. Merck 12362) with a Krafft point of 46~ and 
solubility of 1.36.10 -3 M [8] in water at 25~ 

2.1. E x p e r i m e n t a l  m e t h o d s  
Surface electrochemistry of AH2 and AH2.5 

2.1.1. Po tent iometr i c  t i trat ion 

Experiments were carried out on new precipitates in the NaC1 electrolyte. All solutions 
were of analytic grade, prepared with milliQ water quality and bubbled by N2 during one 
night before and during the experiment. 

The total A1 concentration after diluting is 2-10-3M. The pH of the suspension is 
maintained at 7.5-t-0.1 and stabilized for 3 min. Then the precipitates are titrated by 
NaOH or HC1 using a Titrimax-tacussel apparatus. 
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The supernatant of each suspension is titrated under the same conditions. 

The balance of protons and hydroxyls at the surface (Q0 - r H  + - F O H - )  is calculated 

by the difference between the base or acid volumes required to bring suspension and blank 

to the same pH. The added NaC1 electrolyte concentrations are 10-1M and 1M. 

2.1.2. E lec t rok ine t i c  po ten t i a l  

Electrophoresis measurements were carried out using a laser Zee Meter Pen-Kem (Mo- 

del 501). 

Adsorption of surfactants. 
The adsorption of SDS and STS at 25~ is carried out on All3 precipitates at pH=6.5 

and 7.5 in mineralized water with 0.125g NaC1 and 0.025g NaHCO3 in order to buffer the 

liquid bulk. In each beaker 11 of AH2 or AH2.5 suspension, stirred at 200 rpm, adequate 

concentration of SDS or STS is added. The pH is quickly stabilized at pH=6.5 or 7.5 by 

NaOH 0.1M. After 3 min; the suspension is stirred at 40 rpm for 30 min in order to obtain 

equilibrium attained after a few minutes (Figure 2). 

. i i I 

Figure 2. Kinetics of adsorption of sodium tetradecane sulfonate STS (Ci-10 -4 M)(A,o) and 

sodium dodecane sulfonate SDS (Ci=4.10 -5 M)(+ ,*)  on AH2 (A,+) and AH2.5 (o, , ) .  

After the equilibrium is reached 20 ml is centrifuged at 15000 rpm for 20 min at 25~ 

The equilibrium concentration Ceq. is determined by colorimetry at 635 nm [9]. 500 ml 

is filtered on 2#m Millipore filters. The electrokinetic measurements are made on fiocs 

smaller than 2#m. 

3. T H E R M O D Y N A M I C S  OF S U R F A C T A N T  A D S O R P T I O N  ON SOLIDS 

The adsorption of long chain ionic amphiphiles can be described by a model which 

accounts for potential energies, entropic terms in the adsorbed layer and surface energy 

heterogeneity of the adsorbent in the case of localized adsorption [10-12]. This is limited 

to the case where the adsorbate can form precipitates with the ions in equilibrium with 
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the solid. This new phase appears on the experimental isotherm as a vertical step at a 

saturation concentration C~t.. The monolayer may not be reached. 

Two cases may be considered: 

a) Homogeneous surface 
In the case of surfactants with more than 8 CH2 groups in the alkyl chain and for a 

particular equilibrium concentration C~q., the filling of the surface abruptly increases from 

O ~ 0 up to O = 1. This vertical step corresponds to a two dimensional condensation for 

an undersaturation A# with respect to the precipitate phase obtained at Cs~t.: 

A# = B - ~o = kT In [Ceq./Cs~t.] (1) 

where ~o is the work to break the normal adsorbate-adsorbent bond, B is the constant 

for homologous surfactants (i.e. only the chain length is changed) which characterizes the 

interactions between surfactants in the adsorbed phase or in a precipitate phase. 
Equation (1) implies that the adsorbed layer is in the same condensation state as a 

reticular plane of the precipitate considered as a reference phase. This assumes that lateral 
energies and entropic terms are constant for any solid. So the experimental isotherms built 

as the example with SDS and STS are superimposed in (Q~a, A#) plane, q)o terms depend 

on the nature of the interaction between the solid sites and the surfactant head only. 

b) Heterogeneous surface 
Heterogenous surface can be considered as a homogeneous domain i of the surface area Si 

and the normal adsorbate/adsorbent energy ~o. The surface coverage | is" 

o = s i o i / s  (2) 
i 

where Oi is the surface coverage of homogeneous domain i which in the two-dimensional 

condensation hypothesis is empty or full. So Eq. (2) becomes: 

o = s /s (a) 

On one homogeneous domain Eq.(1) can be used: 

z x . *  : B -  r  (4) 

Equation 4 shows that the surface fills as ~~ i decreases. If the solid does not modify the 

organization of the adsorbed layer as it is to do, Eq.(1) is unic. 
The shape of the experimental isotherm in the O -  A# plane depends only on the distri- 

bution of q)o on the Ay-axis and the extension of Si on O-axis. The shape of the isotherm 

depends only on the distribution of heterogeneity. 
In the case of two experimental isotherms, with for example SDS and STS, built on 

heterogeneous solid characterized by seven homogeneous domains i (Fig.2) the following 

expression: 

[kT In C:q.i,n]O : - n A G / 2  + E (5) 

where Ccq.i,~, is the equilibrium concentration corresponding to the condensation on a 

domain i for a surfactant containing n CH~ groups, AG is the Gibbs energy on transfer 

of one CH2 group from the adsorbed layer to the solution and E is: 

E = ~ ~  i + coo~2 - kT in (vs" 
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where NA is the Avogadro number,  COo is the repulsive head -head  bond, and v~ is the 

average vibrat ion volume of the surfactant  head in the condensed layer. This last t e rm is 

slightly dependent  on the  molecular  mass for 10 _< n _< 18 [13]. If on each domain i the 

condensed s ta te  is the same, the slope of the In Cen. vs. n curves is - A G  whatever  Q~ value. 

| 

22,  0 -- -i 

, , . . . _  

v 

Figure 3. Schematic representation of the experimental isotherms on solids with seven homoge- 
neous domains and surfactants with n=12 and 14. 

4. E L E C T R O C H E M I C A L  I N T E R F A C E  M O D E L  O F  All3 P R E C I P I T A T E S  

Al13 colloids are const i tu ted  by Ns amphoter ic  - A1OHi sites which may ionize as fol- 
lows: 

= A I O H  + ~ ~ - A I O H + H  + 

=A1OH ~ - A 1 0 -  + H  + 

= A1OH + and - A 1 0 -  interact  with the electrolyte ions e.g." 

=A1OH + + C 1 -  ~ ~ =A1OH2C1 

= A 1 0 -  + N a  + - -~ - A 1 O N a  

the  uncharged sites - A 1 O H  can react with Na + or CI- as follows: 

= A 1 O H + N a  + ~ ~ - A 1 O H N a  + 

=A1OH + C1- ~ ~ - A 1 O H C 1 -  

(6) 

(7) 

(8) 

(9) 

(lo) 

(11) 

The  la t ter  reactions are possible if Na + and C1- are hydrated.  In this way hydrogen bonds 

can explain the reactions with OH surface groups. 

Reactions (6-12) are responsible for the development  of an electrical double layer at the 
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interface, e.g.: 
a) an internal layer of global charge as: 

as - F/Nh {N[= A1OH +] + N[= A1OHNa +] - N[= A 1 0 - ] -  N[= A1OHC1-]} (12) 

where F and NA are the Faraday and Avogadro numbers respectively, N[j] is the site 

density number of surface site j. 
b) an external diffuse layer made of H +, OH-, Na +, CI- with a charge ad: 

ad = --11.74- 10-2c 1/2 sinh (0.0194() C-m-2(a t  25~ (13) 

where ( is the electrokinetic potential and c = [Na +] + [H +] = [C1-] + [OH-]. 
Equilibrium of the double layer requires: 

as + rra = 0 (14) 

Interracial ionic activity and interracial equilibrium constants 
The Boltzman equation expresses the concentration of ion i belonging to the diffuse 

layer {i}d vs. its bulk concentration {i}b. As an example: 

{H+}a = {H+}bexp (--38.9 �9 10-a;) 

and 

(H+)a = "ya,." {H+}a 

where () indicate the activity,  {} the concentration and 3, the coefficient activity. Let 
EY = exp (+38.9-10-g(), so the equilibrium constant corresponding to Eq.(6) is: 

K1 : N[= AIOH][H+ld/N[= AIOH + 

and then: 

K1 = N[= A1OH][H+]/N[= A1OH+]EY 

(15) 

(16) 

Similarly it is possible to derive from reactions (7-11) the same equations (Table 1). 

Table 1 
Surface reactions on Al13 colloids 

Reactions Equilibrium constants Description 

(1) =A1OH2 =A1OH + H + KIEY H + desorption 

(2) =A1OH ~ =A10- + H + K2EY H + "desorption" 

(3) =A1OH + + C1- ~ =A1OH2C1 

(4) =A1ONa ~, -~ =A10- + Na + 

(5) = A 1 O H  + Na + ~ =A1OHNa + 

(6) =A1OHC1 ~ =A1OH + C1- 

K3/EY adsorption on 

K4/EY charged sites 

KsEY adsorption on 

K6/EY "neutral" sites 
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The defined Kj ( j=l-6)  are reported in Eq. (12) and give: 

as - F/NA N[=A1OH] {[H+]/(KIEY) + [Na+]/(KsEY) - K2EY/[H +1 -[C1-]EY/K6}(17) 

with N[=A1OH] = NS/ ( I+X)  
in which: 

X = K2EY/[H +] + [H+]/(KIEY)+ [H+][C1-]/(K, K3) + K2[Na+]/(K4[H+])+ 

+[Na+I/(KsEY) + [CI-I/K6 (18) 

Point of zero charge 

Using reactions 1 and 2 in Table 1: 

N [ = A 1 -  O-][H+]2/N[=A1- OH +] - K, K2 exp (77.8 �9 10-3() (19) 

Using the conventional definition of ZPC and IEP the relative amount of proton/hydroxyls 
consumed by the surface Q0 = FH + - FOH- (mmol/m 2) can be analytically derived: 

Q0 = 102/NA {N[=A1-OH +] + N [ = A 1 - O H 2 C 1 ] - N [ = A 1 - O - ] - N [ = A 1 - O N a ] }  (20) 

5. R E S U L T S  

5 . 1 .  P o t e n t i o m e t r i c  t i t r a t i o n  

The evolution of Q0 vs. FH + - FOH- (mmol-g -1) is shown in Figures 4 and 5 for AH2 
and AH2.5. In NaC1 the ZPC of both precipitates is very close to 8.4 and 8.2 respectively. 

1 . 0  

O . S  

0 . 0  

-0 .~  

-,  '. 

~ \ \ ~ . - -  . . . . . . .  

"~/  p. 
I I , ~ /  I - -  

i 

, 

~. - -  . . . . . .  

\ "~ 

\ \  

/ 0. 
I ! L 

-0.E 

- 1 . 0  

Figure 4. Potentiometric titration of AH2. Figure 5. Potentiometric titration of AH2.5. 
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Electrophoretic mobility. 

Figure 6 is presents electrophoretic mobility of AH2 and AH2.5. The IEP of each pre- 
cipitate is very close to their ZPC. 

40 

30 

- a -  

Figure 6. Electrophoretic mobility of AH2 (b) and AH2.5 (a) in the NaC1 electrolyte. 

8 

6 

4 

'l Z'l lll Ill 0 --'0" 

! 
10 "s 10 .4 10 -3 

--a - - b  - 

Figure 7. Adsorption isotherms of SDS on Att2 (e)  and AH2.s (o) at p i t =  6.5 (a) and 7.5 (b). 

Adsorption of SDS on AH2 and AH2.5 

The adsorption isotherms of SDS onto both solids at pH 6.5 and 7.5 are shown in 
Figures 6a and 6b. 

In the same manner the experimental isotherms curves obtained at pH 6.5 and 7.5 of 

STS on AH2 and AH2.5 are shown in Figures 8a and 8b. 

All isotherms show at high C~q. values a vertical step characteristic of the formation of 
mixed SDS or STS/Allz precipitates. The equilibrium concentration Cs~t. for which the 
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-0 I1 
Figure 8. Adsorption isotherms of STS on AH2 (e) and AH2.5 (o) at p H -  6.5 (a) and 7.5 (b). 

, 1[ 1,1 

: 

Figure 9. Zeta potential of AH2 versus SDS (a,b) and STS (c,d) equilibrium concentration 
Ceq.(mol.1-1) at pn 6.5 (a,c) and pH 7.5 (b,d). 
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Oeq. (M.l-1) 

Figure 10. Zeta potential of AH2.5 versus SDS (a,b) and STS (c,d) equilibrium concentration 
Ceq.(mol-1-1) at pH 6.5 (a,c) and pH 7.5 (b,d). 
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precipitates are formed are 1.3.10 .3 M and 3-10 .4 M for SDS and STS respectively wha- 

tever the pH 6.5 or 7.5. Correspondingly, the zeta potential of the particles of precipitates 

along the isotherm curves is shown in Figures 9 and 10. 

6. D I S C U S S I O N  

Because the ZPC ~ 8.2 values of AH2 and AHzs, the surfaces are globally positive at 

pH= 6.5 and 7.5. The zeta potentials are positive in the absence of adsorbates. In the 

range of the C~q. values the zeta potential values vary from +40 mV (Ceq. = 0) to -60mV 

(Cs~t. values). 
The zeta potential decreases as Q~ increases. The values of Ceq. which corresponds to 
~" = 0, highest plateau of the isotherm curves (Figures 7 and 8). Beyond this plateau 
( is negative. If one considers that the normal adsorbate-adsorbent bond is mainly of 

electrostatic type, the CCq. values corresponding to ~ = 0 coincide with the monolayer. In 

this case it is possible to normalize the isotherm curves by dividing Q~ by Q0 which is the 

value of Q~ corresponding to the monolayer: 

O = Q~/Qo (21) 

In the same way the Ceq. values of each isotherm may be normalized by dividing them by 

Csat.: 

A# = kT In Ceq./Cs~t. (22) 

In this case the experimental isotherms for SDS and STS on the same solid and pH are 
superimposed as shown in Figure 11. 

The physical meaning of this normalization (see Eq. (1)) is that the surface field does 

not influence the organization of the adsorbed layer which is in the same condensation 

state as a reticular plane of the precipitate considered as a reference phase. 
The lateral energy in the adsorbed layer calculated from Eq.(5) experimentally varies from 
1.36:t:0.03 kT to 1.93:t:0.1 kT. It corresponds to an adsorbed layer in which the aliphatic 
chains are parallel and stretched towards the solvent. The free energy on transfer between 

CH2 is not constant. It is not the case for smooth or plane surface. In the present case 

the adsorbed phase is in a very condensed state. In this case the molecular area of the 
surfactants in the adsorbed layer is minimal 20.8~ 2 [14]. Therefore the specific surface 

area of each solid precipitated at pH 6.5 and 7.5 may be calculated. At the monolayer the 

adsorbed amount Q0 is: 

Qo = ( l /A) .  (1/NA)- S (23) 

where A is the molecular area when Q=I,  NA is the Avogadro's number and S is the 

specific surface area. Table 2 shows the values of S for different systems. 
The specific surface areas depend on the pH (surface charge) and on the nature of the 

initial Al13 sol (r=2.0 or r=2.5). In the case of pure electrostatic mechanism it should 

depend on the adsorbate-adsorbent affinities. 

The S values (Table 2) can be used to calculate the density site number from Figu- 
res 3 and 4 at pH=6.5 and 7.5. The site density number Ns ~1.1/ nm 2. This value 
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Figure 11. Superimposition of the experimental isotherms (Q, A#) for SDS and STS on AH2.5 

at pH 7.5. 

Table 2 

Calculated values of the specific surface areas (m s. g-l) of AH2 and AH~.s at 6.5 and 7.5 

pH 

SDS STS mean values 

AH2 AH2.5 AH2 AHz5 AH2 AH2.5 

6.5 790 563 800 638 795• 600+38 

7.5 563 526 626 551 595-t-31 539+12 

was chosen to calculate the Kj surface hydrolysis reaction constants as defined in Table 

1. The mathematical method used is the gradient method. The optimization criterium is 

defined as follows: 

Crit 1/N ~ {(cr~ + Crd)/Crd} 2 (24) 

where N is the number of experimental points. 

The gradient method enables estimation of Kj by searching the minimum of Crit value. 

The calculated values of pKj for AH2 and AH~.5 are shown Table 3. These values allow to 

fit very well the z-pH curves (full lines in figure 6). The calculated distribution of surface 

sites is shown in figure 12. 

The surface of AH2 and AH2.s in NaC1 is essentially formed of complexed sites. The 

adsorption of sulfonates is mainly due to an exchange with CI- ions. 
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Table 3 

Calculated surface constants pKj at three NaC1 electrolyte concentrations and for Ns= 1.1 
site/nm 2 

NaC1 pK1 pK2 pK3 pK4 pK5 pK6 

AH2 

AH2.5 

0 6.65 10.15 3.18 3.38 -0.04 -1.2 

10 -2 6.65 10.15 3.16 3.35 0.04 -0.4 

10 -1 6.77 10.02 3.19 3.38 0.15 -0.3 

0 6.58 9.82 3.40 3.40 0.37 -1.6 

10 -2 6.20 10.20 3.49 3.69 -0.04 0.5 

10 -1 6.30 10.10 3.30 3.62 -0.04 -0.5 

% 

Figure 12. Surface sites distribution obtained from the calculation of pK i. 

6. C O N C L U S I O N  

The long chain alkylsulfonates are adsorbed on All3 colloids through the anionic 

exchange. The C1- ions are displaced for sulfonate molecules. This exchange does not 

occur on the homogeneous surface. The experimental adsorption isotherms show that the 

Ala3 colloid surface is heterogeneous. Nevertheless, the free energy on transfer between 

CH2 is not constant and varies from 1.3 kT up to 1.9 kT. It is very high indicating a 

very important condensed state of alkyl chains in the adsorbed layer. The specific surface 
areas of AH2 and AH2.5 are very high and vary from ~500 m2/g up to ~800 m2/g. These 

large values allow to understand the extent of the removal and transport of organics or 
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inorganics through adsorption-complexation onto amorphous A1 hydroxides particles in 
the natural media. Due to their reactivity, very large specific surface area, very small 
colloids are in aquatic and terrestrial media the major supporting phase favouring the 
transfer of matter and pollutants. 
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Chapter 2.1 
Computer simulation of adsorption on amorphous oxide surfaces 

V. Bakaev and W. Steele 

Department of Chemistry, 152 Davey Laboratory, 

Penn State University, University Park, PA 16802, USA 

1. I N T R O D U C T I O N  

The understanding of adsorption on amorphous oxide surfaces is important first because 

the surfaces of almost all high specific surface area adsorbents are strongly heterogeneous. 

This means that isotherms, heats, and other characteristics of adsorption on those sur- 

faces deviate considerably from what is expected on theoretical grounds for homogeneous 

surfaces which can be either single faces of ideal crystals or more idealized, absolutely 

smooth surfaces. Evidently, the degree of adsorption heterogeneity in a given system de- 

pends upon both the adsorbent and the adsorbate. For the simplest molecules like argon, 

it is generally believed that the adsorption heterogeneity is often just a manifestation of 

the irregularity of the surface atomic structure [1]. 

In some oxide adsorbents such as silica gel (SiO2), the surface atomic structure is irregu- 

lar (amorphous) because the adsorbent as a whole is amorphous. Other oxide adsorbents 

like rutile (TiO2) are crystalline. However, the adsorption properties of argon on rutile 

are very close to those on silica gel. Since the interactions of argon with an oxide surface 

depend mainly upon the atomic arrangement of the surface oxide ions, one may conclude 

that the atomic arrangement of these ions at the surface of highly dispersed rutile must be 

rather similar to that for amorphous silica or in other words, the surface of a tiny crystal 

of rutile must be covered by an amorphous layer. This and other experimental evidence 

suggests that one treat the irregular, amorphous surface not only as an appropriate model 

for the surface of silica gel or other truly amorphous oxides, but also as a model for all 

heterogeneous oxide (and possibly not only oxide) surfaces as well [2, 3]. 

To carry out computer simulations of physical adsorption on an amorphous oxide, one 

has first of all to simulate the irregular (amorphous) atomic structure at its surface. This 

may be done in several ways. One of these directly models the formation of vitreous 

silica from the liquid. The first stage of this procedure is a molecular dynamics computer 

simulation of liquid SiO2, which presupposes an adequate modeling of the essentially 

covalent forces between constituent atoms. Thus, we first review the modeling of these 

interatomic forces in Subsection 2.1. The next stage can consist of the simulation of rapid 

cooling (quenching) of this liquid. This, as well as other methods of computer simulation 

of amorphous oxide surfaces, is discussed in Subsections 2.2 and 2.3. 
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When the coordinates of the atoms of a solid adsorbent are in the computer's memory, 

one may proceed to simulate the adsorption of a simple gas on this model surface. Again 
the first stage of this simulation is the modeling of the interaction between an adsorbed 

molecule and the adsorbent. The difficult and yet unresolved problem at this stage is 

the modeling of the electrostatic and the induction energies of a polarizable and possibly 

polar adsorbate molecule in the very inhomogeneous electrostatic field at the surfaces of 

amorphous oxides. This problem is discussed in Subsection 3.1. Finally, in Subsections 3.2 

and 3.3, we discuss the main results obtained in computer simulations of simple molecules 

like Ar or the spherically symmetric models of CH4 or SF6 on amorphous oxide adsorbents, 
both in the Henry's Law region and at higher coverages. 

2. C O M P U T E R  S I M U L A T I O N  OF THE ATOMIC S T R U C T U R E S  OF 

A M O R P H O U S  OXIDES 

We consider first the simulation of the atomic structure of vitreous silica because the 

majority of the simulations of amorphous oxides were done for this material. Some of these 

have simulated the formation of the vitreous silica surface in a very detailed fashion. Fur- 
thermore, the methods developed for the simulation of vitreous silica and its surface may 

be used with some modifications for other amorphous oxides. Subsequently, we consider 
less detailed methods of simulation of amorphous oxide surfaces which are not limited to 

SiO2 but can be applied to various oxides. Finally the least detailed but the most general 

model - the Bernal surface (BS) - represents the atomic arrangement at the surface of any 

amorphous oxide (most important for physical adsorption) by the dense random packing 

of hard spheres. 

2.1. Interatomic potentials  
The construction of practical interatomic potential models for silica has a long history 

(see Refs. [5, 6] and references therein). Initially, two-body potentials were used for the 

interaction between ions i and j separated by a distance r: 

uij(r)  = qiqj/r  + Aij e x p ( - b i j r )  - c i j / r  6 (1) 

Here qi is the effective charge of an atom; cij is a dispersion interaction constant; and Aij 

and bij are parameters of the Born - Mayer atom-atom repulsion potential. To calculate 

the long range Coulomb term in Eq. (1) one generally has to employ the Ewald summation 

technique. To obviate this inconvenience, the Coulomb term has been multiplied by the 

screening factor (and the dispersion term has been neglected): 

uij(r)  = (q iq j / r ) e r f  c(r//3ij) + A i j e x p ( - b i j r )  (2) 

where/3 is an adjustable constant. It was assumed that this two-body potential is suitable 

for modeling the important features of the vitreous state but is not expected to work well 

for the various crystal structures where long range interactions play an important role [7]. 

The two-body potential of Eq. (2) was augmented in Ref. [7] by the three-body Stillinger 
- Weber [8] potential. This three-body potential was introduced because simulations of 
vitreous silica with the two-body potential of Eq. (2) gives a large number of bond defects 
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(ca. 6 - 8% of odd-coordinated Si and O), too broad a distribution of O-Si-O bond angles, 
and too large a Si-O-Si bond angle [7]. The three-body potential produces a decrease in 
the total binding energy of the system whenever the bond angle differs from the preferred 

tetrahedral value and thus corrects for these defects [7]. 
It has been argued, however, that the distorted bond angle distributions and incorrect 

numbers of odd-coordinated atoms are not a consequence of using a two-body potential 
but of improper treatment of the Coulomb term in Eq. (1) (e.g., using the approximation 
of Eq. (2)) [9]. The two-body potential of Eq. (1) can r~produce the structure of both 
crystalline and amorphous silica, provided that Ewald's method is used to ensure a proper 
description of the Coulombic energy (see below). Initially, parameters of these empirical 
potentials were fitted to match macroscopic properties simulated with their help. In parti- 
cular, the parameters in Eq. (2), augmented by the three-body potential, were adjusted to 
match the radial pair correlation function of vitreous silica in Ref. [7]. A new stage in the 
development of a nonempirical two-body potential for silica began when the parameters 
in Eq. (1) were derived from fitting to the ab initio potential energy surface of a small 
cluster. This has been done for SiO 4- in Ref. [10] and for H4SiO4 in Ref. [11]. Parameters 
obtained in Ref. [11] were also optimized by comparison of the predicted elastic constants 
and unit-cell dimensions for quartz with experiment. Thus, if the potential obtained in 
Ref. [10] may be called ab initio, that obtained in Ref. [11] should be called mixed ab 

initio/empirical. Parameters of Eq. (1) from Ref. [11] which were obtained not only for 

silica but also for some other oxides are presented in Table 1. 

Table 1 
Force-field parameters of Eq.(1) for silica and other oxides [11] 

i-j Aij (eV) bij (~--1) Cij (eVA -6) qi (electron charge) 

O-O 1388.7730 2.76000 175.0000 qo = - 1.2 
Si-O 18003.7572 4.87318 133.5381 qsi = 2.4 

A 1 - O  16008.5345 4.79667 130.5659 qA1 = 1.4 
P-O 9034.2080 5.19098 19.8793 q p  = 3.4 

The potential of Eq. (1) with parameters determined in Refs. [10, 11] was thoroughly 
tested in computer simulations of silica polymorphs. In Ref. [10], the structural parame- 
ters and bulk modulus of c~-quartz, c~-cristobalite, coesite, and stishovite obtained from 
molecular dynamics computer simulations were found to be in good agreement with the 
experimental data. The c~ to /3 structural phase transition of quartz at 850 K has also 
been successfully reproduced [12]. The vibrational properties computed with the same 
potential for these four polymorphs of crystalline silica only approximately reproduce the 
experimental data [9]. Even better results were reported in Ref. [5] where parameters of 
the two-body potential Eq. (1) were taken from Ref. [11]. It was found that the calcu- 
lated static structures of silica polymorphs are in excellent agreement with experiments. 
In particular, with the pressure - volume equation of state for c~ -quartz, cristobalite, 

and stishovite, the pressure-induced amorphization transformation in c~-quartz and the 
thermally induced c~- ,3 transformation in cristobalite are well reproduced by the model. 
However, the calculated vibrational spectra were only in fair agreement with experiments. 
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An important advantage of the use of the parameters of Eq. (1) reported in Ref. [11] is 

that they may be extended to cations other than Si. 
The two-body potential of Eq. (1) with parameters from Ref. [10] was also employed in 

molecular dynamics simulations of equilibrium [6] and vibrational [131 properties of silica 
glass. We defer the discussion of the quenching procedure in simulations of silica glass 

until the next subsection and mention here only the final results. The simulated glass at 
300 K has a structure that is close to that obtained from experimental neutron scattering 
measurements. Its bulk modulus, density, and internal energy are in reasonable agreement 
with experiment. The level of agreement is 1 - 3% for linear dimensions, 10% for the bulk 
module, and a few kcal/mol (0.5%) for the energies. These numbers are of the same 
order as those obtained for the crystalline polymorphs. A defect-free random tetrahedral 

network was obtained and this was taken as a proof that a properly chosen two-body 

potential model can reproduce the tetrahedral coordination of SiO2 and that an accurate 
description of the directional bonding in this material may be obtained without recourse 
to three body interactions [6]. However, the glass transition temperature (2200 K) was 
considerably higher than experimental (1446 K) and the activation energy for diffusion 

(36700 K) was much lower than experimental (63 000 K). Finally, the vibrational density 
of states and the dynamic structure factor compared favourably with those obtained from 

the inelastic neutron scattering experiments [13]. 
The final conclusion is that the potential of Eq. (1) constitutes a good, although not 

perfect, model for all the condensed phases of silica [13]. 
Finally, we refer to a quite recent paper where a first- principles molecular dynamics 

simulation of amorphous and liquid SiO2 was performed [14]. This work confirmed that 
computer simulation based on the quantum-mechanical calculation of interatomic energy 
gives basically the same atomic structure of amorphous SiO2 as mentioned above simula- 

tions based on semiempirical potential of Eq. (1). 

2.2. Simulation of vitreous silica 
Now we consider simulations of the atomic structure of amorphous oxides especially 

at their surfaces. We begin with the best studied structure of amorphous silica. The 
structure of the bulk amorphous silica is generally obtained in computer simulation by first 
simulating liquid silica at a high temperature of about 4000 K [6] or even 6000 K [7]. This 
stage is followed by the simulation of quenching when the temperature steadily decreases 
at the rate of 1013 - 1014 K / s .  This rate of cooling is the lowest practically achievable in 

computer simulations (cf., e.g., Refs. [6, 7]) but it is obviously many orders higher than 
the fastest rate achievable in real experiments. For example, to obtain amorphous metals 
by quenching the liquids, one needs an especially fast rate of cooling which is usually 
105-106 K/s but can be as high as l0 s K/s (see, e.g. Ref. [15], p. 27), which is still at least 

five orders of magnitude lower then the values given above. 
Thus the simulation of quenching may not necessarily be an adequate model of the real 

process. This is an important fact if we take into consideration the fact that an amor- 
phous state is generally metastable so that its structural characteristics depend upon the 
history of its formation. This distinguishs the amorphous state from the stable crystalline 
state whose structure is in principle determined by the thermodynamic parameters, e.g., 
pressure and temperature, and not upon the history of its formation. To be more specific, 
let us consider the simple case when a crystalline structure of a solid may be determined 
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as the lowest minimum of its cohesive energy, taken as a function of the position of all 
its particles. Such a function of very many variables usually has a huge number of local 
minima in addition to one global minimum. It is generally believed that those local mi- 
nima determine various amorphous structures. These can even be determined in computer 
simulation as the so called "inherent structures" (cf., e.g., Ref. [6]). It was argued that in 

the course of the computer simulation of quenching from a temperature well above that of 
the glass transition, the system succeeds in hopping from one local minimum to another 
but ends up arrested in one local minimum as the temperature falls below the glass trans- 
ition point [6]. Now it is in line with this viewpoint to suggest that it is the peculiarities of 
the process of quenching (initial state, rate of cooling etc.) which determine the final local 
minimum where the system will find itself at the end of quenching. The atomic structure 
which corresponds to that minimum (inherent structure) determines the atomic structure 

of the amorphous state obtained in a computer simulation. This arguement shows that 
amorphous atomic structures may not depend only upon the interatomic interactions and 
that the simulated amorphous structures may differ from the real ones even if the po- 
tential model is adequate. This is afortiori true for the amorphous atomic structures of 

silica gel which are obtained not by the quenching of silica liquid to an ordinary glass but 

by coagulation in solution at room temperature. 
However, we do not know exactly to what extent simulated amorphous atomic structu- 

res depend upon the rate of quenching. It is known, for example, that in the ion implan- 
tation technique for the preparation of amorphous metals, one can achieve effective rates 
of cooling of 1014 K/s (see, e.g. Ref. [15], p. 27) which is already close to that achievable 
in computer simulations. The resulting atomic structures are basically the same as those 
obtained by quenching techniques with six orders of magnitude smaller rates of cooling. 

A computer simulation of the surface of the amorphous SiO2 has been reported in 
Ref. [16]. It was accomplished in two steps. First, the bulk amorphous atomic structure 
was simulated by the usual MD melt-quench technique described above. Then a free 
surface was created by removing the periodic boundary condition in one dimension (Z) 
and freezing the bottom layer of atoms. After that the system was annealed at 1000 K 

and then cooled gradually to 300 K. 
The main structural details of the simulated silica surface were: (i) The predominance 

of oxygen at the outer surface - this consists of bridging (siloxane) oxygens bonded to two 
silicon atoms, and nonbridging oxygen (NBO) bonded to one silicon atom (in agreement 
with experiment); (ii) strained siloxane bonds; and (iii) the presence of two-membered 

rings formed by edge-sharing tetrahedra that do not exist in the bulk. In addition to 
NBOs and two-membered rings, several other topological and bonding defects were iden- 
tified in the surface region, e.g. three- and four-membered rings, over-coordinated oxygens 
and under-coordinated silicons. It was assumed that NBOs, three-coordinated silicons, 

edge-sharing tetrahedra, and three-membered rings are chemically reactive sites which 
might be associated with hydroxyls on the silica surface. Under this assumption, the con- 
centration of surface hydroxyls (6.4/100 ~2) was in good agreement with experimental 
estimates. However, this was actually the only value that was compared with experiment 

in Ref. [16]. 
The reliability of other statements concerning the structure of the glassy silica surface 

depends on the reliability of the interatomic potential model and the adequacy of the 
simulation procedure. We have already mentioned that if the two-body potential of Eq. (2) 
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used in Refs. [7, 16] is taken alone, it distorts the atomic structure of amorphous silica 

in comparison to that obtained using the potential of Eq. (1) with proper treatment of 

the Coulomb term. However, this deficiency of the two-body potential was corrected in 

Refs. [7, 16] by inclusion of the Stillinger-Weber three-body potential so that the total 

potential model appeared to be good enough to yield basic structural characteristics of 

bulk vitreous silica that reasonably reproduce the experimental data [7]. Besides, the 

previous simulation of the glassy silica surface mentioned in Ref. [16] was based on an 

approximate two-body potential that gave basically the same structural characteristics 

of the surface as those generated by the refined potential. As to the adequacy of the 

melt-quench technique used for the simulation of the glassy surface, the only thing to 

be said is that despite its unrealistic character, it does not drastically distort the atomic 

structure of glassy silica in the bulk. What influence an unrealistically fast quenching may 

have on the surface atomic structure is an open question at present. 

The surface atomic structure of silica gel was also simulated in Refs. [17, 18]. Silica 

gel is another form of amorphous silica which is formed not in the process of cooling of 

the liquid but as a result of coagulation at room temperature. Its surface is the surface 

of small microspheres which together form an irregular porous structure. We consider 

here only the simulation of the surface atomic structure presented in Refs. [17, 18]. The 

pore structure of such a material clearly depends on the arrangement of the microspheres 

in space. Together with the surface atomic structure, the pore structure determines the 

adsorption properties of silica gel and we consider it in this context in the next section. 

The simulation of the surface of silica gel in Ref. [17] is somewhat similar to the simu- 

lation of the glassy surface in Ref. [16]. The same potential was used and the simulation is 

accomplished in two stages. As in Ref. [16], the the first step involves a simulation of the 

atomic structure of the bulk vitreous SiO2. This was a usual Monte Carlo simulation of 

a SiO2 liquid followed by the quenching procedure as discussed above. A simulation box 

containing 512 silicon atoms and 1024 oxygen atoms at a density of 2.2 g/cc was used, 

together with periodic boundary conditions. In the second step, a point was chosen at 
random in the simulation box and a sphere of radius about 1.2 - 1.4 nm was inscribed 

around it. All of the silicon atoms within the sphere or its periodic images were then 

analyzed with respect to their nearest neighbour oxygen atoms. If the distance between 

an oxygen atom and the silicon atom was less than 0.202 nm (1.25 times the position of 

the first peak in the Si-O radial distribution function) the oxygen atom was considered 

to be bonded to the silicon atom. Silicon atoms which had abnormal coordination (three 

nonbridging oxygens [17] or only one siloxane oxygen atom [18]) were discarded along 

with their associated nearest-neighbour oxygens. As a result, a surface covered by oxy- 

gen atoms was obtained. It was assumed that NBOs represented hydroxyl groups on the 

surface of silica gel. This assumption was supported by the fact that the density of the 

NBO was 6.3 oxygens/am 2 and the concentration of hydroxyl groups on the surface of 

fully hydroxylated silica has been reported to lie in the range 4.6 OH/am 2 to 6.2 OH/am 2 

, the larger value corresponding to untreated or virgin silica [17]. This somewhat differs 

from that of Ref. [16] where the same concentration of hydroxyl groups was obtained 

when not only NBOs but also edge-sharing tetrahedra and three-membered rings were 

associated with hydroxyls (see above). Besides, one should have in mind that cutting out 

a microsphere from the bulk matter is an artificial procedure which does not correspond 

(even approximately) to quenching or annealing. 
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A similar simulation technique was used in Ref. [19] to obtain a model cylindrical pore 

in porous silica. Again a bulk silica atomic structure was simulated and the surface of a 

pore was created by removing silicon and oxygen atoms from the interior of a cylinder 

inscribed around a fixed axes. The simulation technique was essentially the same as in 

Refs. [17, 18], the only difference being that in the former case a silica surface was created 

by "boring" a pore from bulk silica while in the latter case it was created by "cutting 

out" a sphere from the bulk. 

2.3. S imula t ion  of o the r  a m o r p h o u s  oxide s t r u c t u r e s  

The reason why a central, long-ranged ionic potential can successfully model directional 

and short-ranged covalent forces in silica is attributed to the fact that Si-O bonds are so 

rigid that the Si-Si (or O-0) distances and Si-O-Si (or O-Si-O) angles are almost perfectly 

correlated [9]. This explanation suggests that one try even simpler central force potentials 

in molecular simulations of partially covalent structures. In Ref. [20] Mie's potential 

B C 
~(~) = (3) 

Fm ~,n 

was used to simulate the surface structure of amorphous TiO2 by melting the surface layer 

of a (100) face of rutile. The main problem which arises in this respect is to find coefficients 

B and C for the Ti-Ti, Ti-O, and O-O interactions which provide stability of the futile 

structure at low temperature. That is to say, to find coefficients in Eq. (3) which make the 

forces at each atom in the elementary cell of rutile so low that its structure does not decay 

spontaneously during a MD run. It was shown in Ref. [20] that at least for futile it is 

possible. Then the temperature may be increased until the structure melts. The next step 

may be the quenching of the liquid which was used to simulate amorphous SiO2. However, 

it was mentioned in Ref. [6] that differences between the structural characteristics of liquid 

SiO2 and those obtained after quenching are negligible. Generally this is not the case and 

there are appreciable differences in the radial correlation functions of amorphous and liquid 

metals, for example [15]. This does not mean, however, that this structural difference must 

necessarily be taken into account. It seems that its influence on adsorption characteristics 

is negligible in comparison with other factors discussed below. So the quenching was 

skipped in Ref. [20]. Thus the model used in Ref. [20] is less detailed than that used in 

Ref. [16] but, probably, more general because it can be applied to a variety of oxides. 

An even more general and correspondingly less detailed atomic model of amorphous 

oxide surfaces h~s bee~ ~ l l ed  th~ Bern~l surf~c~ (BS)[3, 21]. It is b~sed ~pon the f~ct 
that many oxides and halides can be regarded as close-packed arrays of large anions with 

much smaller cations occupying interstitial (usually tetrahedral or octahedral) positions 

(see., e.g. Ref. [4]). In line with this point of view, the BS is a surface of a collection of 

dense randomly packed hard spheres, a sphere representing an oxide anion. The cations 

in interstitial positions between hard spheres are excluded from the simulation since they 

do not attract adsorbed molecules due to their small polarizability. Thus only the atomic 

structure of the oxide ions is considered. This is called the Bernal structure and has been 

used for modelling simple liquids and amorphous metals [15]. 

The computer simulation of the Bernal atomic structure with a fiat (on average) surface 

was carried out with the help of algorithm described in Refs. [3, 22]. The coordination 

number of hard spheres in this structure is about 8 which may be compared with the O-O 
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coordination number in amorphous SiO2 that is 6 [6]. The numbers differ, of course, but 

the difference is not that big in comparison with, e.g., the C-C coordination number in 

amorphous carbon which is about three. In Fig. 1 the BS is compared with the surface 

of a model amorphous carbon. The surface atomic structure of this amorphous carbon 

Figure 1. The surface of an amorphous oxide (upper panel) and an amorphous carbon (lower 

panel). The dimensions of surfaces are 3.6x3.6 nm and the two surfaces shown are (arbitrarily) 

separated by 1.5 nm. 

was obtained by MD simulation of liquid carbon at 7000 K with the Tersoff interatomic 
potential [23]. The Tersoff potential is an empirical interatomic potential which stabilizes 

the atomic structures of graphite, diamond and several other hypothetical polymorphs 
of carbon that were calculated by quantum-chemistry methods [24, 25]. Implicitly intro- 

ducing the many-body interactions, it takes account of the directional character of the 

covalent bonds in amorphous carbon. 
The surfaces in Fig. 1 are obtained from arbitrarily selected computer-generated in- 

stantaneous configurations of an (oxide) BS and amorphous (liquid) carbon with the help 

of a probe hard sphere with a diameter close to that of an argon atom (0.33 nm). The 
upper of these surfaces is generated by the center of the probe sphere which rolls over the 

BS structure of hard spheres with diameter of a typical oxide ion (0.28 nm). In the case of 
amorphous carbon, a hard sphere with the van der Waals diameter of carbon (0.33 nm) is 
described around each carbon atom. These spheres overlap because the distances between 

carbon atoms are about 0.14 nm. The surface of amorphous carbon in Fig. 1 is generated 
by the center of the probe sphere that rolls over those overlapping hard spheres. 

The surface number density of oxide ions in the BS model is about 2.1 times less 

than that for the carbon surface in Fig. 1 . However, the diameters of the overlapping 

spheres over which the probe sphere rolls are larger for the carbon surface in Fig. 1 than 

for the oxide surface. Thus one expects that the lower of the surfaces in Fig. 1 should 
be smoother than the upper one. However, this is not the case. The reason why the 
amorphous carbon surface seems to be rougher than the amorphous oxide surface lies 
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with the above mentioned difference of coordination numbers of hard spheres in the BS 

model and carbon atoms. The arrangement of carbon atoms is more open (coordination 

of atoms is lower) than the arrangement of oxide ions. Due to that, its surface is rougher 

in spite of the considerably higher number density of the former arrangement. 
Thus, the surface of this amorphous carbon (which is a model of the surfaces of non- 

graphitized carbon blacks [23]) differs considerably from the surface of amorphous oxide 

and the main structural characteristics such as the C-C and O-O coordination numbers 

are also drastically different. Nevertheless, the adsorption properties of heterogeneous sur- 

faces of various nongraphitized carbon blacks with respect to an inert adsorbate such as 

argon are not that drastically different and actually have many common features. We 
discuss these properties in the next section. Here we only use this fact to show that sub- 

tle structural differences of various models of amorphous oxide surfaces discussed above 

may be not that important for their adsorption properties in comparison to other factors 

such as indefiniteness of adsorption potential on oxide surfaces (see below). Because of its 

generality and in spite of its approximate character, the BS appears to be a convenient 
model for the computer simulation of adsorption on amorphous, and even more general 

(see Introduction) heterogeneous oxide surfaces. 

3. A D S O R P T I O N  ON A M O R P H O U S  OXIDES 

3.1. Adsorption potential 
There is a long history of calculations of adsorption potentials for simple gases adsorbed 

on the exposed low index Miller planes of ionic crystals, especially alkali halides (see the 

review [26] and references therein). The total interaction potential energy between an 

adsorbed molecule and the surface of a solid is generally expressed as a sum of dispersion, 

repulsion, induction, and electrostatic contributions (see, e.g., Ref. [27]): 

V =  Vv + VR + Vr + VE (4) 

The first two terms in Eq. (4) represent the dispersion and repulsion contribution to 

the van der Waals energy and are generally described in computer simulations by a 

semi-empirical Lennard-Jones (LJ) potential which is, in fact, a form of Mie's poten- 

tial of Eq. (3) where m=12, n=6, B=4ecrl2,and C=4~r 6. Even if an expression for the van 

der Waals energy is different from LJ it is convenient to approximate it by a 12-6 function 

[28] for computational convenience. 
The largest contribution to this gas-solid interaction for oxide surfaces comes from 

the oxide anions (the BS neglects all other contributions). Thus, the parameters of the 

LJ rr and c for, e.g., the Ar-O interaction of some model amorphous oxide may be as a 

first approximation transferred from those for a different oxide with a well known regular 

atomic structure at the surface. An example is the (100) surface of MgO where the energy 
was evaluated and compared with reliable experimental data for a number of simple 

gases (for a discussion of such calculations see, e.g., Refs. [26, 271). Such transferability 
seems reasonable if one studies physical adsorption on a heterogeneous surface of MgO 

which (cf. Introduction) may be modelled as an amorphous MgO surface. Unfortunately, 

the transferability of LJ parameters is not generally possible. For example, e for Ar-O 

interaction determined from the temperature dependence of the Henry's Law constants 
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in zeolites has proved to be too large (1.5 times higher) than that for TiO2 [28]. As a last 

resort in the determination of LJ parameters (when one cannot transfer them or calculate 

by some semi-empirical expression), one may fit them to match one point in the isotherm 

of adsorption. One obtains in such a way the lump parameters ~ and ~r which implicitly 

include many body interactions not accounted for by the L J-potential as well as other 

terms like VI (see below) in Eq. (4). The goal of the simulation is to determine the shape 

of the isotherm as well as other thermodynamic and transport properties. This is what, 

in fact, has been done in Refs. [17, 18, 21, 28, 29]. 

To calculate the induction and electrostatic contributions to the adsorption energy (VI 

and V~ in Eq. (4)) one should first evaluate the electrostatic field at the surface of the 

crystal. Calculations of electrostatic fields near surfaces of ionic crystals have been done 

since 1930 (see references in [26]). In the case of amorphous silicates, one may do such 

an evaluation using effective charges for the anions and cations, as in the interatomic 

potentials of Eq. (1) and as set out in Refs. [10, 11]. Unfortunately this is not applicable 

to the BS model which excludes cations from consideration. 

The usual way of evaluating the induction (polarization) energy is the well known 

formula: 

V,= ~E~/2 (5) 

where c~ is the polarizability of an adsorbed molecule and E is the strength of electrostatic 

field at its center. However, it has been shown in Ref. [30] that Eq. (5) is a very poor 

and even misleading approximation to the induction energy of Ar at the surface of LiF, 

NaC1, and KC1. The reason for that is that the electrostatic field is very inhomogeneous 

near the surface of an ionic crystal and can change by orders of magnitude over an 

atomic length. Eq. (5) was derived for a homogeneous field where E is constant. To take 

account of weak inhomogeneity one may add to induction energy in Eq. (5) a term that 

includes the quadrupole polarizability [30]. It turns out that the quadrupole polarization 

makes about the same and sometimes even larger contribution to the induction energy 

as the dipole polarization. This does not mean that one may improve the evaluation of 

the induction energy merely by accounting for the quadrupole polarizability term but 

rather that the induction energy may not be calculatable from the multipole expansion. 

This is because one may not exclude similar or even greater contributions from higher 

multipole polarizabilities which are unknown at present. Thus, the main contribution to 

the induction energy can come from the unknown higher-order polarizabilities or it may 

be that even the whole expression diverges. 

This point of view was set forth in Ref. [31] and is similar to that in Ref. [30]. However, 
when the contribution from the hyperpolarizability of Ar in zeolite was evaluated in Ref. 

[31], it proved to be less than that from quadrupole polarizability. This means that it is 

not the strength of the electrostatic field in the adsorption space that makes Eq. (5) a poor 

approximation for the induction energy but the inhomogeneity of that field. Eq. (5) is the 

second order perturbation of an atom in an external field which assumes that the field 

is relatively weak and homogeneous. Evaluation of the hyperpolarizability contribution 

shows that the assumption of weakness is probably valid for electrostatic fields typical 

in physical adsorption. Also, the induction energy may be evaluated as a second order 
perturbation of the neutral atom by the electrostatic field. When the field changes rapidly 

over the volume occupied by the adsorbed atom or molecule, Eq. ~ (5) should be replaced 
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by another expression. One such has been used in the first calculations of the energy 

of physical adsorption on the surfaces of ionic crystals (see, e.g. Ref. [32], p. 37) but 

unfortunately was substituted by Eq. (5) in later works. 

Conventionally, people realize that Eq. (5) gives a poor value of the induction energy 

and justify its use by the fact that the induction energy is only a small part (ca. 10%) of 

the total energy of physical adsorption (see., e.g., Ref. [27]). This argument would have 

been acceptable, if Eq. (5) were a rough but still reasonable expression for the induction 

component of the total energy of physical adsorption. It was shown above that this well 

may be not the case. In this situation, it seems more reasonable to omit the calculation 

of the induction component of the adsorption energy by Eq. (5). Its magnitude is about 

the same order of magnitude as the many-body dispersion contribution to the adsorption 

energy and the latter as a rule is not calculated in conventional computer simulations of 

physical adsorption. In fact, the many-body as well as induction contribution are implicitly 

included in computer simulations through the rescaling of parameters of the L J-potential 

which have been fitted to match some part of the experimental data such as the Henry's 

Law constant. 

When an adsorbed molecule has a dipole or quadrupole moment, the electrostatic 

energy should be taken into account. Here one encounters the same problem connected 

with the inhomogeneity of the electrostatic field near the surface of ionic crystals as was 

discussed above in connection with the calculation of induction energy. However, in this 

case the solution seems simpler, at least formally. Take, for example, a nitrogen molecule 

which has a considerable quadrupole moment. Usually the Coulomb interactions of such 

molecules are calculated in computer simulations with the help of a point charge model 

for the molecule (see, e.g., Ref. [40]). The values of the point charges and their position 

with respect to the center of a molecule are chosen to fit its quadrupole moment. However, 

in doing so one also generates all the higher multipole moments. In this way this model 

may be used (at least formally) for evaluation of the Coulomb interaction of a molecule 

with the highly inhomogeneous electrostatic field at the surface of an amorphous oxide. 

As soon as the expressions and constants in Eq. (4) are fixed one may proceed with 

calculation of the adsorption energy at a given point of adsorption space. However, to make 

such a calculation possible one has to know the positions of all the atoms of adsorbent 

relative to the given point. In other words, one has to know exactly the atomic structure 

of the adsorbent. This is what is in fact unknown for amorphous oxides. Although one can 

simulate the atomic structure at the surface of an amorphous oxide as described above, 

the reliability of the result can at present only be checked by comparison of prediction of 

adsorption properties with experimental data. But the calculation of adsorption properties 

(described below) includes, generally speaking, two unknowns: the atomic structure of an 

adsorbent and the adsorption potential. This is the reason why the computer simulation 

of physical adsorption on amorphous oxides should be preceded by similar simulations on 

oxides with well defined crystalline structures. 

Some zeolites provide such an opportunity. Computer simulations of simple molecules in 

zeolites have been carried out already for more than two decades. The goal of those works 

was in considerable degree motivated by an attempt to find and test proper relations 

for various terms of Eq. (4). We do not discuss these works in the present paper and 

refer an interested reader to a recent article concerning the computer simulation of the 

adsorption of rare gases in silicalite [41]. A silicalite is a form of porous crystalline SiO2 
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with a well defined atomic structure. Thus, computer simulations of physical adsorption 

of simple molecules in silicalite and amorphous SiO2 should include the same methods of 

calculation of various contributions to Eq. (4). 
Physical adsorption on the (001) face of MgO also attracted considerable attention in 

recent years (see short review and references in Ref. [26]). It provides another opportunity 

to test methods of adsorption potential calculation which can be used later to simulate 

adsorption on adsorbents with less reliable atomic structure of surfaces like amorphous 

oxide. There is a large and rapidly changing electric field near the surface of MgO which 

should be much stronger than in silicalite due to small cations of Mg 2+ and larger ionicity 
of MgO in comparison to SiO2. Thus calculations with polar and quadrupole molecules 
which were carried out on that surface (see Ref. [26] and references therein) necessarily 

employ methods which may useful for computer simulations on amorphous oxides. 

3.2. Infinitely small coverage (Henry's Law region) 
When one can evaluate the energy of an adsorbed molecule in an arbitrary position near 

the surface of amorphous oxide, one may begin to calculate the adsorption characteristics 

of that surface. It is simpler to do that when the concentration of adsorbed molecules at 

the surface is infinitely small, i.e., in the Henry's Law region. Even in this case, calculations 

are usually carried out only for spherically symmetric molecules like rare gases or spherical 

models of more complex molecules like CH4 and SF6, the only exception being Ref. [19] 
where SF6 was represented by a six-center model. In all cases the interaction of an adsorbed 
molecule with the oxide was modeled by L J-potentials, the induction interaction being 

implicitly taken into account by the values of the parameters of the potential. 
Henry's Law constants for Ar on the surface of amorphous oxide modeled as a Bernal 

surface (cf. Fig.l) have been considered in Ref. [39]. The Henry's Law constant may be 

calculated as 

L L  

where 

o o  

k(x ,y ) -  / [exp(-U(x ,y ,z ) /kT)-  1]dz (6) 

zG 

Here U(x, y, z) is the energy of an atom at an arbitrary point (x, y, z) over the surface; 
za(x, y) is the Gibbs dividing surface with respect to which the adsorption is determined. 

(This surface is implicitly determined in experiments by helium calibration.) KH is con- 

nected with the Gibbs adsorption N~ on area L 2 by the relation: KH = NakT/p. Finally, 

k(x, y) in Eq. (6) may be called the two-dimensional density of the Henry's Law constant. 

This function is shown in Fig. 2, which was taken from Ref. [39]. 
The picture in Fig. 2 may be considered as the distribution of adsorption activity over 

the surface of an amorphous oxide. It shows that the contribution to the Henry's Law 
constant KH (which is a measure of adsorption activity for the entire surface) comes 

not from all parts of the surface as would be the case for a homogeneous surface such 
as the graphite basal plane but from special places corresponding to the sharp peaks 
in Fig. 2 which well may be called "adsorption sites". The concept of adsorption sites 
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Figure 2. The density of the Henry's Law constant (k(x,y)) for Ar on a model amorphous 

oxide (BS) at 150 K. 

was introduced in the theory of adsorption by Langmuir and is the basic notion for the 
theory of adsorption on heterogeneous surfaces [1]. However, it is not generally specified 

in this theory what an adsorption site actually is and Fig. 2 affords a rare case when this 
important concept of the theory of adsorption can be presented as a graphic image. 

Another result obtained in Ref. [39] was that the dependence of l n K t / v s  1/T is not 
linear for a BS. At high temperature where the Boltzman factor in Eq. (6) tends to unity, 
the sharp peaks in Fig. 2 flatten and the difference between the adsorption sites and 
the other parts of the surface becomes less pronounced. This means that our model he- 
terogeneous surface behaves in an adsorption sense as homogeneous at sufficiently high 

temperature. In particular the high temperature behaviour of in KH vs. 1/T approaches 
that of homogeneous surface, i.e., is almost linear at not too high a temperature. When 
temperature decreases the slope of that plot changes. However, when T ---, 0 the depen- 
dence of in It'/_/vs 1/T again asymptotically approaches a straight line which is steeper 

than the high temperature straight line. The low temperature asymptote corresponds to 

adsorption on the strongest adsorption site of the surface and this is the reason why it 
is so difficult to measure the low temperature Henry's Law constants for strongly hete- 
rogeneous surfaces like amorphous oxides [39]. To do that one has to reach such a small 
coverage on a heterogeneous surface that the probability of occupation of the strongest 
adsorption site is well below unity so that even for those few sites the Henry's Law holds 

true. 
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The purpose of calculating Henry's Law constants is usually to determine the parame- 

ters of the adsorption potential. This was the approach in Ref. [17], where the Henry's Law 

constant was calculated for a spherically symmetric model of CH4 molecules in a model 

microporous (specific surface area ca. 800 m2/g) silica gel. The porous structure of this 

silica was taken to be the interstitial space between spherical particles (diameter ca. 2.7 

nm ) arranged in two different ways: as an equilibrium system that  had the structure of a 

hard sphere fluid, and as a cluster consisting of spheres in contact. The atomic structure of 

the silica spheres was also modeled in two ways: as a continuous medium (CM) and as an 

amorphous oxide (AO). The CM model considered each microsphere of silica gel to be a 

continuous density of oxide ions. The interaction of an adsorbed atom with such a sphere 

was then calculated by integration over the volume of the sphere. The CM model was also 

employed in Refs. [36] where an analytic expression for the a t o m -  microsphere potential 

was obtained. In Ref. [37], the Henry's Law constants for spherically symmetric atoms in 

the CM model of silica gel were calculated for different temperatures and compared with 

the experimental data for Ar and CH4. This made it possible to determine the well-depth 

parameter  of the L J-potential ~ for the adsorbed atom - oxygen ion. This proved to be 

:339 K for CH4 and 305 K for Ar [37]. On the other hand, the summation over ions in the 

more realistic AO model yielded e/k = 184K for the CH4 - oxide ion LJ-potential  [17]. 

Thus, the value of ~ for the CH4 - oxide ion interaction for a continuous model of the 

adsorbent is 1.8 times larger than for the atomic model. 

It is well known that  the energy of interaction of an atom with the continuous solid 

is 2-3 times less than with the discrete (atomic) model (cf., e.g., Ref. [38], Figs. 2.2-2.4). 

Thus, to obtain the same Henry's Law constants with the two models, one has to increase e 

for the continuous model. This, however, does not discredit the continuous model which is 

frequently used in adsorption calculations. In particular, we can use the above mentioned 

results of Ref. [37] to predict the value of e for Ar which would have been obtained if one 

had carried out Henry's Law constant calculations for Ar in the AO model of Ref. [17] 

and compared them with experiment. One can multiply the value of e for CH4 obtained 

from AO model by the ratio of e values for Ar and CH4 in the CM model [36] to obtain 

e/k = 165K for Ar in the AO model. This is very close to the value of 160 K obtained 

in Ref. [21, 28] by an independent method in which the value of the LJ parameter  e for 

the A r -  oxide ion interaction was chosen to match the results of computer simulation 

of the adsorption isotherm on the nonporous heterogeneous surface of TiO2. Considering 

the independence of the calculations and the different character of the adsorbents (porous 

and nonporous), the closeness of the values of e is remarkable (if it is not accidental). 

The result seems even more remarkable in the light of discussion presented in Ref. [28]. 

Another line of research has dealt with the influence of porous structure of the silica gel 

upon the temperature  dependence of the Henry constants [36]. 

It was noted [21, 28] that  the value of ~ for the Ar - oxide ion interaction obtained 

earlier from analysis of the Henry's Law constants for various zeolites is 226 K. This value 

was confirmed by independent calculations of different authors (but on essentially the 

same zeolites). Thus it was concluded that  the most important  parameter  for computer 

simulation of physical adsorption on oxides - the energy minimum of the atom/oxide ion 

in t e rac t ion -  is untransferrable from one adsorption system to another. The comparison 
of the results presented above suggest that this might not be the case - the parameter  

determined from amorphous oxides of different chemical natures (SiO2 and TiO2) and 
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of different structures (porous and nonporous) are reasonably close to each other. The 
reason why most zeolites drop out of this (would be) rule is unclear. One might think, for 
example, that atoms in zeolites should have larger induction energy than in amorphous 
oxides in the overall potential of Eq. (4) due to the strong electrostatic field produced 

by the cations present in most zeolite pores. As discussed above, this is often implicitly 
included in the dispersion- repulsion energy. Another possible reason which is valid also 

for silicalite with essencially the same chemical composition as amorphous SiO2 (but 
different atomic structure) might be the many-body contribution to VD in Eq. (4) that is 
also implicitly included in parameters of the two-body potential but should be different 

for adsorbents with different atomic arrangement. 
With the value of e obtained from the analysis of isotherm data, it was possible to 

obtain temperature dependent diffusion coefficients in the Henry's Law region for CH4 in 

silica gel that are in fair agreement with experiment [17]. 

3.3. Coverages above the  Henry  region 
Computer simulation of physical adsorption at finite coverages differs from that at 

infinitely small coverage in that the thermodynamic properties of the adsorbed film depend 
upon the interactions between adsorbed molecules as well as the interactions with the 
surface. The conventional assumption about this adsorbate-adsorbate interaction is that it 

is about the same as in bulk liquid, so that one can transfer the interatomic potentials used 
in the theory of liquids to problems in physical adsorption. It is well known from computer 
simulation of homogeneous liquids that many-body interactions constitute 10-20% of the 
total energy. The main term in the many-body energy is the three-body interaction which 
can be evaluated by the Axilrod-Teller formula [38]. Usually these are not calculated 
directly- that would take too much computer time. Rather, they are taken into account by 

renormalizing the parameters of two-body interaction potentials (usually La-functions). 
The same is true for physical adsorption, though in the latter case the third body in 
the three-body potential may be not only an adsorbed molecule but also an atom (ion) 
of the solid adsorbent. In this case, the effective pair-wise energy in an adsorbed layer 
depends upon the distance and orientations of the pairs relative to the solid surface. Thus 
the many-body contribution to the adsorbate/adsorbate intermolecular energy may be 

different from that in the bulk liquid but this difference is often neglected. 
Computer simulations of the isotherm of adsorption are frequently based on the grand 

canonical Monte Carlo method [40]. If the atomic structure of the solid adsorbent is 

known and if the adsorbate/solid and adsorbate/adsorbate energies can be computed, 
this algorithm makes it possible to calculate isotherms of adsorption directly. 

Here, we first consider the multilayer region of the simulated isotherms obtained for 
argon at 85 K on amorphous oxides, since it turns out that the curves in this region of 

coverage are sensitive to some of the characteristic features of the heterogeneity of the 
model surfaces. The simulated isotherm of Ar on the BS of the generalized model oxide 
was compared with the standard isotherm of Ar on nonporous amorphous SiO2 in Ref. 
[33]. The simulated isotherm reproduced experimental data very well, apart from some 
small undulations which occurred near the inflection point of the simulated S-shaped 

isotherm (Type II [42]) where real isotherm has a long linear portion. 
The statistical analysis of the isotherm in the BET region (0.05 < P/Po < 0.35) is 

presented in Table 2 [21]. In this table RS represent the real adsorption isotherm for Ar 
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on the surface of a heterogeneous rutile sample [43]. Nm is the monolayer capacity as 

determined from the BET equation referred to the whole sample (in the case of RS, this 

amounted to 39 g of futile powder); C is a constant of the BET equation; X 2 is a measure 

of the deviation of either the experimental or the simulated points of the isotherm from the 

BET model, and Q is the probability that this deviation is accidental. One sees that the 

deviation of experimental isotherm from the BET model is almost certainly accidental. In 

other words, the experimental isotherm complies well with the BET model. The BS in the 

first column of Table 2 designates a Bernal surface for the model amorphous oxide. In this 

case, the probability Q that the deviation of the isotherm simulated on this surface from 

the BET model is accidental is very low. This means that the simulated isotherm does not 

comply with the BET model. It is not that the BET equation cannot be applied to this 

case at all - one may see from Table 2 that the monolayer capacity and the C-constant 

are determined with reasonable accuracy for a BS where Q is very small. It simply means 

that the statistical analysis detects with certainty some systematic deviation of the the 

simulated isotherm from the BET model which in graphical presentation (cf. Ref. [33]) 

appear to be small and insignificant undulations of simulated isotherm. However small 

those undulations, they are absent in the experimental as well as the BET isotherm. It 

is concluded that the atomic structure of this model amorphous oxide deviates in some 

systematic way from the atomic structures of real amorphous oxides. 

Table 2 

Approximation of the isotherm of adsorption of Ar on the model amorphous oxide by the 

BET equation in the BET region 

surface Nm C X 2 Q 

RS 766+3 cm 3 at STP 88+5 0.681 0.88 

BS 87.2+0.5 140+11 16.8 2.10 -3 

CBS 90.6-1-0.6 92+6 6.0 0.2 

It was discovered in Ref. [21] that one may eliminate the undulations in a simulated 

isotherm if one make the amorphous oxide surface even rougher than the BS surface. 

This was achieved by randomly deleting oxide ions from the surface of the amorphous 

oxide. The resulting surface is called the corrugated Bernal surface (CBS). One may see 

from Table 2 that the Q value for the isotherm simulated on the CBS is considerably 

higher than for the BS, which means that this simulated isotherm complies with the 

BET equation considerably better than that on the BS. Besides, the C-constant that is 

the primary parameter in determining the shape of the BET isotherm is closer to the 

experimental value for the CBS than for the BS. It was argued in Ref. [21] that the reason 

for the improvement of the shape of simulated isotherm is appearance of a second type of 

heterogeneity on CBS which is absent on BS. In Ref. [44] this was called secondary surface 

heterogeneity (SSH) in contrast to the primary surface heterogeneity (PSH) illustrated 

in Fig. 1. Although the surfaces presented in Fig. 1 are rough, this roughness is short 

range. That is to say, the surface is planar on average and the ripples seen in Fig. 1 have 

wave lengths of about one atomic diameter. If the surface displays irregular undulations 

with wave lengths which are several times larger than an atomic diameter, one may speak 
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of SSH. A picture of CBS presented in Ref. [21] together with that of BS reveals that 
the former is rougher than the latter. The difference between them consists not only 
in the fact that CBS posesses some strong adsorption sites that are missing from the 
BS but also in that the CBS has some degree of SSH along with PSH. This secondary 
heterogeneity is also displayed, for example, by the rumpled graphite basal plane of Ref. 
[44]. Comparison of the isotherms of adsorption of Ar simulated on the rumpled graphite 
basal plane [44] and on amorphous carbon shows the same trend as those for the CBS and 
the BS. On the rumpled graphite basal plane (which has considerable SSH), the simulated 
isotherm of N2 complies with the BET model and the value of C=194+17 is typical for 
real adsorption isotherms on industrial (nongraphitized) carbon blacks (C~ 190) [44]. On 
the model amorphous carbon (with small SSH - cf. Fig. 1), the simulated isotherm of 
Ar can be described by the BET equation in the BET region but the value C=90-t,5 is s 

considerably smaller than that for the experimental isotherms (C~150) [23]. 
Finally, we consider adsorption in the submonolayer region where the primary hete- 

rogeneity of the amorphous oxide surface and the adsorbate/adsorbent interactions both 
play an important role. A comparison of the experimental data for Ar at 85 K on a high 
specific surface area (85 m2/g) rutile powder [43] with simulated isotherms on the (100) 
and (110) faces of a crystalline rutile [28] and on a BS [21] showed that the isotherms 
simulated on the ideal crystalline faces of rutile deviate drastically from the experimental 
results for all reasonable values of the parameters of the LJ potential for the argon/oxide 
interaction. This means that the surface of the highly dispersed rutile sample could not 
be an ideal crystalline surface. In fact, Drain and Morrison recognized in Ref. [43] that 
the surface of their rutile specimen was strongly heterogeneous. They determined the 
energetic distribution of adsorption sites and discussed the influence of that heterogeneity 
on the thermodynamics of adsorption. However, Drain and Morrison did not discuss the 
fundamental question: which kind of atomic disorder at the rutile surface gives rise to its 

heterogeneity? 
In Ref. [21], it was shown that an amorphous oxide surface as represented by the BS 

model makes it possible to simulate isotherms that are close to the experimental one 
provided the energetic parameter e of the argon/oxygen LJ potential is properly chosen. 
The value of e turned out to be about 40% less than that obtained earlier for the same 
constant in zeolites. However, as shown above, the value of L J-parameter e obtained in 
Refs. [21, 28] is very close to the value deduced from calculations of the Henry's Law 
constant for silica gel in Refs. [17, 37]. Thus, one may conclude that the amorphous BS 
model is capable of reproducing the adsorption properties of the strongly heterogeneous 
surface of a highly dispersed rutile. This high specific surface area adsorbent is an example 
of a crystalline oxide whose surface layer is either amorphous or so irregular that it may 

be properly modelled as an amorphous surface. 
Another general conclusion that may be drawn from the study of the BS model is that 

adsorption site model (cf. Fig. 2) which is conventionally considered to be the basis for the 
theory of adsorption on heterogeneous surfaces [1] has its important limitations. It was 
shown in Ref. [28] that new adsorption sites may be created in the course of adsorption. 
These are not the minima of adsorption potential as the normal adsorption sites on a free 
surface but the minima of the total potential energy of an adsorbed molecule including 
the energy of interaction with neighbouring adsorbed molecules. In fact, the available 
results for BS appear to give monolayers that are nearly close packed (in two dimensions) 



352 

regardless of the number and distribution of the sites. Thus the monolayer capacity of 
a heterogeneous surface is not equal to the number of adsorption sites on a free surface 
but may be larger. This partly removes the contradiction between the generally accepted 
point of view that the monolayer capacity depends upon the size of an adsorbed molecule 

and the adsorption site model which requires it to be equal to the number of adsorption 

sites on a free surface independently of the size of an adsorbed molecule. 
Computer simulations of adsorption on silica gels reported in Refs. [17-19, 29, :36, 37] 

provide other examples of adsorption studies on amorphous oxides. In this case, adsorption 
on these solids depends not only upon the atomic structure of its surface but also on the 
peculiarities of its pore structure. In fact, only the globular porous structure of silica 
gel was properly modelled in Refs. [36, 37]. The atomic structure of the silica globules 
was approximated by a continuous density of oxides so that the surface of the silica 

gel was smooth (homogeneous) in this model. However, the adsorbent as a whole was 
heterogeneous due to its irregular porous structure. Despite the fact that such a model 
can give useful insights into the influence of packing of silica gel globules on the Henry's 
Law constants [361 or can be used for simulation of adsorption of mixtures [a7], the overall 

agreement between the simulation and experimental data is only fair [37]. The reason for 
that is undoubtedly the inadequate modelling of the surface atomic structure of silica. 

However, heterogeneity of silica surfaces was taken into account in Refs. [17, 18, 29]. 
These workers considered an amorphous arrangement of oxide ions which was simulated 
as described in Subsection 2.2, the model of the porous silica gel being similar to that in 
Refs. [36, 37]. At low coverages the simulated isotherm obeyed the Freundlich equation 
very accurately [18]. This is typical behaviour for adsorption on strongly heterogeneous 
surfaces (cf., e.g., Ref. [1]) and means the the limiting Henry's Law region had not been 

reached in the simulation study. Adsorption at higher coverages was analyzed in the spirit 
of a modern version of the Polanyi-type approach. The entire adsorption space was divided 
into small cells, each of which is characterized by the value of adsorption potential e* at its 
center [29]. The density of adsorbate in each cell was determined by computer simulation. 
The variation of this density with pressure is similar to the local isotherm of the theory of 
adsorption on heterogeneous surfaces [1]. Local values of the adsorption virial coefficients 

were determined by expanding this local isotherms as power series in pressure [29]. 
Finally, diffusion of SF6 in the globular [18] and cylindrical pore[19] models of the silica 

gel was studied by the molecular dynamics technique as a function of coverage. 

4. C O N C L U S I O N S  

The technique of computer simulation makes it possible to realistically model the phy- 
sical adsorption on amorphous solids. Such simulations consist of two stages: (i) the si- 
mulation of the atomic structure of the surface of the solid and (ii) the simulation of 

adsorption on that model surface. 
The most detailed studies of the first stage have been done for amorphous silica. It 

was shown that effective charges in a two-body interatomic potential of Eq. (1) may 
be chosen in such a way that this potential which is used in ionic crystals can also be 
used in crystalline and amorphous SiO2 where interatomic bonds are partially covalent. 
This conclusion can be possibly extended to other oxides. It was also shown that one 
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may fit parameters of the potential of Eq. (3) to give a stable TiO2 (rutile) crystal. This 
means that one might possibly use also this potential to realistically simulate the atomic 
structures of other amorphous oxides. 

Successful simulations of amorphous oxide adsorbents consist in first simulating the 

melting of the crystal. This may be final or it may be followed by simulation of quenching 
and annealing. The irregular atomic structures obtained in this manner contain anions 

and cations. Since cations play relatively minor role in physical adsorption, one may 
simulate a general (and, naturally, less detailed) model of the amorphous oxide surface 
as a dense random hard-sphere packing of anions. Surfaces generated by this model were 

called Bernal surfaces. 
These are methods for the simulation of a flat amorphous surface. To simulate the 

atomic structure of a porous oxide adsorbent like silica gel, one may first simulate the 
bulk amorphous silica. Then cut out of it globules and arrange them in space to model the 

pore structure of silica gel. Other applications of this idea include the creation of pores 
such as those found in porous glass by deleting atoms from a simulated block of solid in 

such a way as to leave a cylindrical pore. 
Once the model atomic structure of an amorphous oxide adsorbent is created, one may 

proceed to simulate physical adsorption on (or in) this material. The peculiarity of oxide 

adsorbents (compared to carbon adsorbents for example) is that one has to take acco- 
unt of the highly inhomogeneous electrostatic field at their surfaces. The problem of the 

reliable calculation of the effect this field upon the adsorption energy is not yet totally re- 
solved. However, an effective adsorption potential is typically used in such situations, with 
parameters that are adjusted by, for example, fitting the calculations to the temperature 
dependence of the experimental Henry's Law constants. Such potentials generally give re- 
asonable values for other simulated equilibrium and kinetic adsorption properties. There 
is even an indication that the effective parameters of the gas-solid adsorption potential 

are sometimes transferrable from one (oxide) adsorption system to another. 
Some systematic deviations of simulated isotherms from experiment in the BET-region 

may be explained on assumption that real surfaces of amorphous oxide are characterized 
not just by the atomic roughness of the irregular amorphous atomic structure, but may 

also have another kind of roughness with a much larger scale of length. 
Finally we would like to mention some problems which, in our opinion, should be 

addressed in connection with the problem of computer simulation of physical adsorption 
on amorphous oxides. First, there is the problem of transferability of the parameters 
of the dispersion potential atom/oxygen interaction from one oxide system to another. 
For instance, one may fit these parameters to describe adsorption of argon in silicalite 
and in another form of SiO2, e.g. amorphous silica. The question is how much will these 

parameters differ. This problem has already been addressed in the adsorption literature 
and was partially discussed above but still has no clear cut answer. Second, there is a 
number of problems connected with the influence of strongly inhomogeneous electrostatic 
field at the surface of oxides upon adsorption properties. These have not yet been properly 
dealt with in computer simulations. For example, it is not a priory clear if the models of 
amorphous oxides described above are hydrophobic or not. On one hand, one may expect 
hydrophilic behaviour because oxide ions are given a considerable electric charge (cf. 

Table 1). On the other hand, the hydrophilicity of silica is conventionally connected with 
hydroxides on its surface so that the above models which does not consider hydroxides 



354 

explicitly may be expected to be hydrophobic. A direct computer simulation is necessary 
to solve this problem. 
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1. I N T R O D U C T I O N  

It is now generally recognized that the surfaces of oxides are geometrically distorted and 

therefore energetically heterogeneous for adsorption. It has been realized by the scientists 

investigating adsorption from the gas phase for a long time. A variety of experimental 
techniques has been used to study the nature of these surface imperfections, and dozens 
of papers have been published on this subject. The reported results have already been a 

subject of a number of reviews [1]. Dozens of papers were published showing that successful 
correlations of the experimental data for gas adsorption onto oxides can be done only by 

using equations corresponding to a heterogeneous surface model [2,3]. The experimental 
studies were stimulated strongly by the widely spread view that these are the surface 

imperfections creating catalytic centres for many important catalytic reactions. 
Bakaev's computer simulations [4-7] of oxide surfaces suggest that even in the case of 

oxides having a well defined bulk crystal structure, the degree of the surface disorder may 

be larger than it is generally believed. 

Our attention here will be focused on the extremely important class of adsorption 

systems, composed of water being in contact with oxide surfaces. The reasons, why the 

behaviour of water/oxide interfaces is so important for various areas of science, life and 
industry, are well-known. 

The calorimetric studies of the surface heterogeneity of oxides were initiated half a 

century ago, and experimental findings as well as their theoretical interpretation have 

been recently reviewed by Rudzifiski and Everett [2]. The last two decades have brought 

a true Renaissance of adsorption calorimetry. A new generation of fully automatized 

and computerized microcalorimeters has been developed, far more accurate and easy to 

manipulate. This was stimulated by the still better recognized fact that calorimetric data 

are much more sensitive to the nature of an adsorption system than adsorption isotherm 
for instance. It is related to the fact that calorimetric effects are related to temperature 

derivatives of appropriate thermodynamic functions, and tempearture appears generally 
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in exponential terms. 

However, that recent impressive progress on experimental side was not accompanied 

by a sufficient progress in the interpretation of the obtained experimental data. As far as 

water/oxide interface is concerned the following problems deserve more theoretical and 

experimental studies. 

(1) Which is the combined effect of the multilayer adsorption phenomena and the 

surface energetic heterogeneity on the heats of adsorption? There have been published 

some papers showing that combined effect on the behaviour of adsorption isotherms. To 
our knowledge not much has been published on the theoretical studies of the combined 
effect in the case of heats of adsorption yet. Meanwhile, because of the strong surface 
heterogeneity of oxides, the water adsorption has a highly mixed monolayer - multilayer 

character even at low relative pressures (p/p0) in the equilibrium gas phase. 
(2) There have been published numerous papers reporting the measurements of the heat 

capacity of water adsorbed on oxide surfaces. The likely important effect of the surface 

heterogeneity on the behaviour of heat capacity data has never been considered yet in 
the accompanying theoretical interpretations. It may only surprise us, because in the case 

of other adsorption systems such studies have already been published, demonstrating the 

crucial role of surface heterogeneity. 
(3) There have been published experimental studies of phase transitions in the water 

adsorbed on solid surface, but their interpretation usually ignored the role of surface 
energetic heterogeneity. Meanwhile, it is now well-known, that the surface heterogeneity 

affects extremely strongly the phase transition in adsorbed films. In a regime of phase 
transition, even weak, non-uniform external fields affect strongly the behaviour of every 

physical system. 
The adsorption of ions and the formation of the electric double layer at water/oxide 

interface are the physical phenomena the importance of which in life and technology can 

hardly be overestimated. So, no surprise that the mechanism of the formation of the 

electric double layer at water/oxide interfaces has been studied thoroughly in hundreds 
of papers and it would take far too long to review even the most fundamental of them. 

Various techniques have been used to measure proton and accompanying ion adsorption 
on the outermost surface oxygens of oxides. The most popular of these techniques are 

potentiometric titration and (-potential measurements. Then, radiometric methods allow 

the adsorption of individual ions to be monitored. 
The interpretation of electrokinetic data is accompanied by some assumptions which 

introduce a certain degree of uncertainty. On the contrary, the potentiometric titration 

and the radiometric methods are directly related to the adsorption isotherms of ions. Thus, 

the most fundamental conclusions have been drawn from a suitable theoretical analysis 
of these adsorption isotherms being mainly based on a model of a homogeneous oxide 

surface. 
As the accuracy of the adsorption isotherm measurements increased, the necessity to fit 

the experimental data quantitatively led to more and more refined theories of the electric 

double layer. However, these more refined and complicated theories failed to correlate 

experimental adsorption isotherms in some systems. The general feeling started to grow 

that the model of a homogeneous surface is too crude to explain well these adsorption 
phenomena. 

Thus, in view of this large body of experimental and theoretical evidence of the surface 
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heterogeneity of the actual oxides, it may only surprise us, that this important physi- 
cal factor received so little attention from the scientists investigating ion adsorption at 
electrolyte/oxide interfaces. 

At the early stage of the theories of adsorption onto oxide surfaces, the emphasis was 
given to electrostatic interactions. The fact that adsorption frequently involves chemical 
bonding as well was not so commonly recognized until recently. This implies a dispersion 

of chemical bonding energies to be possible, arising form the different local status of the 

outermost surface oxygens. 
At the end of the seventies Garcia-Miragaya and Page [8,9] and Street et al. [10] repor- 

ted a successful correlation by Freundlich equation of the data of trace Cd 2+ adsorption 
by both clay minerals and soils. Benjamin and Leckie [11] found the same for the trace 
adsorption of Cu 2+, Zn 2+, Cd 2+ and Pb 2+ onto amorphous iron oxyhydroxide. The use of 

Freundlich equation was also suggested in the works by Sposito [12,13]. 
In the theories of gas adsorption the applicability of Freundlich equation was long 

ago associated with the energetic heterogeneity of the adsorption sites on the actual solid 
surfaces. It was also known, that Freundlich equation is a simplified form of a more general 

isotherm equation which is now commonly called Langmuir-Freundlich isotherm. Thus, 
in 1980 Sposito [13] suggested that it was high time it were used also in the case of ion 

adsorption at water/oxide interfaces. 
Benjamin and Leckie [11] were among the first who initiated the studies of the surface 

heterogeneity effects in 1981. They reported that the adsorption of Me 2+ metal ions onto 
oxyferrihydride could be described only by assuming a large dispersion of adsorption 
site affinities. Two years later Kinniburgh et al. [14] tried to correlate such adsorption 
isotherms by using other empirical equations employed earlier to correlate experimental 

adsorption isotherms for single gas adsorption onto heterogeneous solid surfaces. 
Theoretical studies of surface heterogeneity effects on ion adsorption within the ele- 

ctrical double layer were much advanced by Koopal, Van Riemsdijk and co-workers [15-19]. 
Rudzifiski and co-workers [20] have subjected calorimetric effects accompanying ion ad- 
sorption to their theoretical analyses. They showed that surface heterogeneity of oxides 
affected enthalpies of ion adsorption. A similar effect has been known for a long time in 
gas adsorption onto solid surfaces. In another paper, Rudzifiski et al. [21] showed that 
titration curves were much less sensitive to the surface heterogeneity than individual ad- 

sorption isotherms of ions measured by using radiometric methods. Titration curves pro- 
bably involve a certain mutual cancellation of heterogeneity effects. This deserves some 

further experimental and theoretical studies. Rudzifiski et al. [22] developed the theory 
reproducing the behaviour of the log-log plots of the experimental adsorption isotherms 
of bivalent ions on oxides at low surface concentrations. These experimental adsorption 
isotherms show a transition from a linear log-log (Henry's) plot with a tangent equal to 

unity to a Freundlich log-log plot with tangent smaller than unity. 

2. WATER ( V A P O U R ) / O X I D E  INTERFACE 

Several dozens of papers have already been published on the heat of immersion of 
various outgased solids into water. These were mainly silica, alumina, titania, ferrum, zinc 
and manganese oxides. Here, it would be far too long to quote even the most interesting 
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papers. So, let us quote at least some names of the authors like Zettlemoyer, Morimoto, 

Chessick, Rouqueroll, Della Gatta, Kondo, Wightman, but there should be listed also 

many others. 

The reasons for which the mechanism of the oxide hydroxyl surface formation is so 

much important are well known. So only the discussion concerning the nature of hydrated 

oxides will be given. It can be obtained from the experimental data on heats of immer- 

sion in various types of immersion experiments. The direct measurements of the heats 

of adsorption of water from its vapour phase onto oxides were rarely reported. On the 

contrary, several dozens of papers have already been published on the heat of immersion 

of various outgassed oxides into water. The following types of immersion experiments have 

been carried out so far: 

(1) The first, most popular is that in which measurements of the heat of immersion 

were considered as a function of the outgassing temperature of an oxide sample. The 

outgassing was carried out usually at high temperatures of several hundred of Celsius 

degrees, so, the measured effects concern the reconstruction of the hydroxylated surface. 

(2) As the second type we consider the measurements in which a sample outgassed at 

room temperatures was pre-covered by a certain amount of the immersional liquid adsor- 

bed from its gaseous phase, prior to immersion. In other words, the heats of immersion 

are considered as a function of the amount pre-adsorbed on a hydroxylated surface. 

(3) The third type of the immersional experiments is quite new. These are the heats of 

immersion of an outgassed sample into aqueous solutions of varying pH. In other words, the 

heats of immersion are considered as a function of proton concentration in the immersional 

liquid. Until very recently, only three experiments of such a kind have been reported in 

literature. These were the heats of immersion of c~-A1203 reported by Roy and Fuerstenau 

[23], and next by Griffiths and Fuerstenau [24], and the heats of immersion of titanium 

dioxide reported by Foissy [25]. Quite recently, an extensive experimental study including 

various metal oxides has been published by Wierer [26], Machesky and Anderson [27], De 

Keizer et al. [28], and Machesky and Jacobs [29,30]. 

To understand the information resulting from these experiments, it is necessary to 

know the phenomena occurring during the immersion of an outgassed sample of metal 

oxide into water. Not getting into details which are still controversial, let us recall what 

has been known for a long time and generally accepted. 

2.1. T h e  m e c h a n i s m  of t he  f o r m a t i o n  of h y d r o x y l a t e d  oxide sur faces  by w a t e r  

a d s o r p t i o n  f rom its v a p o u r  phase  

It is well-known that the surface hydroxyl groups on such metal oxides as Si02,Ti02, 

or A1203 are removed by thermal treatment in vacuum, resulting into the formation of 

an activated oxide structure - M e  < o ~ > M e - ,  as a result of the condensation of the 

adjacent hydroxyl groups, according to the following scheme: 

H H 
0 0 0 
I I heat treatment ~ 

Me Me --  ~ -~ Me Me - -  + H20 
0 ~ immersion in n20 ~ 0 ~ 

The activated site may be easily rehydrated by the adsorption of water. That scheme, still 
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coming from the works published by Morimoto and co-workers [31,32] is, in fact, more 

complicated. First of all, farther water molecules are adsorbed secondarily on the top of 

the already formed hydroxyls. The mechanism of that secondary adsorption is not quite 

clear yet. 

Kiselev and Lygin [33] who studied the adsorbed state of water molecules on silica by 

means of IR spectroscopy concluded, that  a water molecule was adsorbed on two surface 

hydroxyl groups through the formation of a hydrogen bond between the oxygen atom 

of the water molecule and two hydrogen atoms of the neighbouring hydroxyl groups. 

However, a quantitative demonstration for their conclusion was not given. 

Hallabaugh and Chessick [34] drew a similar conclusion from the fact that the cross-sec- 

tional area of the water molecule in the monolayer on TiO2 (rutile) was extremely large, i.e. 

23.5f~ 2. Also Morimoto et al. [35] arrived at a similar conclusion in their analysis of water 

adsorption isotherms on rutile. They proposed the following scheme for the secondary 

adsorption: H H 

\ /  
0 ..~ *% 

.. 

H H H H 
0 0 0 0 
I I H20 I I 

Me Me - -  ~ -~ Me Me 

\ o  / \ o  / 

Exactly the same picture can be found in the work by McCafferty and Zettlemoyer [36] 

on water adsorption on a -  Fe2Oa. 

On the contrary, an IR study of water adsorbed on t i tanium oxides has brought Primer 

[37] to the conclusion that the secondary adsorption of water should be represented by 

the following scheme: 

H 
I 

H m O  
~ ...~ 

O--H 
I 

Me 

Griffiths and Fuerstenau [24] argued that the formation of the secondarily adsorbed 

molecules proceeded as follows: 
H H 
\ /  

O ." ",. 
.- 

H H H H 
0 0 0 0 

/ \ / \ H~O / \ / \ 
A1 0 A1 0 - -  A1 A 1 -  0 - -  A1 - -  0 A1 

and led finally to an "iceberg" structure near a solid surface. 

Doremieux-Morin el, al. [38] carried a NMR study of water adsorbed onto rutile, ana- 

tase and an amorphous t i tanium oxide. On that basis they postulated that, in addition 
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to the Primet's mechanism, farther water molecules could be adsorbed also in three dif- 

ferent ways: 

H H 
\ /  

O 
H - - O  O 

" [ . . ' "  

H H H H 

q~) ~ o(~ I ~ o(~ 
0 Ti 0 Ti - -  0 Ti - -  O Ti - -  

(z) 

I 

/ H  

\ 
H 

"'. J 
O(~) 

where (2) and (3) denote the co-ordination number of oxygen atoms. The situation when 

water molecule is bonded simultaneously to surface hydroxyl and a surface oxygen should 

be typical for amorphous surfaces possessing low-density planes. 

The ways of secondary water adsorption on various metal oxides based on calorimetric 

investigations and IR spectroscopy were studied by Fubini et al. [39]. 

Thus, the later experiments would suggest that the first secondarily adsorbed water 

molecules are associated rather with only one hydroxyl. This statement is essential for 

developing isotherm equations for water adsorbed from vapour phase onto metal oxides. 

2.2. T h e  n a t u r e  of  t h e  e n e r g e t i c  h e t e r o g e n e i t y  o f  t h e  ac tua l  w a t e r / o x i d e  

in ter faces  

So far, we have considered idealized surface structures of oxides. It is now commonly 

realized that the crystalography and chemical composition of the actual solid surfaces do 

not represent an extrapolation of appropriate bulk crystal properties. The actual (really 

existing) solid surfaces are characterized by a more or less decreased crystallographic 

order, leading also to variations in the local chemical composition. This, in turn, causes 

variations in adsorptive properties of adsorption sites, across the surface. 

That phenomenon known as the "energetic heterogenity" of the real solid surfaces is 

believed now to be one of the fundamental, common features of the actual solid surfaces 

[2,31. 
In our case, the energetic surface heterogenity means, first of all, the variations in the 

chemical status and the adsorptive features of the outermost surface oxygen atoms with 

respect to hydrogen bonding. The existence of the surface energetic heterogenity of oxides, 

with respect to water adsorption has been known for a long time. The most spectacular 

evidence came from calorimetric measurements. 

Zettlemoyer and his co-workers [40,41] were among the first who demonstrated strong 

evidence for a great role of the surface energetic heterogeneity of oxides in their immersio- 

nal experiments. Morimoto and co-workers [42] wrote that "the differential heat on TiO2 

decreased with increasing amount of chemisorbed water, suggesting an ordinary type of 

surface heterogeneity". In their studies of water adsorbed onto alumina Della Gatta  et al. 

[43] concluded that "surface rehydroxylation involves rather high differential heat values 

(initial heat of about 40 kcal/mol), and the heat evolution is typical for a heterogeneous 

surface". Wightman et al. [44] reported that in their studies of water adsorption onto 
titanium dioxide, "the isosteric heat of adsorption decreased with increasing coverage 

indicating the heterogeneous nature of the titanium dioxide samples". The first quanti- 
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tative fit of the experimental heats of immersion in pure water [45] and in solutions of 

varying pH [20] was done by Rudzifiski et al., who assumed that  the surfaces of oxides 

were energetically heterogeneous. 

Although, the view about the energetic heterogeneity of oxide surfaces is now commonly 

accepted, the nature of that  phenomenon and its role in adsorption is not well understood 

yet. The structure of oxide surfaces is still often assumed to be corresponding to their 

ideal crystallographic structure. 

Meanwhile, as long ago as at the beginning of the sixties Peri [46-48] argued that  after 

strong dehydratat ion the structure of aluminium oxides was very irregular, as shown in 

Fig. 1. Flockhardt et al. [49,50] assumed a lesser distorted structure of aluminium oxides, 

as shown in Fig. 2. 

At3§ O 02- 

Figure 1. Peri's model of aluminium oxide 

surface after strong dehydration. 

Figure 2. Flockhardt's model of aluminium 

oxide surface. 

Hiemstra et al. [51-53] assumed that the surface heterogeneity of aluminium oxides 

arose solely from a different status of various surface oxygens, as shown in Figure 3. 

( 

grou;y 
Doubly coordinated y 

Singly coordinated 

Figure 3. Hiemstra's model of aluminium 
oxide surface. 

Figure 4. Bakaev's picture of an oxide sur- 

face. 
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Bakaev [4,54,55], on the contrary, believes that for the majority of the actual, i.e, really 

existing, oxide surfaces, the picture of an amorphous surface phase should be more realistic 

than that of a crystalline surface with defects. It means, Bakaev's model is similar to that 

assumed by Peri. 
Bakaev pays the attention to an interesting piece of experimental evidence supporting 

his view, coming from the calorimetric experiments by Rouqueroll and co-workers [56,57]. 

They investigated the enthalpy of adsorption of nitrogen and argon on a crystalline rutile, 

and a rutile partially coated by amorphous silica. The enthalpies of adsorption of nitrogen 

were different, due to the particular electric field pattern near the rutile surface, "felt" 

by a nitrogen molecule. Argon atoms, on the contrary, are insensitive to the difference 

in electric fields, so, the close similarity of its enthalpy of adsorption on pure and coated 

rutile must testify to similarities in their surface structure. As the sil ica- coated rutile is, 

presumably, an amorphous surface, the similarity of the enthalpies of adsorption of argon 

indicates the amorphous structure of pure rutile too. The adsorption potential of argon 

is mainly determined by the interaction with large oxygen ions, since their polarizability 

is much larger than that of cations. So, the physical adsorption of argon on oxides is 

mainly determined by the amorphous structure of the oxygen atoms near the surface. 

Thus, for argon adsorption on oxides a representative model of surface phase could be 

the Bernal model [58], i.e., a dense random packing of hard balls. The surface of such a 

model amorphous solid may be visualized as the surface of a heap of ball bearings on a 

plate. The schematic visualization of such an atomic arrangement is presented in Fig. 4. 

The white circles in Fig. 4 represent the oxygen atoms (ions) of adsorbent and the 

shadowed circle an adatom which "rolls" over the heterogeneous surface. (The presence of 

small cations is neglected here). The main objective of Bakaev's earlier works [5-7,59] was 

to calculate the 3-dimensional adsorption potential U(x,y,z) of such an adatom. It was 

done practically in the following way: A set of vectors {ri} was created in the computer 

memory representing a dense random packing of 2500 hard balls. The balls were contained 

in a square box of an area (20 • 20)D 2, where D is the ball diameter. Periodic boundary 

contributions were imposed in the x- and y-directions, but no restrictions were imposed in 

the z-direction, perpendicular to the surface. Each ball represented an oxygen anion with 

a diameter D = 0.28 nm. Argon adatoms were assumed to interact with oxygen balls via 

a Lennard-Jones potential. 
The next crucial mathematical operation in Bakaev's computations was finding the 

minima of the potential function U(x,y,z). Thus, an average number of 226 local minima 

has been found by Bakaev in his unit cell. That means, that the area associated with 

one local minimum is about 0.14 nm, compared to a value 0.15 nm accepted in BET 

method utilizing argon adsorption data to determine the area of TiO2 [60]. The calculated 

distribution of the number of adsorption sites (local minima) among the values of these 

minima was compared next with Drain and Morrison's adsorption energy distribution 

for argon adsorbed on futile [61]. The range of adsorption energies was similar, except 

that Drain and Morrison's energy distribution suggested a larger contribution from less 

active sites. This may be the contribution from cations, neglected in Bakaev's computer 

simulation. If we realize, however, that this is a purely ab initio result, one must be 

impressed by the success of Bakaev's research. 
Bakaev's computer simulation provides an impressive support for random topography 

of oxide surfaces. Of course, some degree of surface organization should exist, and it will 
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increase when going more and more deeply into the solid bulk phase. The outermost lay- 
ers of surface atoms (ions) may be amorphous, but the interior may have a well-defined 
structure. 

The fact that the surfaces of the actual oxides are geometrically distorted and energe- 
tically heterogeneous is crucial for almost all catalytic reactions running on oxide surfaces 
as demonstrated by the numerous works published by Samorjai's school. Still new papers 
are published showing the importance of the geometric nonuniformity and energetic hete- 
rogeneity in various adsorption and catalytic systems. So, various experimental techniques 
have been used to study that important phenomenon. These findings were reported by 
Samorjai [62] and more recently by Hirschwald [63]. This latter review includes the im- 
pressive images of the surfaces of the actual oxides obtained by STM (Scanning Tunneling 

Microscopy) [64] (see Fig. 5). 

4 
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Figure 5. The picture 492 • 492 .~2 obta- 
ined by STM [65] for TiO2 (110)surface. 

Figure 6. The energy distribution functions X(c) 
for the system Ar-rutile studied experimentally 
by Drain and Morrison [61]. The slightly broken 
line (- ) is the function evaluated by Ru- 
dzifiski and Jaroniec [66]; the strongly broken 
one ( . . . . .  ) is the function determined by Do- 
rmant and Adamson [67]. The solid line is the 
average of these two functions. 

The quantitative measure of the degree of surface heterogeneity in the model of the 
one-site-occupancy adsorption is the differential distribution of the fraction of surface sites 

among corresponding values of adsorption energy c, X(e), such that 

~ X(e)de- 1 (1) 

where Ae is the physical domain of c. 
Very often X(e) is approximated by a simple analytical function and Ae is assumed to 

be either (0, +ec) or ( -oc ,  +oc) interval for the purpose of mathematical convenience. 

Such simplifications do not usually introduce a significant error in the latter theoretical 
calculations, except for some extreme physical regimes [2]. The exact function X(e) for 
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a real physical surface is expected to have a complicated shape in general. However, to 
a first crude approximation, it may be approximated by a simple smooth, gaussian-like 
function. This is demonstrated in Fig. 6. 

The solid line in Fig. 6 is the function X(c) for argon adsorbed onto rutile, obtained 

by averaging X(e) calculated by two different methods. Thus, it can be clearly seen that 

X(e) should, in this case, be well "smoothed" by a gaussian-like function. This statement 

should be true for both argon and water adsorption, because the interaction with surafce 
oxygens is the key factor in both cases. 

Thus, we will represent X(e) by the following gaussian-like function [68,69] 

1 e x p { e - e ~  } 

x(~)  = c c (2 t  

1 + exp 
c 

centered at e = e ~ the spread (variance) of which is described by the heterogeneity 
parameter c. (The variance a is equal to 7rc/x/~). 

In the case of monolayer adsorption the use of this function leads to the Langmuir-Fre- 
undlich isotherm which is probably the most commonly applied to correlate the experi- 

mental data at not very high surface coverages when the effects of multilayer adsorption 
can still be neglected. 

Using such a simple function X(e) is necessary in practical calculations, to avoid in- 

troducing many unknown parameters. That procedure is common for the majority of 

theoretical works on adsorption on heterogeneous solid surfaces. 

2.3. Pr inciples  of the  adso rp t ion  model  

Although the model of adsorption from vapour phase will, to a large extent, depend 
upon the particular oxide sample under investigation the most probable adsorption me- 
chanism should be following: 

(1) First adsorbed molecules are used to rehydroxylate the following activated complex 
- M e  < o >  Me-  to give surface hydroxyls. 

(2) The most probable mode for the secondary adsorption, established in recent, expe- 
riments is, when one water molecule is attached to one surface hydroxyl. Therefore, we 

consider the secondarily adsorbed molecules as occupying one adsorption site. The clas- 

sical BET model is useful here for another reason as it considers both the primarily and 

secondarily adsorbed molecules to be localized. 
The classical BET model does not consider the lateral interactions between the ad- 

sorbed molecules which may be important in our systems. However, one can generalize 
that model to take these interactions into account as demonstrated by De Oliveira and 

Griffiths [70] and by Asada and Sekito [71]. Here, another generalization which preserves 

the simplicity of the classical BET model is proposed [72]. 

We start by writing the expression for the grand partition function [73] -Z* for the 
classical BET model: 

{#) jm exp ~-~ 
--* = (1 + y)M , y -- (3) {"} 1 - j ~ e x p  
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where jl and joo are the molecular partition functions for the primarily and secondarily 
adsorbed molecules, M is the number of adsorption sites, k is the Boltzman constant, and 
T is the absolute temperature. 

The adsorption isotherm N, (the average number of particles in our adsorption system) 
is given by 

# 
MjI exp { ~--~ } (4) = kT (OlnE*j'~ = # # # N 

\ Oq# T,M [l--jooexp{~--~}] [l--jooexp{~--~} +j lexp{~-~}]  

Then, we assume the ideal gas approximation 

# - # 0 + k T  lnp (5) 

and write jl in a form showing its dependence on the adsorption energy e: 

jl = J~ exp{e/kT}l (6) 

With this notation we can write Eq. (4) in the following form: 

N KPexp { e } 
kT (7) 0 - ~ - ( I + P )  { e } 

1 + KP exp ~-~ 

where 

k,P 
K -  p = Po k'-joop0exp{#0/l~T) , 0 < k' < 1 (8) 

l _ k , p  , - _ 
p0 

and where p0 is the saturated vapour pressure at the temperature T. 
Equation (7) can then be rewritten to the following linear form" 

k,P 
F'(P) - p0 1 C - l k, p (9a) 

N [ 1 - k ' P ]  - M C +  MC p0 

where 

C = K exp{e/kT} (9b) 

convenient for appropriate best-fit numerical exercises. Choosing properly a value of the 
parameter k' [74,75], one should get a linear plot of F'(P) vs k'(p/p0) and the two other 
parameters, the value of the monolayer capacity M and parameter C, should be easily 
calculated from the parameters of this linear plot. 

The features of the theoretical BET isotherm are well-known, but the related features of 
other thermodynamic functions have been rarely discussed, for instance, the corresponding 
expression for the isosteric heat of adsorption Qst: 

(oo/o-})v 
(00/0 
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After performing appropriate differentiations, one obtains 

2 
_ _  P [1 k' 01 

Qst = Qo - Q'I ( l l a )  Ik, l I + ( C - 1 )  L Nj 

where the parameters Q0 and Q' 1 are defined as follows: 

01n( k' ) 
Qo = - k T  2 po--- ( l lb )  

0T 

Q; _ kT2Oln C (11c) 
0T 

When the state of the molecules adsorbed in the second and higher layers is the same 

as the state of molecules in the saturated vapour, then k '= l ,  and 

lim Q~t = Qo = heat of liquefaction (12) 
p/p0---+l 

However, in the systems where k' is smaller than unity, Qst cannot be interpreted as 

the heat of liquefaction, even at p/p0 close to unity. And this will be the case of water 

adsorbed on a non-porous silica, investigated experimentally by Partyka et al. [76,77]. For 

this particular adsorption system, the estimated value of k' lies below 0.7. 
Now let us consider an opposite extreme situation, i.e. when the state of the molecules in 

the second and higher layers is the same as the state of the primarily adsorbed molecules. 

Then, j0 _ j~  and Q~ - -e .  This means that  Q~ will, in general, have negative values. 

Thus, it is to be expected that when k' is much smaller than unity, one will find high 

negative values of Q~. This will also be true in the case of water adsorbed on the non-porous 

silica investigated experimentally by Partyka and co-workers [76,77]. 
This fact has to be strongly emphasized in view of the general belief, that  at p/p0 close 

to unity, Qst should approach the value of the heat of liquefaction. This will not be true 

in the systems where k' is much smaller than unity. 

Equation ( l l a )  offers an interesting way of checking the applicability of the classical 

BET model to represent the multilayer adsorption in real systems. For that  purpose, let 

us remark that the shape of Qst is governed by the function Q~: 

[1 - k' P---] 2 
Qs - po (13) 

1 + ( C -  1)[k'P] 2 

Having measured for a certain system the experimental adsorption isotherm 0( p p-7)' one 

may draw Qs as the function of O, assuming various values of k' C (0, 1) and C. In this 

way, one obtains a family of exponentially decreasing curves, the shape of which is similar 

to that of the experimentally observed heats of adsorption curves. 
This, and the fact that, BET equation fits usually well the data in the pressure region 

around p/P0 ~ 0.3, supported the view of the wide applicability of BET model. This 

was indeed so until the experimental data were carefully measured and quantitatively 
analyzed over wider pressure regions (extending over two or three orders of magnitude of 

p/p0). 
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It has also been demonstrated by several authors [2] that a successful fit of the experi- 
mental data requires not only the assumption that k' < 1, but also considering another 
important physical factor. This is the energetic surface heterogeneity of the actual gas/ 
solid interfaces. In terms of localized adsorption, this means a variation in the value of e 
on various surface sites. The accompanying variations in the molecular partition function 
j l  a r e  of lesser importance and are usually neglected. 

The quantitative measure of the degree of surface heterogeneity in the model of the 
one-site-occupancy adsorption assumed here is the differential distribution of the fraction 
of surface sites among corresponding values of adsorption energy e, X(e), given by Eq. (1). 
This function is represented here by the gausian-like function (2). 

2.4. Equat ions  for adsorp t ion  i so therms and for t h e  h e a t s  of adsorp t ion  f rom 
g a s  p h a s e  

In the case of a heterogeneous solid surface, the experimentally measured adsorption 
isotherm N t = 0 t M  is to  be expressed by the following average: 

0 t --- (1 + P ) ~ e  01(e)X(e)de (14) 

where 

KP exp{k-T} (15) 
01 (e) -- 1 + KP exp{ ~ }  

and represents the fraction of the surface sites of energy e, covered by the primarily 
adsorbed molecules. 

Using the Rudzifiski-Jagietto method [78,79] to calculate the integral on the right hand 
side of Eq. (14), for the gaussian-like adsorption energy distribution defined in Eq. (2), 
we obtain: 

Nt ( K ~  kT/c 

Ot = -~- = - (1  + P)X(ec) -- (1 + P) l  + (K~ kT/c (16) 

where 

X ( e c ) -  fx(e) de and K ~  Kexp{e~ (17) 

and the function ec found from the c o n d i t i o n  ( 0 2 0 1 / 0 e 2 ) e = e  r --- 0 has the following form: 

ec = -kT ln (KP)  (18) 

In the limit of monolayer adsorption model Eq. (16) reduces to the Langmuir-Freund- 
lich isotherm which, nowadays, seems to be the most widely used expression to correlate 
experimental adsorption isotherms in the submonolayer coverage region. 

A convenient way to correlate experimental data is offered by the following linear form 

of Eq. (16): 

Nt 
+ ) kT kT KO F ( P ) = l n  M(1 P - ~ l n P + ~ l n  (19) 

�9 Nt - c c 
l -  

M(1 + P) 
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By choosing a proper value of the monolayer capacity M, (expressed in the same units 
as the experimantally determined adsorbed amount Nt) and the value of the parameter 
k', one should obtain a linear plot of F(P) vs lnP. This way of reducing experimental 
adsorption isotherms should be convenient for the following reasons. The starting value 
of M can be easily estimated by using the standard BET method, and the value of k' 
varies usually around 0.6-0.8. Then the values of the heterogeneity parameter kT and K ~ 

c 

are obtained as the result of the linear regression described above. Good linearity of the 
plot F(P) vs lnP will also be a check on a proper choice of the function X(e) to represent 
the adsorption energy dispersion. Provided that our solid surface is homogeneous, such a 
linear regression should yield kx = 1. 

c 

Now, we consider the behaviour of the isosteric heat of adsorption of water, Qst, as 
predicted by the model of a heterogeneous oxide surface. After certain rearrangements for 

the heterogeneous surface, Eqn (10) can be written as follows: 

0ec c 0P 

0+ 1 + P - 0t 0~ (20) 
Qst - k 0ec c 0P 

01n p 1 + P - 0t 01n p 

For ec given by Eq. (18), we can evaluate the derivatives appearing in Eq. (20): 

o - } J p  - kT2 In P + TQ1 - T(P + 1)Q0 (21a) 

0 e c )  _ _ k T ( P + l )  (21b) 
01np T 

( 0 P ~  _ P ( P + l )  (21c) 
Q0 Wr] - ~  

0u p 

0P ) _ p ( p + l )  (21d) 
01np T 

where the parameter Q0 is given by Eq. ( l lb)  and Q1 is defined as 

Q1 - kT 2 0 In K 0T + kT In K (21e) 

Finally we comment on the possible effect of the interactions between adsorbed mole- 
cules. As already mentioned, theoretical studies of multilayer collective adsorption have 
been published by De Oliveira and griffiths [70], Asada and Sekito [71] and Nicholson 

and Silvester [80]. De Oliveira and Griffiths used a mean field approximation (MEA) to 
account for the effect of the interactions between the adsorbed molecules. MFA was also 
used by Nicholson and Silvester who took into account the energetic surface heterogeneity 
by assumnig a gaussian distribution of adsorption energies and random surface topogra- 
phy. Asada and Sekito used the quasi-chemical (QA) approach, but did not extend their 

treatment to the case of a heterogeneous solid surface. 
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In all these cases a system of non-linear equations is obtained, the numerical solution 
of which yields the concentration profile near a solid surface. From that concentration 
profile the (excess) adsorption isotherm is calculated next. Thus, although more accurate, 
this theoretical treatment does not lead to simple compact expressions which are so much 
preferred in practical interpretation of experimental data. 

Rudzifiski and Everett [2] have suggested recently that the popular simple BET model 
could be improved substantially, without losing its basic value of simplicity. They argue 
that because the fractional coverage in the first layer is usually much higher than in the 
second and higher layers the most substantial improvement will come from considering 
the lateral interactions in the first layer. 

While accepting MFA, the constant K has to be multiplied by exp (wl01t/kT), where 
01t represents the fractional coverage in the first layer, and WlW is the product of the 
number of the nearest sites (coordination number) multiplied by the interaction energy 
of two neighbouring molecules in the same plane. (We accept here the Bakaev's model [4] 
of surface topography of oxide surfaces). 

In such a case, taking the lateral interactions into account means, again, multiplying 
K by exp (waOlt/kT), so the function ec defined in Eq. (18) now takes the more general 
form 

ec = - k T  ln(KP) - (.Ol01t (22) 

The derivatives (21a) and (21b) appearing in the expression for the heat of adsorption 
(20) take the form 

( 0ec~ _ kT21nP + TQ1 - T(P + 1)Q0 (23a) 

O-~]p - 1 - -  a 2 1 X ( • c )  

( 0 e c )  __ __ -kT(P  + 1) (23b) 
01np T 1 -- wlX(ec) 

X;(ec)- 0t 1 + p --0t (23c) 
c(1 + p)2 

By inserting Eqs. (23)into Eq. (20), we obtain 

Q=t = Q0 - Q1 + kT In P (24) 
( c 1-WlX(ec)p)  

( P + I )  l + k T  l + P - 0 t  

The adsorption isotherm has the following form: 

[ {.,01t 
K~ exp 

0t = (1 + P) kT (25a) 

where 

0t 
0 i t -  (1 + P) 

1+  K~ exp { ~ }  cO101t 
kT/c  

(25b) 
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Accordingly, the linearized Eq. (19) now takes a somewhat more general form: 

Nt 

[ CO1 Nt ] kT K0 F ( P ) - l n  M ( I + P )  _ kT l n P +  
1 -  Nt - c kT M ( I + P )  + - c  in (26) 

M(1 + P) 

Our present model of collective multilayer adsorption also predicts critical phenomena 

existing in the adsorbed phase. And, because the surface coverage in the first adsorbed 

layer is likely to be much higher than in the next layers, the phase transition of lattice gas 

to the dense ordered phase will occur initially in the first layer. The critical parameters 

are found by solving the system of equations 

02 In p 
0 In p = 0 and = 0 (27) 
001t 0(01t)  2 

The critical surface coverage (for the heterogeneous surface model with interactions) 

01t - 0~t which solves this equation system [72] is equal to 0.5, i.e. is the same as for 

a homogeneous solid surafce. Putt ing 01t = 0.5 in Eq. (27) [72] leads to the interrelation 

(2s) (a.) 1 = -- 
4 

which needs some additional comments. It was demonstrated first by Hill [81] that  in 

the systems characterized by a symmetric adsorption energy distribution, critical pheno- 

mena exhibit some striking features. A further evidence for this was reported recently by 

Rudzifiski and Everett [2]. 
Equation (28) is to be understood as the condition for the critical point to exist in 

the systems with a broad symmetrical adsorption energy distribution, characterized by 

the function (2). When Wl < 4, the phase transition will never occur, even at very low 

temperatures. (This is contrary to what would happen on a homogeneous surface, charac- 

terized by the same value of ~oa). When, on the contrary, Wl > 4, one will always have a 

finite region of surface coverages with two coexisting phases. This means that some special 

features related to the existence of the critical point will never be observed. Perhaps the 

most striking of them is the so-called logarithmic discontinuity on the heat capacity curve 

considered as a function of temperature.  
For a purely monolayer model, the exact Onsager [82] solution for the two-dimensional 

lattice problem, predicts the so-called logarithmic discontinuity on the heat capacity curve 

at the critical temperature To. The deviations of the actual adsorption systems from 

the ideal Onsager model mean that, instead of a logarithmic discontinuity, more or less 

rounded peaks are observed, centered at T = To. The surface energetic heterogeneity is 

believed to be the main source of that  rounding. 
There is a large body of experimental data showing these rounded peaks. As far as 

water adsorption is concerned, the data published by Plooster and Gitlin [83] 25 years 

ago seem still to be the most informative. They are of a particular importance for us 

because the silica used in their experiments was non-porous. (Additional calorimetric 

studies have been carried out on porous oxides [84,85]). 
This, surprisingly, would mean that in the case of water adsorption on non-porous silica 

the relation between the surface heterogeneity and the interactions between adsorbed 
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molecules is roughly like that in Eq. (28). This seems to be a quite exciting discovery for 

the following reason. 
By comparing almost 100 different silicas, Zhuravlev [86] has shown that the surface 

density of hydroxyl groups is a physicochemical constant for a fully hydroxylated surface 

(5.0 -OH per nm2). As the parameter a~l is related mainly to this surface density, this 

means that the dispersion of water-surface interactions is also a constant value to a 

greater or smaller extent. Only in such a case peaks on the heat capacity curves of water 

adsorption on various silicas should be generally observed, as, in fact, the case is. 

Equation (28) provides us with the value of the critical temperature Tc when these 

critical conditions are put into the isotherm equation. Then 

K0p exp {Wl0lt } kTc/c 

2kTr 1 
= - ( 2 9 )  

1 +  K~ 2kTc 

or, in another form, 

1 
( 3 0 )  exp{wl/2kT~} = K0 P 

As the pressures increase, and consequently the adsorbed amount, Tc will also increase, 
and this is what has been observed in the experiment. Looking at the Plooster and Gitlin 

[83] data, one can see that according to our theoretical predictions, the critical temperature 

goes down as the adsorbed amount increases. A similar behaviour has been reported 
recently by Tsugita et al. [87] who studied water adsorption on a non-porous c~-ferric 

oxide. 
At sufficiently high total surface coverages, 0t, the density in the higher layers may also 

reach critical values, and then a second phase transition in the surface phase may take 

place. This would be demonstrated by appearance of a second peak on the heat capacity 

curve, considered as a function of temperature. The appearance of such a peak can be 

seen in the data of Plooster and Gitlin [83] at the statistical surface coverages higher than 

four. Tsugita et al. [87] also reported a second transition in the adsorbed phase at the 

statistical surface coverages higher than three. 
The Monte Carlo computer simulations by Kim and Landau [88] prove that also in the 

second and higher adsorbed layers the critical surface coverage is equal to one half. This 

means that in water adsorption on oxides, the density of the slab-like multilayer phase is 

below one half at a statistical coverage of three adsorbed layers. 

2.5. Theore t i ca l  i n t e r p r e t a t i o n  of the  heat  of immers ion  
Now we consider one of the most popular calorimetric experiments and its relation 

to those considered previously. This is the measurement of the heat of immersion of an 

outgassed sample into water. The knowledge of the mechanism of water adsorption from 
its vapour phase is also essential to understand what happens during the immersional 

process. 
In addition to the primary formation of a hydroxyl layer, and the secondary physical 

adsorption of water, metal oxides also develop a region of electrical inhomogeneity when 
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the solid is placed into the liquid water. Here, there is an excess of positive or negative 

charge fixed at the solid surface, exactly balanced by a diffuse region of an equal but 

opposite charge. This is known as the electrical double layer formed at water/oxide inter- 

faces. The surface charge is due to the additional adsorption/dissociation of H + or OH-, 

which runs according to the following scheme: 

MeOH ~ -4- H + ~ MeOH + (31a) 

MeOH ~ (+ OH-) ( ,~ MeO- + H + (+ H20) (31b) 

The MeO-, MeOH ~ and MeOH + above denote the surface structures 

O -  OH ~ OH + 

I I I 
Me O - -  M e -  O M e -  

which are assumed to be either negative (MeO-), neutral (MeOH ~ or positively charged 

(MeOH +) surface complexes. The concentration of MeO- sites and of the hydroxylated 

ones, MeOH ~ and MeOH +, depends obviously on the pH of the aqueous solution in contact 
with the oxide. 

The above picture of water/oxide interface does not obviously show the simultaneous, 
primary and secondary adsorption on non-dissociated water molecules. In their review, 
Etzler and Drost-Hausen wrote [89] "Furthermore, as mentioned elsewhere in this paper 
(and other papers by the present author and associates), it is obvious that vicinal water is 
essentially unaffected by electrical double layers". Several properties of the vicinal water 

appear to be similar for various solid surfaces characterized by various point of zero 

charge (PZC) values (the "paradoxical effect"). It is therefore to be expected that the 
contribution to the changes of the heat of immersion with changing pH, produced by the 

secondarily adsorbed vicinal water, is negligible. 

Thus we ascribe the changes in the heat of immersion caused by changing the pH of 
the contacting solution as due to the changing concentrations of the surface complexes 
MeOH ~ and MeOH + which form at the expense of the removed water molecules. (For the 

purpose of clarity we do not discuss here the co-adsorption of accompanying ions, which 
are introduced when pH of the solution is changed). Thus, investigating the variation in 
the heat of immersion with changing pH should be a source of important information 
about the mechanism of proton adsorption at the water/oxide interface. 

At very high pH, (pH ~ 14), only the "empty" sites MeO-, i.e. surface oxygens atoms 

with a bonded water molecule, in practice will be present at an oxide/water  interface. 

On decreasing pH, these sites will be covered gradually by either one or two protons. The 

process of immersion of an outgassed oxide sample into an aqueous solution at certain pH 
can be carried out in two steps. In the first step, the sample is immersed into a solution 
the pH of which is equal to infinity (in practice, close to 14). Then, in the second step, 

the pH of the basic solution contacted with the solid sample is brought to the value at 

which the direct immersional experiment was carried out. 

Let Qimm denote the heat evolved in the first immersional step. This is an interesting qu- 

antity for the following reason. At very high pH values, the protonized complexes MeOH ~ 
and MeOH + will not actually be present. This means that only non-dissociating water 
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molecules will be attached to the surface oxygen atoms. Thus, Qi~n is the heat of forma- 
tion of a water/vapour interface. On decreasing the pH, one or two protons will remove 

the non-dissociated water molecules. Thus the heat evolved during the second immersion 

Qi~(pH), is expressed as follows [20]: step, el 

Qi r  / Q0 + Q +  dpH (32) 
oo 

where Q0 and Q+ are the molar differential heats associated with the formation of the pro- 

tonized complexes MeOH ~ and MeOH+; 00 and 0+ are their surface fractions (individual 
adsorption isotherms), and M is the total number of moles of the surface oxygen atoms 
on which the surface complexes can be formed. The lower integration limit +ec has here 
a symbolic meaning; in practical calculations one has to put 14 as the lower integration 
limit. 

Thus the heat of immersion Qim, considered as a function of the preadsorption pressure 

p, is to be expressed as follows [90]: 

1 

Qim = Qii~ -t- Qidm + / Qst dp 

P/P0 

(33) 

where QI~ is the heat accompanying the formation of the water/vapour slab interface. 

Assumnig that its area is equal to the area of the investigated solid sample S, we have 

07g~ (34) oiin = S 7 g - T-0--~- ] 

7 g being the surface tension of the water/vapour interface. 
We do not question the validity of this procedure but argue that one should also calcu- 

late the correction arising from the term el Qim- This means that QI n cannot be identified 

with Qim(p/p0 = 1) as it is commonly done. 
For that purpose one has to measure the heats of immersion into solutions of varying 

pH and next to analyse these data using the equations developed in our earlier publi- 
cations [20,91]. Unfortunately such additional experiments were not carried out in the 
case of the quartz sample investigated by Trolard et al. [77]. However, as the calorimetric 
Harkins-Jura method is very fast and elegant, calculating the term Qielm deserves further 

extensive study. It might be hoped that a simple theoretical evaluation of this term might 
be possible. The linear dependence of the molar heat of immersion of oxides upon their 
PZC value [92,93] suggests that some physical rules might exist which would be useful in 

calculating Qielm entirely theoretically. 
Equations (33)and (34)form the theoretical basis for the "absolute" Harkins-Jura (HJ) 

method [76,94] to estimate the solid surface area. However, in the earlier calorimetric 
experiments applying the Harkins-Jura principle, the term Q~  was always neglected. 

Neglecting it may lead to certain discrepancies between the surface areas determined by 

the Harkins-Jura and BET methods in the case of water adsorbed on oxides. 
This, in fact, has been observed for a long time, but so far ascribed to various porosity 

and capillary phenomena. Although it may be true in some cases, visible discrepancies 
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between HJ and BET surface areas were also observed in the case of non-porous oxide 

samples. This can be seen in Table 2 in the work by Partyka et al. [76]. 

Now let us consider the reverse problem of calculating Qst from Qim(p/p0) data, repor- 

ted usually as the heat of immersion per weight of a solid sample. Then 

OQ~/O~ 
Q s t - -  0Nt /0  p___ p~ (35) 

Po 

From the above relation, it follows that whenever 

lim OQim __ 0 for k' < 1 (36) 
p/po--+ 1 0 p 

P0 

the following condition must hold 

lim Qst -- 0 (37) 
p/p0--'* 1 

because for k' < 1 the derivative 0Nt /0  p--- has finite values in the limit p/p0 --~ 1. 
P0 

This is the case for water adsorbed on the silica (ground quartz). The corresponding 

experimental heats of immersion curve were reported by Partyka et al. [76,77] and are 

redrawn here by us in Fig. 7(A). Also in this figure the heat of immersion of kaolinite 

in water is shown for comparison, redrawn from the work of Fripiat et al. [95]. Figure 

7(B) shows the comparison of the isosteric heats of adsorption Qst calculated from these 

immersion curves according to Eq. (35). Note that  also in the case of water adsorption on 

kaolinite, Qst does not reach the value of the heat of liquefaction, equal to 40.7 kJ mo1-1 
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Figure 7. (A) The experimental heats of immersion Qim(p/p0) into water for silica at 31~ 
(O) and for kaolinite at 30~ (o). The solid lines represent a numerical "smoothing" of the 
experimental points. (B) The isosteric heats of adsorption Qst(p/p0) of water onto silica (o) 
and onto kaolinite (o) calculated from the smoothed heats of immersion. 

This fact should be emphasized in view of the frequently expressed opinion that in the 

limit p/po --' 1 the isosteric heat of adsorption should tend to the heat of liquefaction. We 

have already pointed out theretically, that this will never be true if k' < 1 and this seems 
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to be a typical situation in the case of water adsorption. Consider, for instance, the case 
of water adsorption on the hydrophobic surface of molybdenium disulfide investigated 

calorimetrically by Ballou and Ross [96], or water adsorption on Graphon, studied expe- 

rimentally by Zettlemoyer et al. [97]. In both these cases, Qst tends to 2 5 -  30 kJ tool -1 

when p/p0 ~ 1. 

2.6. C o m p a r i s o n  wi th  e x p e r i m e n t  

In attempts to carry out a thermodynamic analysis of water adsorption onto oxides, 
one faces the following situations. 

(1) The most frequently carried out measurements are those of adsorption isotherm 

but they are rarely accompanied by direct measurements of accompanying calorimetric 
effects. 

(2) Heats of immersion are very often measured as a function of the heat-pretreatment 
temperature of the oxide sample. However, among the reported data, there are only a few 

cases where the loss of water (adsorption isotherm) was simultaneously monitored as a 
function of this heat-pretreatment temperature. 

(3) Also, heats of immersion are frequently measured as a function of the preadsorption 

pressure. At the same time, these popular experiments are rarely accompanied by the 
measurements of adsorption isotherm. 

(4) Recently, the measurements of the heat capacity of the adsorbed water have become 
very popular, but again, as a rule, they are rarely accompanied by adsorption isotherm 
measurements. 

Thus, in spite of the large body of calorimetric data, which have already been published, 

a quantitative thermodynamic analysis of water adsorption onto oxide surfaces is diffi- 

cult. Among the cases where both adsorption isotherms and the accompanying heats of 
adsorption were monitored, the data on water adsorption on quartz published by Partyka 
et al. [76,77] are probably the most accurate. Therefore we have used these data in our 
quantitative thermodynamic analysis. The details of the experiment have been described 

[76,77] and an attempt at their thermodynamic analysis presented, but based on a less 
realistic model of a homogeneous silica surface. These theoretical efforts were stimulated 

by the well-known difficulty of describing the region of surface coverages within which the 
transition takes place between monolayer and multilayer characters of adsorption. 

The shortcomings of the BET model in describing the adsorption in the multilayer 
region are well known. It is also known that for high multilayer coverages the FHH 

(Frankel-Hasley-Hill) slab theory [2] offers a more realistic approach. Thus, as the first 
theoretical exploration here, we tried to draw our experimantal adsorption isotherms in 

In Nt vs - i n  [ln (p0/p)] coordinates. According to the FHH approach, this should produce 

a straight line, provided that the adsorption phase is thick enough to behave like a "slab". 
Figure 8 shows that the last ten points of our experimental isotherm, corresponding to 

the pressure range 2_ > 0.5 yield a fairly linear plot the tangent of which is equal to 0.323 
P 0  ~ 

(computer linear regression for the last ten points). This means that the fractal dimension 

D of our silica sample is about. 2, i.e. we may safely neglect the fractal phenomena in water 

adsorption on that silica sample. This greatly simplifies our theoretical analysis, but it 

should be emphasized that adsorption on more porous surfaces 2 < D <_ 3, can also be 

analyzed in terms of a suitably modified BET model [98-100]. 
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Figure 8. The linear regression of the last 

ten points of the experimental isotherm ac- 
cording to FHH (slab) theory. 

Figure 9. Comparison between the traditional 

BET linear regression of the first ten points 
when assuming k ~ = 1 (o) and the BET li- 

near regression assuming k ~ as an additional 
best-fit parameter (o). The values of the pa- 
rameters are collected in Table 1 in the first 
and second rows for the homogeneous surface 
model. 

Table 1 
The set of parameters collected from the linear regressions for the homogeneous surface model 
and from the linear regression and best fit for the molar differential heats of adsorption for 
heterogeneous surface model, taking into account the interactions between molecules 

k' M C K o .Ol k__T_T Qo Ol 
k T  c 

(#mol- g- l )  (kJ .  mo l - ' )  (kJ-mo1-1)  

Homogeneous surface model 
1.00 50.0 111.6 

0.68 62.5 46.5 

Heterogeneous surface model 
0.68 73.0 31.2 0.60 0.51 0.5 -55.0 

As the values of lnNt for the first ten points of our experimental isotherm deviate 

clearly from the FHH plot, this suggests that they should rather be analyzed in terms of 

the BET model. Thus, Fig. 9 shows the traditional BET linear regression (Eq. (9a)) made 

by assuming k ' =  1, and next adjusting that  parameter  to get the best possible regression 

for the first ten points. These linear regressions are shown in Fig. 9 and the corresponding 

best-fit parameters are collected in Table 1. Having estimated the BET parameters in such 

a way, we compared the two versions of the theoretical BET isotherm, corresponding to 

k' = 1 and k' r 1, with the experimental data over the whole coverage region. This 

comparison is shown in Figs 10(A) and 10(B) and proves the necessity of introducing the 

variable parameter  k' < 1, even in the case of the ordinary BET isotherm. 
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Figure 10. (A) Comparison between the experimental isotherm (o) and the theoretical curve 
calculated from the BET equation with k' = 1, using the values of the parameters collected 
in the first row of Table 1, corresponding to the homogeneous surface model. (B) Comparison 
between the experimental isotherm (o) and the theoretical curve, assuming k' as an additional 
best-fit parameter for linear regression. The corresponding values of the parameters are collected 
in Table 1 in the second row for the homogeneous surface model. The dotted lines are the 
isotherms of adsorption in the first layer, closest to the surface. 

In the next step we proved to which extent our silica surface may be considered a 

homogeneous one. To that end we performed the computer linear regression, as indicated 

in Eq. (26), for the first ten experimental points. The result is shown in Fig. 11 and the 

corresponding best-fit parameters are collected in Table 1. Introducing the concept of ad- 

molecule interactions, i.e. multiplying K ~ by exp (oJlOlt/C) and introducing the additional 

best-fit parameter Wl, leads to a ceratin improvement in that  linear regression. Therefore, 

we assumed wl -r 0 in our further analysis. 

The tangent of the theoretical line in Fig. 11 is equal to 0.51, indicating that  our 

1.5 

1.0 

l 0.5 

0.0 

I I I 

-5 -4 -3 -2 -1 0 
lnP+ (.01 --~Olt 

Figure 11. The linear regression of the first ten points in term of the heterogeneous surface 
model, taking into account the interactions between adsorbed molecules (Eq. (26)). The best 
fit prameters used in this calculation are collected in Table 1 for this model. 
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oxide surface is one of those most heterogeneous ever found in nature [2]. Therefore, our 
further theoretical analysis was carried out solely in terms of the generalized BET model, 
as applied to a heterogeneous solid surface. What is really exciting is the fact that the 

1 best-fit value of col/c found in this linear regression, i.e. 0.3, is close to ~, as required 
by Eq. (28) for the peaks on the heat capacity curves to exist. (Such distinct peaks are 

characteristic for physical regimes close to the critical point [2].) 
In Fig. 12(A) the theoretical isotherm corresponding to the model of a heterogeneous 

oxide surface, calculated by assuming the parameters collected in Table 1, is compared 

with the experimental isotherm over the whole pressure region 0 < _e_ < 0.95. Let us 
P0 

compare this picture with that in Fig. 10(B). 
The most interesting, of course, is the comparison of the theoretically calculated iso- 

therms 01 and 01t. Accepting the more realistic model of an energetically heterogeneous 
oxide surface and interacting adsorbed molecules leads us to the conclusion that the true 
contribution to adsorption from the second and higher layers is, in fact, larger than that 

predicted by the ordinary BET model. 
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Figure 12. (A) Comparison between the experimental isotherm (o) and the theoretical curve 
corresponding to the heterogeneous surface model, taking into account the interactions be- 
tween adsorbed molecules. The values of the parameters are collected in Table 1, in the row 
corresponding to the heterogeneous surface model. The dotted line is the isotherm of adsorp- 
tion in the first layer, closest to the surface. (B) Comparison between the experimental molar 
differential heat of adsorption (o) and the theoretical one (--) for the parameters collected in 
Table 1 in the row corresponding to the heterogeneous surface model, taking into account the 
interactions between adsorbed molecules. 

While considering the fit of the experimental heats of adsorption, one has two new 
best-fit parameters Q0 and Q I "  The other parameters M, k', ~-~ and ~-q~'l are already known 
from the linear regression of the experimental adsorption isotherm according to Eq. (26) 
(see Fig. 11). In the determination of Q~ and Q0 by fitting the experimental heats of 
adsorption, one must remember that only the first ten points corresponding to 2_ < 0.5 P0 

can be taken into consideration (the range of validity of the BET model). Therefore we 

decided to fit the heat of adsorption curve Qst over the whole pressure range using the 

following concept. 
Let dNmon and dNpol denote the increase in the number of the moles adsorbed in 

the first and higher layers respectively, when pressure is increased by dP. Further, let 
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Qmon and Qpol denote the molar differential heats of adsorption of the molecules adsorbed 
respectively in the first and higher layers. The experimentally observed molar differential 

heats of adsorption Q![) will thus be given by the formula 

ONmon ONpol 
Q~tt )(P) = ~ + 0P Qpo, 

0Nt 

Further, from Eq. (llb) it follows that Q0 is related mainly to multilayer formation, i.e. 
it should not be much different from Qpol. This was confirmed by our best-fit exercises 
showing that the best fit to the experimental curve Qst(p/p0) is obtained by taking small 

values of Q0 (see Table 1). Figure 12(B) shows the result of fitting the experimental 
heat of adsorption curve by Eq. (38). As the heat of liquefaction of bulk water is about 
40.7 kJ mo1-1, the non-existing enthalpic effect accompanying the vapour phase-surface 
slab transition must suggest that the state of the water molecules in the slab formed on 
our silica is, in fact, not much different from that in the equilibrium bulk phase. 

Concluding, the relations were developed by adopting a realistic model of adsorption, 
taking into account the surface energetic heterogeneity, the interactions between adsorbed 
molecules, and effects of polymolecular adsorption. The obtained expressions were next 
used in a quantitative analysis of calorimetric effects accompanying the adsorption of water 
on oxide surfaces. This analysis showed that properly designed calorimetric experiments, 
and their subsequent theoretical analysis, might be one of the most powerful tools to 
study the nature of water/oxide interface and other adsorption systems. 

3. WATER (ELECTROLYTE) /OXIDE INTERFACE 

It is generally known that metal oxide surface is covered with hydroxyl groups when 
oxide is placed in water. The presence of two free electron pairs of oxygen atom and 
possibility of hydrogen ion dissociation is the evidence of amphoteric character of these 
groups. On account of this, the most useful parameter in description of the water/metal 
oxide interface is pH of the solution being in contact with the surface. Adsorption of H + 
or OH- ions causes protonization or deprotonization of the surface according to the Eqs. 
(31a) and (31b). 

To describe in detail such a specific system as the metal oxide/solution interface, it is 
necessary to prepare a model describing dependences between potential and surface charge 
and draw up reactions, the occurrence of which leads to the changes of surface charge (~0. 
The reaction equations describing an equilibrium state between the surface and solution 
as well as values of equilibrium constants of these reactions provide detailed information 
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about stoichiometry of the reaction enabling theoretical calculations of surface charge and 

individual adsorption isotherms of each surface complex. 
Two parameters were introduced into the description of double electrical layer. One of 

them is the point of zero charge (PZC) which according to IUPAC definition [101] can be 

expressed as concentration of potential-determining ions PDI at which the surface charge 

is equal to zero (60 = 0), as well as the surface potential (~0 = 0). Another parameter is 

isoelectric point (IEP) defined [101] as concentration of PDI at which the electrokinetic 

potential is equal to zero (( = 0). 
The models describing hydrolysis and adsorption on oxide surfaces are called surface 

complexation models in literature. They differ in the assumptions concerning the structure 
of the double electrical layer, i.e. in the definition of planes situation, where adsorbed ions 

are located and equations asociating the surface potential with surface charge (~ = f(6)). 
The most important models are presented in the papers by Westall and Hohl [102]. The 

most commonly used is the triple layer model proposed by Davis et al. [103-105] from con- 
ceptualization of the electrical double layer discussed by Yates et al. [106] and by Chan et 

al. [107]. Reviews and representative applications of this model have been given by Davis 

and Leckie [108] and by Morel et al. [109]. We will base our consideration on this model. 

3 . 1 .  T r i p l e  l a y e r  c o m p l e x a t i o n  m o d e l  

The schematic picture of the triple layer model is shown in Fig. 13. According to the 
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Figure 13. Scheme of the triple layer for- 
med at metal oxide/electrolyte interface. 

(B) 

-s o -s~ s~ 

Figure 14. (A) Diagram of the charge distribu- 
tion in the triple layer model. (B) Flat capacitors 
connected in series as equivalent of a triple layer 
model at the aqueous solution/metal oxide in- 
terface. Charge distribution on capacitor plates 
is obtained from the electroneutrality condition 
written in the form: 6~ = (-60) + (-6d). 
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mass action law, the equations and intrinsic equilibrum constants for the reactions taking 
place on the surface are the following ones: 

SOH + ~ SOH ~ + H + 

Ki . t_  [H+aj[SOH~ (all)[ SOH0] 
~ -  [SOH +] - [ S O H  +] 

SOH ~ ' K~n2t, SO- -~ H + 

Ki~ t = [na+ds][SO-] = (all)[SO-] 
[SOHO] [SOHO] 

{ ~  e~ 0 
exp ~-~-} (39a) 

�9 exp {--eOo (3ob) 

where S is the surface metal atom, [SOH ~ and [SOH +] are the concentrations of the 
surface complexes of singly and doubly protonated surface oxygens respectively, [SO-] is 
the surface concentration of the free sites (unoccupied surface oxygens) and [H+s] is the 
concentration of protons at the surface. According to the Boltzman's statistics, probability 
of finding an ion at the surface is proportional to exp{-e-~}, so in the case of H + ions kT 
which are located in the layer of the potential ~b0, [H+s] = (all)exp{--~-~-}, where aH is 
the activity of protons in the equilibrium bulk solution. 

While changing pH of the solution being in contact with oxide surface by bringing in 
acid or base, acid radical ions (most frequently oxygen-free or monovalent) or alkaline 
metal ions are being introduced. As a result, besides potential determining ions H + re- 
sponsible for pH of the solution, there are cations C + and anions A- (e.g. K +, Na +, CI-, 
Br-, NO3, e.t.c.) which according to this theory are found not only in the counterion 
(diffuse) layer but also in the compact one. To avoid complications caused by the increase 
of the concentration of anions A- or cations C + while adding acid or base (when pH is 
changed), the electrolyte solution being in contact with the oxide surface already at the 
beginning of the experiment contains added salt CA as a basic electrolyte so that C + or 
A- addition accompanying pH change will not change much the concentration of C + and 
A-. Thus, it can be assumed that activities (concentrations) of cations ac and of anions 
aA are constant throughout the experiment, and equal to ac = aA = a. 

So, besides the surface reactions (39a) and (39b) there are also reactions leading to 
formation of the surface complexes SO-C + and SOH+A -, which have the character of 
ion pairing. The two other equilibrium constants of these reactions are fundamental ones 
in the description of the adsorption of cations and anions of the basic electrolyte: 

SOH0 + C+ *K~ SO_C + + H+ 

* lg'int {e(~b~ - ~Z) } - [SO-C+](aH) (40a) 
-'-c exp kT [SOH~ 

SOH+A - ~ SOH ~ + H + + A- 

.w,,t { e(~b0- ~b0)} [SOH~ (40b) 
~-x exp kT - [SOH+A -] 

where [SOC +] and [SOH+A -] are the concentrations of the surface complexes of adsorbed 
cations or anions. It follows from Fig. 13 that the adsorbed cations and anions are placed 
in the the/3 layer in which the potential has the value ~b0. 
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Besides the above mentioned surface complexes there can also be formed SOHC +, 
SOHA- as well as SOHCA [110] complexes, but their concentrations on the surface are 
so small that their presence is usually neglected. 

According to Fig. 13, the surface charge density, ~0, must be proportional to the sum 
of the concentrations of the following surface complexes: 

eNA 
50 - - ~ x  ([SOH+] + [SOH+A-]-  [ S O - ] -  [SO-C+]) (41) 

and the charge coming from the specifically adsorbed ions of the basic electrolyte in the 
/3 plane, 5z, is given by 

eNA 
5z = - ~ x  ( [SO-C+]-  [SOH+A-]) (42) 

where e is the elementary charge, N A is the Avogadro number and Nx is the factor com- 
bining the surface with the solution volume in [m 2 of surface/dm 3 of solution]. 

Eqs. (41) and (42) neglect shares of free ions H + in the plane of charge 50 as well as 
of ions C + and A- in the plane/~. Eqs. (39) and (40) point to the presence of such ions 
at the surface in the compact area of the electric double layer. Appropriate calculations 
show, that the charge coming from the free ions is so small compared with that coming 
from the localized charges, that it can be neglected. 

The triple layer model can also be presented by using the capacitors scheme shown 
in Fig. 14. As within the compact layer, there must be fulfilled the electroneutrality 
condition: 

5a -- - ~  ([SO-]- [SOH2+1) ( 4 4 )  

A total number of the sites capable of forming the surface complexes on the surface N~ 
(here surface density in [sites/m2]) from the mass conservation law, is equal to: 

NA 
([SO-] + [SOH~ + [SOH2 +1 + [SOH+A -1 + [SO-C+]) (45) N~= -~x 

In Fig. 14 the quantities Cl and c2 are the electrical capacitances for capacitors connec- 
ted in series, assuming that the capacitances are constant in the regions between planes. 
As it can be deduced from that figure, there are the following relations between the charge 
and potential differences in the compact layer area 

5o 
~0  - r  = - -  ( 4 6 )  

c1 

and 

-Sd 
r 1 6 2  (47) 

C2 
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For further purposes we shall consider the following equivalent description of the reac- 
tions leading to the formation of free sites [SO-]: 

SOH ~ , S O - + H  + (48a) 

SOH + ,  , S O - + 2 H  + (48b) 

SO-C + ~ SO- + C + (48c) 

SOH+A - ~ SO- + 2H + + A- (48d) 

Introducing surface coverages 0i's by the individual surface complexes (i = 0, +, C, A) and 
free sites (i = - ) :  

Ns-  [SOH ~ + [SOH2 +] + [SOH2+A -] + [SO-C +] + [SO-] 

[SOH+]/I~Is- 0+ [SOH~ 00 [SO-C+] / iq s -  Oc (49) 

we obtain the following set of equations corresponding to reactions (48): 

Kint ~e~b0~ __ (all)0_ (50~) ~2 exp [ kT j Oo 

Kint rzint { 2e~b0 } (all)20_ (50b) 
al " 1%a2 e x p  - - ~  = O+ 

-int {e0fl} (aC)0_ (50c) 
~2/ *xC exp ~ -- 0c 

Kint *-~-int {e(2r CZ)} (aH)2(ai)0_ 
a2"  IXA exp kT - 0A (50d) 

According to Eq. (41) the surface charge density, (5o, can be expressed as follows: 

50 = B[0+ + 0a -- 0_ -- 0c] where B = Ns-e  (51) 

and Ns in Eq. (51) is the density of surface sites, [sites/m2]. 
A set of nonlinear equations (50) can be numerically solved to calculate next the 

individual isotherms of adsorption of ions 0i's (i = 0, +, A, C). For that purpose the set of 

equations (13) is transformed to the form: 

Kifi 

0~ - 1 + ~-2i Kifi' i = 0, +, A, C (52) 

where 

1 1 * l(int 1 

Ko- I(int K + -  l~int KC = K'~C,~o K A -  . ,KiAnt (53) "'a2 Kamlt " --a2 Ka5 t 
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As follows from Eq. (46), fi's, (i = 0, +, A, C), are the following functions of activity of 
protons and salt ions: 

f o = e x p  { e~bOkT 2.3pH} , f + = f o  2 (54ab) 

e~bo 
fc = ac exp -~T-- + 

e~io ~ (54c) 
kTcl J 

fA -- aAexp { e~b~ e~~ } kT kTcl 4.6pH (54d) 

Then, from the nonlinear set of Eqs. (52) and Eq. (51), the following equation is obtained: 

~0 = B K+f+ + KAfA -- Kcfc - 1 
1 + ~-'~i Kifi  ' i -- 0, +, A, C (55) 

the solution of which allows to calculate ~i0 for each value of pH. Equation (55) which is 
nonlinear with respect to ~i0 can be easily solved by an iteration method. Having calculated 
5o values, one can calculate the individual isotherms of ions from Eq. (52). 

The triple layer model assumes two values of the parameter Cl to exist, depending on 
the sign of the charge of the surface [111]: 

cl = c10) for pH < PZC and Ca = ClO) for pH > PZC (56) 

The parameter Cl is connected with the distance between the surface layer "0" and the 
layer "~" where cations and anions of basic electrolyte are located. For pH < PZC, 
i.e. in the acidic medium, there is much more of SOH+A - complexes formed by anion 
adsorption, but when pH > PZC, SO-C + complex is strongly predominant. Two different 
values of parameter Cl suggest that the adsorbed anion and adsorbed cation are situated 
at different distances from the surface. 

Except for a few rare cases, the experimental titration curves corresponding to different 
concentrations of basic electrolyte have a common intersection point (CIP) in PZC. That 
intriguing feature made us study consequences of treating it in a fully rigorous way. For the 
triple layer model, that way has been outlined in the works by Rudzifiski et al. [21,91]. A 
point of zero charge is determined by the condition (~0(pH = PZC) = 0. Taking equations 
(52-54) into account, for pH=PZC, Eq. (52) can be transformed as follows: 

H 2 H2aA �9 l I i n t . .  

U - ~ +  - " c ' ~ c _ l _ 0  (57) 
K int l~int I ( in t .  l~'int I~'int 

al *~a2 ~Xa2 XXA XXa2 

where 

H -  10 -PzC (58) 

Then, Eq. (57) can be rewritten to another form 

1 (log I~int l~in t 1 PZC = - ~  "~ai -It-log .~a2 ) - -  ~ l o g  
1 + (*Kit nt int /K~2 )ac 

1 + (Ki~ t/* K~ t)ah 
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The knowledge of PZC experimental value makes it possible to eliminate one of the four 
parameters of surface reaction equilibrium constants, even for those few reported cases 

where CIP was not observed in the system [112]. However, the reported experimental 
studies show that in most systems the PZC value does not practically depend on salt 
concentration in the bulk: solution, (i.e. a common intersection point (CIP) occurs at 
pH = PZC) [104,112,113]. Except for the region of very low salt concentrations, one can 
assume that ac = aa = a. Thus, the independence of PZC of salt concentration can be 

formally expressed as: 

0PZC 0U/0a 
0a = - 0 U / 0 P Z C  = 0 (60) 

So, knowing that 0U/0PZC 7 ~ 0, we have 

0U H 2 *K~ nt 
- - 0  (61) 

0 a  I ( i n t * K ~ t  l,(int 
~Xa2 ~Xa2 

After solving the set of Eqs. (57) and (61), the following relations are obtained: 

H: H 2 
* I(int (62) 

~ ' i  ---- ,K~nt and Kainlt----- "'a21(int 

Equations (62) relating the parameters ~l(int.al a n d  Earn2 t ~ a n d  * K ~  t a n d  *l~int~h r e d u c e  t h e  n u m -  

b e r  of the unknown equilibrium constants determined from fitting suitable experimental 

data from four to two. 
From relations (62)I the following expression for PZC value is obtained: 

1, Tzint Tzint 1 p, PZC = ~(,plXal -71-PlXa2 ) and PZC--  ~ ( p  *Igint " "~c q- S~  t) (63) 

wherepKi~ t - - l o g l z  Ant i - 1  2andp*Ki  " t - - l o g * K i  nt i - C  A "~ =ai ~ ~ ~ ~ " 

3.2. D e t e r m i n a t i o n  of the  surface po t en t i a l  r 
Bousse, De Rooij and Bergveld [115-121] elaborated a method of an experimental deter- 

mination for the surface potential ~0 of metal oxide surfaces using in their experiments the 
so called chemically sensitive electronic device CSED operating on the field-effect princi- 
ple. The change of the semi-conductor surface potential is modulated by potential changes 
somewhere inside the structure, usually at the insulator (e.g. metal oxide)/electrolyte in- 
terface. The measurements of pH which can be made by employing insulators made of 
commonly used semi-conductors such as SiO~, SiaN4 or A1203 are of a great interest in 
technology. The whole class of devices was called ion-sensitive (or unipolar) field-effect 
transistors ISFET's. They were described by Bergveld [121] and are the most frequently 

used devices in this field. 
The theoretical model for determining the surface potential ~0 elaborated by Bousse 

et al. was found to be in a good agreement with experiment [117,118]. It was stated that 
the PZC value and the difference between _l/Ant and _l/Ant determined from ~b0(pH) me- plNa2 l-)l~al 
asurements were in good agreement with the results of surface charge measurements for 
colloidal suspensions. Another important finding was that the surface potential ~b0 is much 
less sensitive to surface complexation with counter-ions than the surface charge 60 [120]. 
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The theoretical approach to this problem was first limited to the application of the Nernst 
equation which predicts potential charge equal to 2.3 kT Volts for a pH unit. This equ- e 
ation is satisfied by a glass electrode as the most popular device for pH measurements in 

electrochemistry. In turn, in the case of ISFET's device, the potential change value was 

much below the Nernst value. Therefore, the Nernst equation cannot be applied for the 

insulator such as a metal oxide which is neither an electric nor ionic conductor [118]. 

The paper by Van den Vlekkert et al. [120] presented the measurements of temperature 

dependence of the surface potential ~0 at the "y-A12Oa electrolyte interface. According to 
these authors, such investigations are of a double significance. Firstly, because this device 

can be used as miniature sensors of pH measurements, e.g. in the clinical measurement 

of blood acidity. Secondly, the function a~0 has some relations to the thermal effects 

accompanying adsorption of one proton or two protons on the oxide surface. Knowing 
these values, one can determine indirectly the values of these heats. The heat values 
obtained in this way can be compared with those determined from suitable analysis of 
calorimetric experimental data. 

The surface potential defined in the equations for the equilibrium constants (39) can be 

theoretically calculated as V0(pH) from the equation developed by Bousse et al. [118,119]: 

( ) 2.a0a(PZC - pH) - ~ -  + sinh-1 ./3kT ] (64) 

where the nondimensional quantity/3 has the form [120] 

/3-- ctkT int Ka 1 j (65) 

In Eq. (65) ct is the linear capacitance of the double electrical layer and can be assumed 
equal to 0.2 F /m 2 [120]. The quantity/3 becomes dependent only on the kind of the oxide 
under investigation. 

In the vicinity of PZC, Eq. (64) reduces to the following linear one: 

B 2.3kT 
g'o - /3+1 - - ( P Z C e  - pH) (66) 

This approximation is valid around PZC for I ~ I< /3. Looking at Eq. (66) one can 

deduce that for relatively large values/3, _A_ _~ 1 and the potential change corresponding ~+1 
to one pH unit becomes equal to that predicted by the Nernst equation. According to 

Van den Vlekkert [120], for the oxide ~, - Al:Oa having PZC=8, /3 = 5. For such an 

oxide, Eq. (66) is satisfied within the range of pH=6 to pH=10, with some more serious 

deviations outside this range. The comparisons between the functions ~h0(pH) calculated 
by accepting its simplified form Eq. (66), and its rigorous form given by Eqn (64) was 
shown by Rudzifiski et al. [91]. 

3.3. Equa t ions  descr ib ing ~ - p o t e n t i a l  effects 

The next experimental source of information which is also going to be explored are 

the electrokinetic effects accompanying the formation of the elecric double layer. The 

@potential measurements are carried out very frequently and their theoretical interpre- 
tation is apparently simple, but often leads to a poor agreement, between theory and 
experiment. 
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A common feature of electrokinetic phenomena is a relative motion of the charged 
surface and the volumetric phase of the solution. The charged surface is affected by the 

electric field forces, and the movement of such surfaces toward each other induces the 

electrical field. That is a question of slip plane between the double layer and a medium. 
The layer bounded by the plane at the distance d from surface (OttP) can be treated as 
immobile in the direction perpendicular to the surface, because the time of ion residence in 
the layer is relatively long. Mobilty of ions in the parallel direction to the interfacial surface 
should also be taken into account. However, it seems that the ions in the double layer and 

in the medium surrounding it constitute a rigid whole and that the layer from x = 0 to 
x --- d is immobile also in the sense of resistance to the tangent force action. There is no 

reason why the boundary plane of the solution immobile layer should overlap accurately 
with the OHP plane. It can be as well placed deeply in the solution. The potential in the 
boundary plane of the solution immobile layer is called potential C. Strictly speaking it is 
not a potential of interface because it is created in the liquid phase. It can be considered 
as the difference of potentials between a point far from the surface (in the bulk solution) 

and that in the slip plane. 
However, many authors [122-124] assume equality of potentials C = Ca at least for low 

values of surface potentials and low concentrations of electrolyte in the bulk phase. At 
higher values of the potential and higher concentrations, viscosity close to the surface 
increases due to the increase of surface concentration. Then, the boundary plane of the 
mobile layer moves deep into the solution and the anticipated value 1{1 is lower than the 
value I~al. Both potentials C and ~ba are diffuse ones and therefore must be of the same 
sign and must behave in the same way with the change of electrolyte concentration. 

Despite the difficulties with accurate location of the plane with potential ~, one value 
of potential C can be determined from the double layer theory, i.e. it is certain that ~ = 0 
when ~ba = 0. Moreover, if the adsorption is not specific (i.e. 5o = -Sa = 0) it can be also 

stated for sure that C --- 0 when ~b0 = 0, i.e. PZC = IEP. 
If one assumes that the relation C = ~ba is valid for low concentrations [113,125-127], 

can be theoretically calculated from equation obtained from the solution of the Poisson 

equation for the Stern model for 1:1 electrolyte: 

[ J ' : l  ea = 2kT in -Sa S (67) 
- - ~  v/Seoe~-kT-I + 8e0e~kTI 

where ~b d and 5a are the potentials and the charge density respectively in the d plane 
which means the onset of the diffuse layer, e~ is the relative permittivity of solvent, (for 
water at T = 25~ er = 78.25), e0 = 8.854" 10 -12 F / m  is the permittivity of free space 
and I is the ionic strength of the suspension (ions/ma). The charge density in the d-plane, 

6d, reads 

r = B[0_ - 0+1 (68) 

The values of 0_ and 0+ are calculated in the way described in section a.1 for which the 

value of potential ( is calculated. 
If it is assumed that the slip plane of potential ( lies at the distance Z from the plane 

of potential ~ba [111,112,128-130], then employing the accurate solution of the Poisson 
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equation [131] leads to the equation, 

exp ~ - 1 
~a(Z) = 2kT In 1 + ga exp{-~Z} where ga - (69a) 

e 1 ga exp{-~Z} exp 2 - ~  + 1 

is the Debye-Hfickel's reciprocal thickness of the double layer, 

( 2e2I ) 1/2 

-- ere0kT (69b) 

and ~a(Z) in Eq. (69a) is the potential at the distance Z from the diffuse layer. Accordingly, 
( = ~a(Z), and the value Z is usually a parameter in theoretical calculations. The value 
of the parameter Z affects the positions of the acidic and basic branches of the (-potential 
curve, but it does not affect the position of IEP. The influence of parameter Z on the 
electrokinetic curves was shown by Rudzifiski et al. [91]. 

3.4. Adso rp t ion  of s imple ions and the  he te rogeneous  surface model  
As it was discussed by Rudzirlski et al. [20] the intrinsic constants Ki's can be written 

as follows 

Ki = Kiex p ~-~ , i - 0, +, A, C (70) 

where di is the adsorption (binding) energy of the ith surface complex, and K~ is related 
to its molecular partition function. 

The experimentally measured adsorption isotherms have to be related to the following 
averages, 0it,  

0it({a},T)- f--. f 0i({r162 de+ dcA dr 
Ac 

(71) 

where {a} is the set of the bulk concentrations {all, ac, an }, {r is the set of the adsorption 
energies {e0, e+, eA,eC}, Ae is the physical domain of {e}, and X({e})is the multidimen- 
tional differential distribution of the number of adsorption sites among various sets {e}, 
normalized to unity 

[ ' " [  X({r d% d% dcA dec = 1 (72) 
. J  

A~ 

In the case of a heterogeneous surface r has different values on different SO- sites of oxide 
surface. This is accompanied by the changes of K~, constant but it is generally believed 
that these changes are of a secondary importance compared with the changes of chemical 
bond energy q. 

The integration result in Eq. (71) depends on two important factors characterizing 
properties of a heterogeneous surface: oxide surface topography and correlation degree of 
adsorption energies of various complexes. 
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In the hitherto existing studies of adsorption on heterogeneous surfaces two extreme 
models of surface topography were taken into account: 

(1) Patchwise type surface, where adsorption centres having the same properties as- 
sembled in large patches on the surface. These patches are assumed to be so large that in 
reality they constitute independent adsorption (thermodynamic) subsystems being only 
in thermal and material contact (the exchange of adsorbate molecules between these sub- 

systems is possible). Then it is still assumed, that the states in which two interacting 
molecules are adsorbed on two different patches make a neglect able contribution to the 
thermodynamic properties of the system. In the case of such a surface, the functions 

0i({s { a } , T ) i n  equation system (71) have the same analytical form as the functions 
0i considered so far for the homogeneous surface model. It is also possible that various 
patches have not only different adsorption energy sets {e} but also different electrostatic 
capacities. Figure 15(A) presents a diagram of patchwise type surface. 

X X X X X X X X 0 0 0 0 0 0 0 0 

X X X X X X X X 0 0 0 0 0 0 0 0  

X X X X X X X X 0 0 0 0 0 0 0 0 

X X X X X X X X 0 0 0 0 0 0 0 0 

X X X X X X X X 0 0 0 0 0 0 0 0 

X X X X X X X X 0 0 0 0 0 0 0 0 

X X X X X X X X 0 0 0 0 0 0 0 0 

X X X X X X X X 0 0 0 0 0 0 0 0 

(A) 
X 0 X X 0 X 0 0 X 0 X 0 X 0 X 0 

0 X X 0 X 0 X X 0 X 0 0 X X 0 X 

X 0 0 X 0 X 0 X 0 0 X X 0 0 X 0 

X 0 X X 0 X 0 0 X 0 X 0 X 0 0 X 

0 X X 0 X 0 X X 0 X 0 X 0 X X 0 

X 0 0 X 0 X 0 X 0 0 X X 0 0 X 0 

0 X 0 0 X X 0 0 X X 0 0 X 0 0 X 

X 0 X 0 0 X X 0 0 X X 0 X X 0 0 

03) 

Figure 15. (A) Diagram of patchwise type surface. (B) Diagram of random type surface. Two 
types of adsorption centres are denoted by crosses and circles. 

(2) Random type surfaces where centres corresponding to various sets {e} are randomly 
scattered on a solid surface. This type of surface topography is shown in Fig. 15(B). Such 
random centre distribution causes that the probability of finding any other centre close to 
an adsorption centre is the same. As a result a microscopic composition of the adsorbed 
phase close to any centre is the same and it is identical with a mean composition of the 
phase on the whole surface {0it }. It means that all interaction potentials are a function 
of the averaged concentration of surface complexes {0it}. In Eqs. (71) functions 0i's have 
the same form as for homogeneous surface model except for the fact that sets {0i} should 
be replaced by sets  {0it }. The adsorption system constitutes a thermodynamic entity 
characterized by one electrostatic capacity. 

Another factor characterizing the properties of a heterogeneous surface is the degree 
of correlation between adsorption energies of various complexes on various centres. 

(1) The case of high correlations between adsorption energies; though energies ci and 
cj#i change on passing from one to another centre, their difference Z~kji -- 6 j -  ~i remains un- 
changed. Therefore the function X({e})in Eq. (71) reduces to one-dimensional differential 
distribution X;i(ei). 

(2) The case of lack of correlations between adsorption energies on various centres. 
Then the function X;({e}) in Eq. (72) becomes a product of one-dimensional distribution 
functions. 

So far, mainly extreme physical situations have been taken into account. The reason 
for that was of a mathematical nature. Only for such extreme situations it was possible to 
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reduce the integral equation set (72) to the set of integral equations with single integrals. 
Actually existing systems show intermediate properties between those extreme physical 
situations. It can be assumed that in the case of well shaped crystals with a few crystal- 
lographic planes a patchwise model is more suitable. Amorphous samples will be more 
suited for the random model. However, the problem is not completely explicit. Even in 
the case of well shaped crystals, i.e. samples of a very high degree of arrangement of oxide 
bulk, the surface may have a low degree of surface atom arrangement. Further, a priori 
assumptions are even more difficult to be made for the correlations between adsorption 
energies of various complexes. At present stage the research is focused on the analysis of 
system properties corresponding to various extreme models, and on observation which of 
them reproduce experimental behaviour best. 

Then, for the reasons explained in the paper by Rudzifiski et al. [21] we accept the 
random model of surface topography considering the fundamental physical question of 
whether the variables ei are totally independent. In other words, whether the value of ei 
is correlated in a way with qr (i,j=0.+,A,C) on passing from one to another site. These 
two models represent somewhat extreme views, and the truth probably lies somewhere in 
between. It is still too early to provide a definite answer for the fundamental question of 
which one of these two models is closer to reality. 

The physical situation of very high correlations between the adsorption energies of 
various surface complexes was considered by Koopal and co-workers [132]. They assumed 
that no matter which is the adsorption site, the difference between the adsorption energies 
ei and q is still the same and equal to Aij. So, the one-dimensional distributions of the 
number of adsorption sites among el, Xi(ei) look like those in Fig. 16. Of course, the 
sequence of the most probable adsorption energies e ~ can change from one to another 
oxide. Thus, the intrinsic equilibrium constant K i can be written as follows, 

s 

where 

, { ji} 
I~j = Kj exp ~-~ (74) 

Assuming also that Xi(s is the gaussian-like function (2), one obtains the adsorption 
isotherm equations for different surface complexes [21]: 

K~ [~j K~ kT/c 
0jt " - -  Ej K~ 1 + [Ej K~ kT/r j - 0, +, A, C (75) 

where 

K ~ - I~i exp { ~ }  (76) 

and where c is the heterogeneity parameter. 
To evaluate the surface charge, one must transform the nonlinear equation system (75) 
taking into account Eq. (51): 

~ 0 - B  (K~f+ +K~,fa--  K~fc [~iK~ kT/c 1 ) 
)--~i K~ 1 --Jr- [)"~A K~ kT/c - 1 + [~2i K~ kT/c (77) 



393 

C,O 

l 

AC+ 
A+o - AA. AcA_ 

1 

Figure 16. Schematic visuahzation of the 
adsorption energy distributions Xi(Q), (i= 
0,+,A,C) for the model assuming high corre- 
lations to exist between the adsorption ener- 

gies of various surface complexes. 
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Figure 17. Schematic visualization of the 
adsorption energy distributions Xi(ei), (i= 
0,+,A,C) for the model assuming a lack of 
correlations between the adsorption energies 

of various surface complexes. 

This equation can be solved in the same way as Eq. (55). 
Now we are going to establish the correlations between the intrinsic equilibrium con- 

stants in a similar way as in the case of the homogeneous surface model, considered 

in the previous section. The condition (61) for CIP to exist leads now to the following 

interrelations [21]: 

H2 ( H  H2 ) kT/c-1  H 2 
l (  int - -  * lzint (78)  
�9 "a2 --  l~int.,.al ~ "~- l,(intx~al .- i(intxxa2 and *'A --  . K ~ t  

The two above equations are independent. The first one (78a) is a nonlinear equation with 

regard to I(int and can be solved by means of an iteration method The other Eq. (78b) x xa2 
is linear with regard to *Kia "t. Thus, in a similar way as in the case of the homogeneous 

surface model, we managed to reduce the number of the independent intrinsic equilibrium 

constants from four to two. 
Now, we are going to consider another extreme model of surface heterogeneity, when 

Aij's are not correlated at all. That  model has already been elaborated by Rudzifiski and 

co-workers [133,134], for the case of adsorption of liquid mixtures of non-electrolytes on 

heterogeneous solid surfaces. The relation between the one-dimensional adsorption energy 

distributions ~i(s are, for instance such, as shown in Fig. 17. 
Appropriate considerations [21] lead now to the following adsorption isotherm equations 

for different surface complexes: 

Oit = [K0f i]kT/c i i -- 0, +, A, C (79) 

1 + ~ i  [K0fi] kT/ci' 

where 

K ~ - K i exp 
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and where ci's are the heterogeneity parameters for different surface complexes, i=0,+,A,C. 
To evaluate the surface charge, one must transform the nonlinear equation system (79) 

by taking into account Eq. (51)" 

~o - B [K~-f+]kT/c+ + [K~fa]kT/cA - [K~fc ]kT/cc  - 1 

1 + Ei [K~ k T / q  (81) 

This equation can be solved in the same way as Eq. (55). 
Condition (61) for CIP to exist, leads now to the following interrelations [21]" 

- 1 - 0  1 4 " i n ~ i n t  71- g~- - 1 Icing/ (81a) 

k T (  H2a ) k T / c A _ _ _  

l J i n t ,  l g i n t  
CA l~,a2 l -  A 

kT (*Kc~ta) kT/cc cc . k ' i n t  �9 a2 = 0  (81b) 

Now we solve first the non-linear Eq. (81a) using, for example, the iteration method to 
k'int and *K~ t obtain the value of l~'int for the assumed values of the parameters --~1 as well as 

of the heterogeneity parameters . Next, we solve the second non-linear equation (81b) for 
k - i n t  the same parameters kqnt'"al, *K~ nt, kT/ci, (i=A,C), and for the new calculated value of-'~2" 

In the same way as before, we reduce the number of the intrinsic equilibrium constants 

from four to two. 
For the purpose of a theoretical analysis we took the experimental data from the Ph.D. 

Thesis by Thomas [135], which were also published in part [136]. Here we repeat only 
that part of information which is related closely to further discussion of our theoretical 

results. Thus, KC1 was used as the basic electrolyte, and the experiments were carried 
out at 25~ The titration and electrokinetic curves were monitored for three electrolyte 
concentrations, 0.1, 0.01, and 0.001 M, but the radiometric measurements were made only 
for the salt concentration 0.01 M. The BET area of the Alumina Ma sample was 117 m2/g, 
whereas that obtained by the Harkins-Jura method was 84m2/g. We took BET value for 

our numerical calculations. 
A successful theory should, for a certain set of parameters, fit simultaneously experi- 

mental titration curves, electrokinetic curves, and the individual adsorption isotherms of 
K + and C1- measured radiometrically. Thus, to follow this investigation strategy, we took 

into consideration only the experimental data, measured at the salt concentration 0.01 
M. For this electrolyte concentration the calculated activity coefficients of the cation and 

anion are equal to 0.902. 
Four various alumina samples were investigated experimentally by Thomas [135,136], 

but we selected Alumina Ma for our theoretical-numerical analysis. The reason for that 
was following: while the quality of the experimental titration and electrokinetic curves was 
similar for all of them, the experimental radiometric individual isotherms of K + and C1- 

adsorption on Alumina Ma covered the widest range of pH values, and the experimental 

points seemed to exhibit the smallest experimental scatter. 
The experimental titration curves had a common CIP, so they could be analyzed in 

terms of our theory. The CIP is located at 8.5 on pH scale, so, we accepted PZC=8.5 in 
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our theoretical analysis. The experimental IEP point was located at a different pH value 

equal to about 8.2. For all the alumina samples, the exprimentally determined PZC and 

IEP values were different. 

Table 2 
The values of the parameters obtained by fitting best experimental data by the equations 
developed for the three models of oxide surface. The last three columns are the values calculated 
from the best fit parameters, c1(1) and c1(2) are the two values of q" the former one for the 
acidic and the latter for the alkaline branch of the titration curve. The units for both cl's are 
F/m 2 and for Z is .it 

parameters calculated 
values 

_.~int p .K~nt  Ns CI(1) C1(2) Z kT k__% k__T_T k_~T k.__T_T ~,l(int p * K ~ t  /~ 
PtXal  c co c+ cc CA Ftxa2 .,. 

Homogeneous surface model 
6.0 8.7 12. 0.80 1.20 10. - . . . .  11.00 8.30 4.4 

Heterogeneous surface model (high correlation between adsorption energies) 
6.2 8.6 12. 0.85 1.50 20. 0.8 . . . .  11.38 8.40 3.6 

Heterogeneous surface model (lack of correlations between adsorption energies) 
5.9 8.7 12. 0.70 1.20 25. - .83 .93 .90 .86 11.05 8.34 3.7 

Table 2 collects the values of the parameters found by fitting best simultaneously 

the data obtained independently from these three experimental sources (titration curves, 

electrokinetic curves and radiometric isotherms). The Minuit [137] subroutine was applied 

in our numerical calculations. The details of the calculations were discussed in the paper 

by Rudzirlski et al. [21]. 
Figure 18 shows the comparison between the experimentally measured and theoreti- 

cally calculated surface charge 60. The solid line is common for all the three sets of the 

parameters collected in Table 2. It means, t i tration curves are practically insensitive to 

the heterogeneity effects. Some authors argue that they are practically insensitive to the 

accepted physical models [110,138,139]. 
On the contrary, the {-potential curve (Fig. 19) and the radiometrically measured 

individual adsorption isotherms of K + and CI- (Fig. 20) appear to be sensitive to the 

surface energetic heterogeneity of oxides. One can see in Fig. 20, that  the model of surface 

heterogeneity assuming lack of correlations between different surface complexes leads to 

fit of the experimental data. Neglecting the surface heterogeneity leads to a serious under 

estimation of the concentration of SO-C + complexes at low pH values and of SOH+A - 

complexes at high pH values. Accepting the same model of surface heterogeneity is very 

essential for a proper fit of our experimental (-pH curves (Fig. 19). This is because only 

that  model can show the difference between the PZC and IEP values. 
Figure 21 explains the reason for that.  This is caused by the fact that  the crossing point 

of the curves 0+ and 0_ is not located at PZC. Although they have very small values, 

they determine C potential, as i t can be deduced from Eqs. (67-69). Figure 22 shows the 

theoretical curves 00, 0c and 0A for comparison. 
As we have already emphasized, t i tration curves are much less sensitive to the surface 
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Figure 18. Comparison between the experi- 
mentally determined values of the surface 
charge 60 (o) of the Alumina Ma and the the- 
oretically calculated ones ( ~ )  for the salt 
concentration 0.01 M for the three models 
of oxide surface (the three sets of parame- 
ters are collected in Table 2). The differences 
between three corresponding lines cannot be 
practically visible, so they are represented by 
the same solid line. 

Figure 19. Comparison between experimen- 
tally determined vMues of (-potential (o) and 
those theoretically calculated for a homo- 
geneous surface model (---U), the model of 
surface heterogeneity assuming high correla- 
tion between adsorption energies ~- --) ,  
and the model neglecting the correlations be- 
tween adsorption energies (- ). The 
calculations were performed by using the pa- 
rameters collected in Table 2. 
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Figure 20. Comparison between the radiometrically measured, individual adsorption iostherms 
of SO-C + (e) and SOH+A - (o) and the theoretical ones, corresponding to the model of a 
homogeneous solid surface ( - - - ) ,  the model of surface heterogeneity assuming high correlation 
between adsorption energies (-- --) ,  and the model neglecting the correlations between 
adsorption energies ( . . . . . .  ). The calculations were performed by using the parameters 
collected in Table 2. 
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Figure 21. The theoretical values of 0+ and 
0_ calculated for the homogeneous surface 
model ( ~ ) ,  the model of surface heteroge- 
neity assuming high correlation between ad- 
sorption energies ( - - - - - ) ,  and the model 
neglecting the correlations between adsorp- 
tion energies ( . . . . . .  ) by using the parame- 
ters collected in Table 2. 
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0.0 
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--- pH 
Figure 22. Comparison between the theo- 
retical isotherms 0h, 0C and 00 for the mo- 
del of homogeneous solid surface ( ~ ) ,  the 
model of surface heterogeneity assuming 
high correlation between adsorption ener- 
gies ( - - - - - ) ,  and the model neglecting 
the correlations between adsorption ener- 
gies ( . . . . . .  ) by using the parameters 
collected in Table 2. 

energetic heterogeneity than individual adsorption isotherms of ions measured by using 

radiometric methods. Titration curves probably involve a certain mutual cancellation 

of heterogeneity effects. On the contrary, the electrokinetic curves appear to be quite 

sensitive. 

3.5. Adsorption of bivalent cations at low concentrations 
The adsorption of Me 2+ metal ions at water/oxide interfaces at low ion concentration is 

a subject of a continuously growing interest. There are three problems of a great practical 

importance which stimulate that growing interest: (1) the adsorption in soil of highly 

poisoning cations of some heavy elements like Cd 2+ or Pb2+; (2) the adsorption in soil 

of radioactive ions in the areas where nuclear plants are located; (3) the adsorption of 

radioactive ions on corroded parts of nuclear plant installations. 

In all these systems, concentrations of the ions are low, and their adsorption charac- 

teristics are strongly affected by heterogeneity. The logarithm of the adsorbed amount, 

plotted vs the logarithm of the ion concentration in solution is always a Freundlich linear 

plot with a tangent much smaller than unity. The experimental data reported by Kurdi 

et al. [140] presented in Fig. 23 can serve as an example. 
However, at a sufficiently low ion concentration, a transition occurs into a Henry's plot, 

typical for a homogeneous solid surface, with the tangent equal to unity. Figures 24 and 
25 present adsorption isotherms of bivalent metal ions to illustrate the above mentioned 

behaviour. 
This special behaviour cannot be deduced from the adsorption equations developed 

in the publications [15-21], except the paper by Kinninburgh et al. [14]. They used an 
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Figure 23. Experimental adsorption isotherms of zinc and copper ions adsorbed on different 
soils, reported by Kurdi and coworkers. (Figures 1 and 3 in ref [140].) 
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Figure 24. Experimental adsorption iso- 
therms of the bivalent ions Cu 2+, Pb 2+, and 

Zn 2+ adsorbed on the amorphous iron oxy- 
hydroxide, reported by Benjamin and Leckie. 
(Figure 7 in Ref. [11]). 
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Figure 25. Experimental adsorption iso- 
therms of zinc ion adsorbed on soils Glen- 
dale and R-28, reported by Elrashidi and 
O'Connor. (Figure 1 in Ref. [141].) 

equation obtained by replacing bulk gas pressure by bulk ion concentration in the Toth 

empirical equation used to correlate experimental isotherms for single gas adsorption on 

solid surfaces. Van Riemsdijk et a1.[15,16] criticized Kinniburgh et al. [14] for ignoring 

the electrical properties of the interface. As the Toth equation is an empirical one, its 

rigorous extension for a simultaneous, multicomponent, competitive adsorption is known. 

This means, the Toth equation cannot be used to describe the competition of metal ions 

with other surface complexes. Thus, the effect of pH or electrolyte concentration on metal 
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adsorption cannot be studied. 
There was a need to construct a theoretical description of the adsorption of ions within 

the electrical double layer, which could explain the special features of ion adsorption at 

low ion concentrations. This has been done in the paper by Rudzifiski et al. [22]. 
If a strongly adsorbing bivalent metal ion M 2+ is added to the system described by Eqs. 

(39) and (40), in which competitive adsorption of protons and ions of basic electrolyte 

occurs, then according to the triple layer model [103-105] its addition can cause the 
formation of two kinds of surface complexes: inner-sphere complexes SOM + formed at 
the 0-plain of the triple layer and outer-sphere complexes SO-M 2+ formed at the 3-plain. 
Some recent studies by Hayes and Leckie [142-145] suggest that the formation of the 
inner-sphere complexes is more probable for divalent cations like Cu +2, Pb +2, Cd +2, etc. 

than the formation of outer-sphere surface complexes. So, in general [142,143]: 

Kint 
SOH ~ + M 2+ ~ SOM + + H + 

K 
int { e~0} (aH)[SOM + ] (82) 

= 

Formation of other possible surface complexes SOM+A - and SOMA connected with the 
formation of the surface complex SOM + is not considered here, for the reasons explained 

by Hayes and Leckie [142-145]. 
Reaction (82) can also be written in the form corresponding to desorption reaction of 

bivalent metal ion: 

SOM +,~ ~ S O - + M  2+ 

Kint/ijint {2e~0 } (aM)0_ (83) 
~2/"Mexp ~ = 0M 

where aM is the bulk activity of the bivalent ion and 0M = [SOM+]/Iqs. 
Due to the additional adsorption of bivalent metal ion, the value of the surface charge, 

(50, is increased by the charge contributed by this ion. Thus, the surface charge (5o is defined 

now as follows 

(50 = B[0+ + 0M + 0A -- 0_ -- 0C] (84) 

Individual adsorption isotherms of ions 0i are defined through a set of Eqs. (52)-like but 
it is now a set of five equations (i=0,+,A,C,M), where besides the constants Ki's and 
functions fi's given by Eqs. (53) and (54), there is a new constant KM and a function fM 

defined as follows: 

K int { 2e~0} 
KM-- ~M and fM -- aM exp - - ~  (85) 

The above consideration can be extended for the model of heterogeneous surface by 
taking into account two extreme cases of random surface topography: one with high 
correlations between adsorption energies and another one assuming lack of correlations 
between adsorption energies of different surface complexes formed on different adsorption 
sites. To simplify mathematical calculations it will be assumed that A~ is the interval 
( -oc,  +oc). Assuming such integration limits leads to an isotherm equation which does 
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not reduce to Henry's equation for very low coverages. However, this equation works well 

for higher surface coverages. 

In the studies on monolayer adsorption of gases Rudzifiski and Everett [2] showed that  

a correction for physically reasonable limited domain Ae, i.e existence of minimum and 

I and m should be made to arrive at an isotherm equation reducing maximum values s ei 

correctly to Henry's region. 

Assuming the finite integration limits for the two different models of random surface 

we obtained [22] two different sets of equations for Oat, corresponding to two different 

correlation models. These sets were used to calculate the surface coverage by bivalent 

metal ions which are found at a small ion concentration. The surface coverages for other 

ions have higher values, therefore Eqs. (75) and (79) obtained assuming infinite integration 

limits can be used. Then besides the parameters K ~ ( i=0,+,A,C,M) important  for both 
m I e0 are found in the model extreme models the parameters k__T, ( i=0,+,A,C,M) and e i , q, 

' r 
e 1 e ~ in the model assuming lack of correlations between adsorption energies, and -~, e m, , 

with correlations. 

Then, because the surface coverage by the bivalent metal ions is small compared to 

all others, we neglected its effects on the PZC value. Thus, the problem of establishing 
~( in t  int ,K~t *KiAnt the relations between the intrinsic constants *~al , Ka2 ,  and from the condition 

CIP to exist remain unchanged. It should be noted, that  in the case of a heterogeneous 

surface the solution of Eqs. (78) and (79) yields corresponding dependences on K ~ but 

not on Ki. These expressions are dependencies between intrinsic constants for the most 

probable energies e ~ 

Thus, all the other adsorption parameters necessary to describe the adsorption of biva- 

lent ions can be found by an appropriate analysis of ti tration data, radiometric measure- 

ments and other independent experimental measurements. It is, therefore, recommended 

that  fundamental  studies of bivalent metal ion adsorption be accompanied by suitable 

additional experiments. Such a fortunate situation can be found in the case of the data  

published by Benjamin and Leckie (Fig. 24) on Cu 2+, Pb 2+, Zn 2+, and Cd 2+ adsorption 

on an amorphous iron oxyhydroxide [11]. The corresponding titration data  were analyzed 

by Davis and Leckie [104] in terms of the homogeneous surface model, and the estimated 

intrinsic equilibrium constants and other parameters were collected in Table 3. Although 

the tabulated values are expected to differ to some extent from appropriate values which 

would be found by applying a more realistic model of a heterogeneous oxide surface, we 

treated them as a good starting point in a certain model investigation. Thus, we took 

these values and then tried to find such values of the bivalent ion parameters that  they 

could fit the data presented in Fig. 24(A) and 24(C). 

Table 3 
Values of the parameters obtained by Davies and Leckie [104], who analyzed their titration 
data for the amorphous iron oxyhydroxide in terms of the homogeneous surface model 

T = 25~ PZC = 7.90 
p Tzint p. K~nt  l ~ a l  - -  5.10 - 9.00 

Ns = 10 sites/urn 2 cl = 1.4 F / m  2 

I = 0 . 1 M  

pTz int __ 10.70 p*K~ nt 
l ' a 2  = 6.90 
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After numerous calculations it proved unattainable. The model assuming high corre- 
lations between energies of ion adsorption did not reflect existence of two different linear 
areas in the coordinate system log-log and predicts existence of Henry's region up to high 
coverages [22]. The results of calculations based on the model assuming lack of correlation 
between energies of various complexes predict a transition from Henry's region (the tan- 
gent of log-log plot is equal to one) to Freundlich's region (the tangent smaller than one). 
The problem is that the tangent in this transition region reaches values larger than unity 
[22]. Such behaviour has never been observed in the experiment. However, the different 
behaviour of the log-log plots suggest, that the degree of the correlations between the 
adsorption energies of ions may affect strongly the behaviour of these adsorption systems 
at low ion concentrations. This seems to create hope that the studies of the adsorption 
at low ion concentrations may provide the answer to the fundamental question, which 
correlation model is to be accepted. 

Therefore we have decided that the equation describing a real adsorption isotherm 0jr of 
the heavy metal ions, (Cu 2+, Pb 2+, Zn 2+, Cd2+...), will be represented by an analytical 
formula. Such possiblity is offered by the assumption that Xj(q) is the rectangular energy 
distribution 

1 1 dla ej E< el, e] ~ > xj(q)- q ' - q  (86) 
0 elsewhere 

The rectangular distribution is a good approximation in the case of strongly heterogeneous 
surfaces [2]. And this is just the case of the bivalent metal ion adsorption (Freundlich's 
plots with k_T ~J << 0.9). 

Then, the adsorption isotherm equation for the random model without correlation takes 
the form 

1+ (K~ kT/q 1+  exp { e ~ -  ej~} 
0it = ~ k T  in kT j -  M (87) 

l+~j(KOfj)kT/ci eF--e] l + e x p { e ] - - e J c }  ' k T  

The others 0it, (j=0,+,A,C) are calculated form Eq. (79) as their coverages reach higher 
values. 

Now we face the situation that the same physical function X~j(q) is represented by two 
analytical functions (1) and (86). However, we have already known, that in the case of 
a strongly heterogeneous surface, these functions should affect 0jr in a similar way, if the 
parameters cj, e l and eF are suitably chosen. So, we took the integration limits e] and e] ~ 
as the best-fit parameters and adjusted cj in Eq. (87) in such a way that at higher surface 
concentrations 0it the tangent of the Freundlich log-log plot for 0it is equal to kT 

' ' C j  " 

The corresponding isotherm equation for the model assuming high correlations between 
the adsorption energies of different surface complexes, reads 

l + e x p {  eF-qc}kT 
K~ kT in ~ , j - M (88) 

0 j t=~jK~ "eJ-G~-~] 1 + e x p {  ej kT-eJc} 
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Other 0jt (j=0,+,A,C), functions for this model are still calculated as in Eq. (75), because 

other ions appear at moderate concentrations. So, the contribution from the non-physical 

intervals ( -co ,  el) and (e~,+cc)  does not affect much the calculated 0jr (j=0,+,A,C) 

functions. 

Let us consider now behaviour of the function 0jr described by Eqs. (87) and (88). 

Our model investigation showed, that 0it functions calculated by using Eq. (88) never 

exhibited the required transition from Henry's to Freundlich's plot. They exhibit Henry's 

behaviour up to quite high surface coverages. 

The assumption of the high correlations between the adsorption energies of different 

surface complexes is responsible for this non-physical behaviour. As the transition from 

Henry's to Freundlich's plot has been observed in adsorption on so different materials, 

we arrive at the following important conclusion. The model assuming high correlations 

between the adsorption energies of various surface complexes is to be abandoned in the 

studies of ion adsorption within the electrical double layer formed at water/oxide interfa- 

ces. 

On the contrary, our model calculations showed, that Eq. (87) corresponding to the 

assumption that no correlations exist between the adsorption energies of different surface 

complexes, could reproduce very well the behaviour observed in Fig. 24(A) and 24(B). 

Thus, an extensive model investigation based on Eq. (87), was carried out to demon- 

strate its utility to fit the experimental data. We took the parameters obtained by Davis 

and Leckie [104] analyzing their titration curves (Table 3), calculated the corresponding 

k-i~t and p*Kk nt values from relation (81) and then adjusted the three other parameters P'"a2 
pl/int aM,  e l  and c~ to fit the experimental isotherms of Cu 2+ and Zn 2+ ions shown in Fig. 

24. The results of these numerical exercises are shown in Fig. 26, and the obtained best-fit 

parameters are collected in Table 4. 

(A) 

_o_ 3 _ 
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Figure 26. The results of our best-fit exercises based on Eq. (87). (A) The comparison of the 
experimental adsorption isotherm of Cu 2+ ions adsorbed at pH=5.1, reported by Benjamin and 
Leckie [11], with our theoretical curves calculated by using Eq. (87) and the parameters collec- 
ted in Tables 3 and 4. (B) The comparison of the experimental adsorption isotherm of Zn 2+ 
ions adsorbed at pH=6.4, reported by Benjamin and Leckie [11], with our theoretical curves 
calculated by using Eq. (87) and the parameters collected in Tables 3 and 4. 
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Table 4 
The sets of the parameters used by us in our model investigation shown in Fig. 27. Other 
parameters are those collected in Table 3, except that pKa~ t and p*K~t nt are now equal to 10.70 
and 6.80 respectively. These new values were calculated from the values of e"al'wint, p-.TIint~c and 

PZC as reported in Table 3 using relation 81 and the values of k T  = 0.7 W 

Cu/Fe203. H20 (am) 

pZ~it = 2.40 e~ - -16  kJ e~ = 12 kJ 

With these parameters the slope of the Freundlich log-log plot is 0.40 so, we took 

kT = 0.40 to calculate the isotherm in the Henry's and transition regions. 
CM 

(B) Zn/Fe203. H20 (am) 

pK~ t -  3.60 c~ - -2 .0  kJ e~ = 2.5 kd 

With these parameters the slope of the Freundlich log-log plot is 0.65 so, we took 

k T = 0.65 to calculate the isotherm in the Henry's and transition regions. 
aM 

This is a pretty raw fit, and we suppose that we could arrive at a similar agreement 

with slightly different values of these parameters. We must, however, realize that the 

values obtained by Davis and Leckie [104] and collected in Table 3 were obtained by 

them while accepting the rather raw assumption of a homogeneous oxide surface, and 
only the parameters _ l z ' i n t  and p*K~ t were calculated by us using the correct relation (81) 

corresponding to the assumption that the oxide surface is heterogeneous. 

The philosophy lying behind that best-fit exercise arose from our earlier observation 

that surface heterogeneity does not affect much titration curves and the estimated surface 

complexation parameters [22]. As we have already argued, there must exist some com- 

pensation effects in these composite adsorption isotherms. On the contrary, we found that 

surface heterogeneity affects strongly the individual adsorption isotherms of the surface 

complexes, measured radiometrically or in another way. This, of course, is also true in the 

case of the individually measured isotherms of adsorption of the bivalent ions. 

Figure 27 provides even more convincing evidence for accepting the model assuming 

lack of correlations between energies of adsorption of various surface complexes in the 

description of phenomena occurring in the double electrical layer. Using Eq. (79) we also 

fitted the isotherms of adsorption of cadmium ions reported by Benjamin and Leckie [11] 

for three different pH values. These isotherms are shown in Fig. 27 (original Fig. 3 in 

Ref. [11]). This time we required that with the same set of the best fit parameters the 

calculated isotherms matched the measured ones for all the three pH values. The reason 

why we used Eq. (79) instead of Eq. (87) was that the isotherms for cadmium adsorption 

were reported only for the coverage region corresponding to Feundlich behaviour. In this 

region simple Eq. (79) can safely be used. As the slope of all these isotherms can easily be 

determined to be equal to 0.66 (L_T = 0.66) for all the investigated pH values we have only 
CM 

one unknown parameter, pK~ t. Then, with only one best fit parameter, pK~ t = 3.9 we 

arrive at an excellent agreement with the experimental data. The calculated adsorption 

isotherms match ideally the solid lines in this figure, drawn by Benjamin and Leckie as 

the best linear regression for their experimental points. 
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Figure 27. The effects of pH on the isotherms of cadmium ions, adsorbed on the amorphous iron 

oxyhydroxide investigated by Benjamin and Leckie [11]. The solid lines were drawn by Benja- 

min and Leckie [11] as the best linear regression for their experimental points. Our theoretical 

lines match exactly the Benjamin and Leckie solid lines if the best fit parameter pK~ t - 3.9. 

Theoretical lines were calculated from Eq. (79) by using the parameters pKiaT, p*K~ nt, PZC, Ns, 

cl, I and T collected in Table 3, kT/ci - 0.7 (i=0,+,A,C) and the parameters e~'~2nI(int - -  10.7 and 

p*K~ t - 6.8 calculated by us from Eqs. (81). 
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Figure 28. The comparison of our theoretical adsorption isotherm calculated by using Eq. (87) 
with the experimental data of Cd 2+ adsorption measured by Benjamin and Leckie (data in Fig. 
5 in Ref. [11].) The parameters are the same as those used to fit the data in Fig. 27 and the two 

additional parameters ek4 and e~ appearing in Eq. (87) are equal to - 8  kJ/mol and 8 kJ/mol 
respectively. 

For pH=5.8 Benjamin and Leckie [11] measured the adsorption at much smaller con- 

centrations of Cd 2+ ions. For such small concentrations they observed the transition to 

Henry's log-log plot with tangent equal to unity. According to our theory the adsorption 

in that region is affected by the physical energy limits e I and c~. So, no surprise, that  in 

order to fit these data. we were forced to take into account that  physical condition, i.e. to 
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use the more general Eq. (87). 
While fitting these data we required that the theoretical log-log plot must have a 

tangent equal to 0.66 in the region where it becomes a Freundlich log-log plot (like in 
Fig. 27). Then we took the same parameters which were used to fit the data in Fig. 
27, and adjusted only in addition c~ and e~. Figure 28 shows the fit obtained when 

~ -  - 8  kJ/mol and ~ -  8 kJ/mol. 

4. C O N C L U S I O N S  

We have analyzed here a variety of adsorption data obtained while investigating the 
adsorption at oxide/water vapour interface, and oxide/electrolyte interface. That analysis 
summarized our extensive research conducted during the past few years, and concerning 
the model of adsorption on oxide surfaces. Our analysis shows, that only the model of 

energetically heterogeneous surface can be a proper basis for a successful theoretical de- 
scription of adsorption at water vapour/oxide, and oxide/electrolyte interfaces. It is also 

demonstrated, that a simultaneous analysis of adsorption isotherms and heats of adsorp- 
tion may lead to a new level of understanding the mechanism of adsorption in those 

systems. 
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Chapter 2.3 
Energetic heterogeneity of porous inorganic oxides: 
Adsorption and chromatographic studies 

M. Jaroniec 

Separation and Surface Science Center, Department of Chemistry, Kent State University, 

Kent, Ohio 44242, U.S.A. 

Porous inorganic oxides are energetically heterogeneous due to various types of surface 
hydroxyls, impurities as well as surface and structural irregularities. There exist many 

methods to extract information about energetic heterogeneity of inorganic oxides from 
the low-pressure adsorption isotherms, gas chromatographic data as well as thermode- 
sorption data. This heterogeneity is commonly characterized in terms of the adsorption 
energy distribution function. The current review presents a brief survey of the methods 
recommended especially to evaluate the adsorption energy distributions for porous inor- 
ganic oxides. A special emphasis is placed on the numerical procedures, which provide 
stable results. Some illustrations are given for porous silicas, which are the most popular 
inorganic oxides used as adsorbents, chromatographic packings and catalyst supports. 

1. I N T R O D U C T I O N  

Porous inorganic oxides have found wide applications in sorption-based separations, 
chromatography, catalysis and other areas of science and technology (see monographs 
[1-7] and references therein). The most popular oxides used as adsorbents, chromato- 
graphic packings and catalyst supports are silica [5,6,8,9] and alumina [7,10-12]. Also, 
porous oxides of other metals and semimetals (e.g., zirconia, titania, magnesia, ceria, tho- 
ria, urania, samaria, etc.), are of a great potential interest for adsorption, catalysis and 

chromatography [13-17]. According to the Kiselev's classification [18] inorganic porous 
oxides belong to the second class of adsorbents, which possess hydroxyl groups at their 
surface. The surface activity of these oxides depends strongly on the hydroxylation level 
[11]. They are able to interact specifically (e.g., via hydrogen bonding and/or acid-base 
interactions) with adsorbate molecules, which possess appropriate functional groups. 

Among inorganic oxides silica is commonly used in chromatographic separations due 
to its high mechanical, chemical and thermal stability [4-6,11,19]. Synthesis of porous 
silica is well elaborated and allows preparation of small spherical particles of controlled 
size, porosity and specific surface area [8,20]. In addition to siloxane bridges the surface 
of silica particles contain different types of hydroxyl groups such as isolated (free), vicinal 
(bridged) and geminal silanols [6,8,11,19,20]. These groups control polarity of the silica 
surface and its reactivity [6,19,21]. The surface concentration of silanols in a hydrated 
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silica depends strongly on its thermal treatment [6,8,11,20,22]. For mesoporous silicas 
extensively degassed under vacuum conditions at 423- 473K the physically adsorbed wa- 
ter is removed and the surface concentration of silanols reaches a value about 4.6 groups 
per one nm 2 [6,8,11]. The fraction of different types of silanols depends on the preparation 
and thermal treatment of a given silica and its porous structure [6,8,11]. Thus, surface and 
sorption properties of silicas are strongly controlled by the presence of different silanols, 
adsorbed water molecules and metal impurities [6,8,23-28]. In addition, these properties 
can be drastically altered by chemical modification of the silica surface, which leads to 
the preparation of so-called chemically bonded phases used commonly in liquid chroma- 
tography [5,6,19]. For instance, a gradual replacement of silanols by various ligands allows 
preparation of chemically bonded phases of controlled polarity and surface heterogeneity. 
Again, the coverage density of these phases is controlled not only by chemical and geo- 
metrical properties of ligands but also by surface chemistry of the silica and its porous 
structure [29,30]. 

While porous unmodified and modified silicas are used commonly as adsorbents, chro- 
matographic packings and catalyst supports, alumina is mostly used in adsorption and 
catalysis. In contrast to silica gels the chromatographic application of aluminum oxides is 
much smaller due to the less effective chemical modification of their surfaces [16]. Various 
forms of alumina have been found to possess differing number of hydroxyl groups and 
adsorbed water molecules depending on its thermal history [11]. The surface activity of 
alumina results from the defect structure produced during the amorphous to crystalline 
transition which occurs during the thermal dehydration process [31]. In the -),-form of 
alumina, which is most often studied [31- 33], only about 75% of the total number of 
aluminum sites are occupied, while the remaining sites exist as surface defects. At relati- 
vely low temperatures and in the presence of water vapor the-a lumina strongly adsorbs 
water molecules. Its gradual dehydration under controlled thermal conditions causes the 
condensation of neighbouring hydroxyl groups, but only about 66% of these groups can 
be removed without affecting the solid's structure. Remaining groups in combination with 
neighbouring oxygen and aluminum atoms form the differing types of active sites, which 
control surface heterogeneity of this oxide [11]. Thus, alumina possess four most common 
active sites: aluminum-type acidic sites, oxygen-type basic sites, basic hydroxyls and pro- 
ton defects acting as electron acceptors. The type of active sites and their distribution 
determine the surface, sorption and catalytic properties of a given porous alumina. Simi- 
larly as in the case of silica the surface properties of alumina can be strongly affected by 
metal impurities [34]. 

There is a growing interest in replacing silica and alumina in some chromatographic, 
sorption and catalytic applications by other porous oxides [13-17]. For instance, chroma- 
tographic applications of silica and silica-based bonded phases outside the range of pH = 
2 to approximately 8 are seriously limited by destroying siloxane linkages (at low pH) and 
partial solubility of the silica matrix (at high pH) [19,20,22]. The dissolution of silica and 
removal of bonded ligands is accelerated at high temperatures. In contrast, porous oxides 
of transition metals, e.g., zirconia and titania, possess much better mechanical, chemical 
and thermal stability than silica (see review [15] and references therein). In addition to aci- 
dic and basic sites, which are present in alumina, zirconia possess oxidizing and reducing 
properties, which make this oxide unique and suitable for catalytic applications [35]. 

Inorganic oxides are usually prepared by precipitation from inorganic salts. Acom- 
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mon procedure for preparing silica gels is based on the reaction of sodium silicate with 
hydrochloric acid but at higher concentrations so that a gel is directly formed [22]. Amor- 
phous silica of high purity can be synthesized by hydrolysis of silicon tetrachloride with 
water and heating the resulting gel [36]. Hydrolysis of the silanes is usually employed to 
prepare silica aggregates of spherical shape. Similarly, other oxides can be prepared. For 
instance, porous tin oxide can be prepared from aqueous solutions of tin tetrachloride 
and precipitated by aqueous ammonia at pH = 11 [37,38]. Zirconia can be synthesized 
by precipitation of zirconium or zirconyl salts [15,39]. Hydrolysis of silicon and titanium 
tetrachlorides preadsorbed on various carbons was used to deposit silica and titania on 
the carbon surface [40-42]. 

High purity inorganic oxides can be obtained by thermal decomposition of various 
organometallic compounds, which is usually accompanied by the formation of a porous 
structure due to the elimination of gases during the calcination process. For instance, 
Ismail [17] studied thermal decomposition of samarium acetylacetonate, which led to 
formation of porous samaria. Acetoacetonate is capable to form organometallic compounds 
in media in which metal concentrations are low and this procedure is effective to isolate 
rare metals and prepare supported metal or metal oxide catalysts. Another examples of 
organometallic compounds used to prepare inorganic oxides are metal alcoholates, which 
can be applied as precursors for low- temperature synthesis of porous oxides [43-46]. 

An important step in the synthesis of inorganic oxides of chemical properties analogous 
to glasses and ceramics was the replacement of high-temperature heating procedures by 
polymerization and coagulation of inorganic hydroxides and organo-metallic compounds 
at the room temperature [47,48]. Extensive studies in this field carried out in the late 
seventies and eighties gave the birth of the sol-gel science [47]. Almost all of the important 
inorganic oxides can be prepared by the sol-gel process [47-60]. They can be synthesized 
from metal alkoxides, aryloxides, acyloxides and other organometallic compounds [58]. A 
typical illustration of a sol- gel process is preparation of porous silica by reacting silicon 
methoxide with water under controlled conditions. The resulting silica is a highly porous 
material with a well-developed porous structure and surface densely covered with various 
types of silanols. The surface and structural properties of this material are determined 
by many factors such as the water/silane ratio, temperature, pH, co-solvent, method and 
rate of drying, and so on [48]. A small change in conditions of the sol-gel process can affect 
significantly the surface and structural properties of the final product. Therefore, recent 
studies are focused on the preparation of inorganic oxides of controlled porosity [60]. 

A remarkable breakthrough in materials chemistry was the synthesis of novel meso- 
porous silicates and aluminosilicates (MCM-41 materials) by Mobil researchers [61,62]. 
Their synthesis initiated new era in the preparation of inorganic materials of well-defined 
structure and porosity. Again, this discovery was accomplished by merging inorganic and 
surfactant chemistries. The rod-like micelles of cationic surfactants were used as templa- 
tes to form two or three monolayers of silica (or other inorganic particles) encapsulating 
the micelle external surface [63-65]. Subsequently, these composite species spontaneously 
assemble into a long-range ordered structure and then the silicate species in the inter- 
stitial spaces of the ordered organic-inorganic phase condense. By removing the organic 
species from the ordered organic-inorganic composite one can obtain an inorganic mate- 
rial with uniformly sized pores. For instance, MCM-41 molecular sieves have a regular, 
hexagonal array of uniform cylindrical channels [61,62]. By manipulating synthesis con- 
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ditions it is possible to control the size of these channels. There is a great interest in the 
synthesis, characterization and application of these inorganic solids, which are materials 
of 21st Century [66-75]. 

A further progress in the synthesis and applications of inorganic porous oxides can be 
accelerated by the development of characterization methods. Among various methods used 

to study the surface and structural properties of these materials, classical sorption-based 
techniques such as adsorption [11,76-79], chromatography [7] and thermal analysis [80] 
are still popular because they provide direct information about adsorbate-adsorbent inte- 
ractions; for instance, the low-temperature nitrogen adsorption isotherm is recommended 
by the IUPAC to evaluate the BET specific surface area [81-86] and the mesopore-size 
distribution function [76,87], which are essential for characterizing the structural hete- 
rogeneity of large pores. These classical quantities are not sufficient to characterize the 

sorption properties of porous solids such as inorganic oxides, which are energetically and 
structurally heterogeneous materials [77,78,88-90]. On the other side, the energetic hete- 
rogeneity of inorganic oxides is an essential characteristics of these solids. In the current 
chapter, after a brief introduction of the concept of adsorbent heterogeneity, the selected 

sorption-based methods useful to estimate the energetic heterogeneity of inorganic oxi- 
des are reviewed with some experimental illustrations. This review is mainly focused on 
the low-pressure gas adsorption measurements and gas chromatographic measurements, 
which are essential for evaluation the energetic heterogeneity of inorganic porous oxides. 
The liquid/solid interface, which from the practical viewpoint is of great importance for 
understanding the surface chemistry of inorganic oxides is not the subject of the current 
review. 

2. C O N C E P T  OF A D S O R B E N T  H E T E R O G E N E I T Y  

Surface and structural heterogeneities of inorganic oxides can be studied directly by em- 
ploying modern techniques such as atomic force microscopy (AFM), electron microscopy, 
X- ray analysis and various spectroscopic methods suitable for materials characterization 
and surface imaging (see monographs [91-94] and references therein). For instance, re- 
cent studies [95] in this field demonstrate a successful use of AFM to visualize, in situ, 
the formation and structure of adsorbed layers. Although these techniques are extremely 
useful for imaging solid surfaces, several research problems need to be solved before using 
them for a direct and quantitative characterization of the adsorbent heterogeneity. At 
present indirect methods such as sorption and chromatography are most often employed 
to evaluate various heterogeneities of porous solids (see books [76-79]. The quantities 
evaluated from sorption and chromatographic data provide information about the whole 
adsorbent-adsorbate system. Thus, these data can be used mainly to extract informa- 
tion about so-called "relative heterogeneity", i.e., heterogeneity of a solid seen by a given 
probe molecule [77]. 

The global heterogeneity of a solid adsorbent consists of both surface and structural 
heterogeneities [77]. The main source of the surface heterogeneity are different types of 
crystal planes, growth steps, crystal edges and corners, irregularities in the crystallogra- 
phical structure of a surface such as cracks and flaws (geometrical roughness of the surface) 
as well as impurities strongly attached to the surface and various atoms and functional 
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groups exposed at that surface and available for adsorption (chemical nonuniformity of 

the surface). The structural heterogeneity, which is a volume property of a solid, is due 
to the existence of pores of different sizes and shapes. The chemical, geometrical and 
structural heterogeneities of a solid can be detected by different methods. For instance, 
analytical titration provides information about acidic and basic groups present on a solid 
surface. This method combined with spectroscopic techniques can be used successfully to 
evaluate chemical heterogeneity of a solid surface. Its geometrical and structural hetero- 
geneities can be characterized respectively in terms of the fractal dimension [89] and the 
pore volume distribution [76,77]. 

Chemical, surface and structural heterogeneities of a solid can be probed by adsorbate 
molecules of different sizes, structures and polarity. Due to these heterogeneities the ad- 

sorption energy is a local quantity that depends on the (x,y)-position of a given adsorbate 

molecule on the solid surface. The differential distribution of the adsorption energy is a 
quantitative measure of the global energetic heterogeneity of a solid, i.e., it specifies the 

fractions of adsorbed molecules of a given adsorption energy but does not provide infor- 
mation about the source of this heterogeneity [77]. This distribution is a characteristic 

function for a given adsorbent-adsorbate system and it changes for adsorbates of different 
physicochemical properties because molecules of these adsorbates interact differently with 
adsorption sites. Therefore, adsorption and chromatographic data measured for different 
probe molecules, especially at low pressures, are useful for extracting information about 
energetic heterogeneity of solids. 

Physical interpretation of the adsorption energy distribution is difficult and requires 
additional independent measurements if one wish to relate characteristic features of this 
distribution to definite types of adsorbent-adsorbate interactions. In case of inorganic 
oxides, which most often do not possess fine pores of molecular dimensions (i.e., micro- 
pores), the adsorption energy distribution characterizes surface heterogeneities generated 
by different hydroxyl groups and impurities present on the oxide surface. However, si- 
tuation becomes more complex when micropores are present because the overlapping of 
adsorption forces from the opposite micropore walls is the source of a substantial energetic 
heterogeneity, which is difficult to separate from the surface heterogeneity. 

3. I N T E G R A L  R E P R E S E N T A T I O N  OF T H E  O V E R A L L  A D S O R P T I O N  

I S O T H E R M  

In most theoretical treatments of adsorption on heterogeneous solids the adsorbent 
surface is assumed to have a continuous distribution of adsorption sites with respect to 
the adsorption energy e [77,78]. The resulting distribution function, denoted by F(e), is 
accepted as a quantitative characteristics of the energetic heterogeneity of a given solid 
and F(e)de is the fraction of the surface with adsorption energies between e and e + de. 
The relative surface coverage, (~t(P), for an energetically heterogeneous solid characterized 
by the energy distribution function F(e), is expressed by the well-known integral equation 

[77-79]: 

@t(p) - / @(p,e)F(e)de for T - const. (1) 
A 



416 

where Ot(p) is the experimental adsorption isotherm. When measurements are made at a 
constant temperature T, the overall adsorption isotherm is obtained by assuming a pr ior i  

a model for the local adsorption isotherm O(p, varepsilon). The integration region A in 
equation (1) is over all possible adsorption energies. 

Since different models can be used to represent local adsorption on sites of the same 
adsorption energy, i.e., energetically homogeneous sites, the current review starts with 

the very popular and simplistic model formulated by Langmuir in 1918 [96]. This model 
describes localized monolayer adsorption by neglecting lateral attractive interactions in 

the surface phase and leads to the following expression for O: 

Kp (2) 
O ( p , e ) -  l + K p  

In equation (2) K is the Langmuir's constant, which is defined as: 

K - K0(T)exp ~-~ (3) 

where K0 is the pre-exponentia] factor that contains the partition functions of an isolated 
molecule in the gas and surface phases with rotational, vibrational and transnational 

degrees of freedom. A detailed description of this factor is given in the monograph by Clark 
[97]. Adamson [98,99] has approximated the pre-exponential factor K0 by the following 

equation: 

N~176176 (4) 
Ko = (27rM RT)I/2 

where ~r ~ denotes the actual area per molecule, r ~ is Frenkel's characteristic adsorption 
time (i.e., which is assumed to be 10 -13 seconds), No is Avogadro's number, and M is the 

molecular mass of the adsorbate. For simple gases Hobson [100] found that equation (4) 

can be expressed as follows: 

Ko(T) = 5.68-10-S(MT) -1/2 (1/Torr) (5) 

Equation (5) is often applied to estimate the pre-exponential constant [77,78]. Another 
useful approximation for K0 was proposed by Adamson et al. [101], who expressed the 

pre-exponential constant in terms of the evaporation heat ev: 

K0(T) - ps exp ( ~ T )  (6) 

where p~ is the saturation vapor pressure. It was shown that the value of the pre-exponential 
constant changes mainly the position of the energy distribution on the energy axis but its 

shape is almost not changed [102,103]. 
Inclusion of multilayer effects in Langmuir's original model leads to the BET adsorption 

model, which can be written in the following form [103]: 

O ( p , e )  - Cx  (7) 
(1 - x)[1 + (C - 1)x] 

where x = p/ps is the relative pressure and C = K-ps .  Although the BET model is 
a simplification of multilayer adsorption, it provides a relatively good description of the 
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initial stage of this process. Thus, it can be employed to make multilayer corrections of 
an experimental isotherm in order to evaluate energetic heterogeneity of a surface (i.e., 
only the initial submonolayer part is essential in this evaluation) [88]. 

The simplest model which extends Langmuir's localized monolayer approach for late- 
ral interactions was proposed by Fowler and Guggenheim (FG) [104]. Accordingly, lateral 
interactions are described by the number of nearest neighbours, z, and by the interaction 
energy parameter, w. As has been shown elsewhere [77,78,88,90], inclusion of lateral inte- 
ractions into local adsorption models requires that additional assumptions be made about 
the topography of adsorption sites. Two extreme models have been used to represent the 
topography of the sites on heterogeneous surfaces: the random distribution approximation 

(RDA) and the homotattic patch approximation (HPA). 
For a random distribution of adsorption sites, statistical thermodynamics gives the 

following equation for the local isotherm [77,78]: 

O(e,p, Ot) = Kp exp (zw| (8) 
1 + Kp exp (zw@t) 

The zw| term describes the average force field acting on an adsorbed molecule that 
arises from molecules located on the nearest-neighbour sites. In the HPA model, the 
average force field depends on the homotattic patch coverage O(e) and the local isotherm 
is expressed as follows: 

Kpexp (zwO) (9) 
O(e, p) = 1 + Kpexp (zwO) 

In contrast to localized adsorption, mobile adsorption models assume that molecules can 
diffuse freely on the surface. One of the most popular equations used to describe mobile 
adsorption is that proposed by Hill and de Boer [105] as an analogue of the FG isotherm. 
This equation can be obtained by combining the two-dimensional form of van der Waals 
equation with the Gibbs adsorption isotherm. Note that the pre-exponential factors for 
localized and mobile adsorption are different. In the case of localized adsorption, the 
pre-exponential factor K0 takes into account the vibrations of adsorbing molecules in 
x, y and z direction, whereas the factor for the mobile adsorption contains only the 
partition functions for vibration in the z-direction and the transnational partition function 

describing mobility of adsorbing molecules in the (x,y)-plane. 
The shape of the energy distribution depends on the assumed model for the local 

adsorption isotherm. This problem was discussed in Ref. [88], which contains some re- 
commendations concerning the choice of the local adsorption model. It was pointed out 
that the concept of the energetic heterogeneity is clear for localized adsorption models. 
Assumption of the Langmuir model, which describes monolayer localized adsorption wi- 
thout lateral attractive interactions, does not require an additional assumption about 
topography of adsorption sites on the solid surface. It is not the case for mobile adsorp- 
tion. For adsorption systems with significant effects of lateral interactions the FG equation 
can be used to represent the local adsorption. Since submonolayer data provide essential 
information about energetic heterogeneity of a solid surface, their correction for the mul- 
tilayer effects is not necessary. In addition, the localized adsorption model works better 
at low temperatures, which are recommended to obtain argon and nitrogen adsorption 
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data for characterization of porous solids [81,82]. Some suggestions for selecting the local 
adsorption model were proposed by Merz [106], Brauer and Jaroniec [107]. 

There is an extensive literature dealing with inversion of the integral equation (1) 
with respect to the adsorption energy distribution (see books [77,78] and references the- 

rein). This inversion is not easy because of the numerical instability of solutions due to 

experimental errors of adsorption measurements [77,78,106,108,109]. The simplest way 
of inverting the integral equation (1) is based on the condensation approximation (CA) 
method [110,111]. According to this method the true local isotherm is replaced by the 
"condensation isotherm", which is a simple step function. In terms of this approximation 
a simple expression is obtained to calculate the energy distribution function, which is a ne- 
gative derivative of the overall adsorption isotherm with respect to the adsorption energy. 

The key problem in the CA method is the relationship between the equilibrium pressure 
and the "condensation" adsorption energy because the above mentioned differentiation of 
the overall isotherm requires to express it in terms of this energy. There are many modi- 
fications of this method (see books [77,78] and references therein). Even recently [112] a 
simple extension of this method was proposed to evaluate the energetic heterogeneity of 

solids. In 1975 Jaroniec [113] combined and exponential adsorption isotherm with the CA 
method in order to get a simple and effective expression to evaluate the energy distribution 
from adsorption data. This method has been used to analyze many adsorption systems 
(see works [77,88] and references therein), and was found to agree with more advanced 
numerical methods [114,115]. Also, the CA function is used often as a first approximation 
of the energy distribution in iterative methods [90]. 

A numerous number of approaches has been proposed to solve the integral equation (1) 
analytically [77,78]. Although they have a great practical utility for characterizing hete- 
rogeneity effects in adsorption, their main disadvantage results from a pr ior i  assumption 
of a definite shape of the energy distribution. Among different types of local isotherms 
considered the Langmuirian isotherms have received the most attention. The resulting 
expressions for the overall adsorption isotherm contain adjustable parameters, which can 
be obtained by a numerical least square fit of the experimental adsorption data. The di- 
sadvantages of this procedure are the following: (i) it is unknown whether the assumed 
shape of F(r is correct and (ii) often a variety of different analytical functions can be 
used to describe a given data set with about the same degree of accuracy. In contrast, 
the CA method and advanced numerical methods do not require this assumption [88]. 
In addition, numerical methods are much more suitable for dealing with ill-posed nature 
of the integral equation (1). At present, these methods are recommended to evaluate the 
energy distribution from experimental adsorption data [116]. 

4. N U M E R I C A L  M E T H O D S  OF S O L V I N G  T H E  I N T E G R A L  E Q U A T I O N  
OF A D S O R P T I O N  

From the mathematical point of view, equation (1) is a linear Fredholm integral equ- 
ation of the first kind, which can be written in a more general form as follows: 

b 

g(y) = f K(x,y)f(x)dx (10) 
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The integral kernel K(x,y) represents the local isotherm in equation (1), i.e., the physi- 
cochemical model of adsorption on sites of the same energy, g(y) is the experimentally 
measurable adsorption isotherm Ot(p), and f(x) - F(e) denotes the'~energy distribution 
function. 

Many attempts have been undertaken to invert integral equation (9) with respect to 
f(x). The CA method and analytical solutions of the integral equation (1) were mentioned 
above. Also, it was noted that the calculation of F(e) from equation (1) is a numerically 
ill-posed problem, i.e. small changes in Ot(P) caused by experimental errors can distort 
significantly the resulting F(e). Additionally, this distortion is not only caused by experi- 
mental errors, but also by errors generated during the numerical calculations and errors 
arising from the quadrature of equation (1). The ill-posedness is mainly a mathemati- 
cal numerical problem. Another difficulty in evaluating F(e) on the basis of equation (1), 
which was addressed in the previous section, is associated with the selection of the integral 
kernel, used to model the local adsorption process. It is necessary to decide whether the 
assumptions of the local adsorption model are in accordance with the experimental data. 

Theoretical foundations for solving numerically instable problems were developed by 
Tichonov [117,118], who introduced the regularization method. This method was first 
applied to gas adsorption by House [119] and Merz [106] and further developed by Pa- 
penhuijzen and Koopal [120], Brown et. al. [121,122], Jagiello [123] and Szombathely et 
al. [102]. The regularization method with singular value decomposition programmed by 
v. Szombathely [102] has been used extensively to study the energetic heterogeneity of 
several reference carbonaceous solids [116]. 

The first step in the regularization method is the discretization of the integral equation 
by a quadrature. Thus, integral equation (10) needs to be transformed into a system of 
the following linear equations: 

g = A f  (11) 

where g and f are one-dimensional matrices representing respectively the functions g and 
f and A is a two-dimensional matrix representing the integral kernel K(x,y). The funda- 
mental idea of numerical regularization is to replace the ill-posed problem of minimizing 
the function ][Af- g][2 by a well- posed one which smooth the calculated distribution 
function and distorts the origin problem insignificantly. This can be done by addition of 
a second minimizing term to ] [Af -  gl[2: 

Min - I[Af - g[[2 + 711W(f)[12 (12) 

The regularization parameter 3' is a measure of the weighing of both terms and I[W(f)[[ 2 
is defined as follows: 

b 

IIW(f)[[ 2 ~ J f2(x)dx (13) 

By introducing this latter expression into equation (12) oscillations of the resulting distri- 
bution function may be suppressed. 

The regularization method can be modified further through inclusion of additional re- 
strictions on the function f, e.g. only allowing non-negative solutions (NNLS). Under these 
latter conditions, the regularization criterion given by equation (12) can be written as" 

Min " ] l A f -  gl[2 + 711W(f)][2 and f ~ 0 (14) 
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The regularization parameter -), is usually chosen through a series of trials by an inte- 
ractive judgement about the solution. A detailed description of strategies for finding the 
optimal -),-value in adsorption applications is given in Ref. [102,123]. Usually as a starting 
point, a high regularization parameter is selected, e.g., 3' = 1, which results in a strongly 
smoothed distribution function, with a residual, I I A f -  g]l 2, generally higher than that 

associated with the experimental errors. Subsequently, ~, is reduced in an iterative fashion 
until the experimental accuracy is reached. For instance, the program INTEG developed 
by v.Szombathely [102] is based on the singular value decomposition (SVD) of the matrix 
A that represents the discretized integral kernel K(x,y). A combination of regularization 
and SVD not only has computational advantages such as: the minimization of numerical 

errors and the fast optimization of the final solution by choosing different regularization 

parameters, but also provides a means of evaluating the validity of the physicochemical 
model selected to represent the local adsorption which is contained in A. 

5. I N T E G R A L  R E P R E S E N T A T I O N  OF T H E  R E T E N T I O N  V O L U M E  

Gas-solid chromatography has been often used to measure various physicochemical 
quantities and to study the gas-solid adsorption systems. There is an extensive literature 
related to applications of this technique for characterizing adsorbents and catalysts [7]. 
Since gas chromatographic measurements are carried out at low partial pressures of the 
sample, the retention data are useful for estimating the energetic heterogeneity of solids. 
An advantage of gas chromatography is possibility of using various probe molecules and 
different temperatures. This technique is especially suitable for investigating inorganic 

oxides since they are most often nonporous or mesoporous solids and there is no additional 
complications related to diffusion in fine pores. 

For an ideal gas phase the net specific retention volume VN,t and the specific adsorbed 
amount nt are related as follows [124]: 

(Ont)  (15) 
VN't = jRT \ 0p T 

where p is the equilibrium pressure, j is the compressibility factor, T is the absolute 
temperature and R is the universal gas constant. There are two possible approaches for 
using retention data to evaluate the energetic heterogeneity of porous solids. 

In the first approach, the retention measurements are initially used to calculate the 
adsorption isotherm by integrating equation (15) and subsequently the resulting isotherm 

is utilized to evaluate the energy distribution function by means Of a method available 
in sorption literature (see monographs [77,78] and references therein). Recently, Roles 
and Guiochon [125-127] and Guan et al. [128] have reexamined the method of elution by 
characteristic points to calculate equilibrium adsorption isotherms and have discussed the 
precision and accuracy of this procedure. Also, Guiochon and co-workers [129-134] have 
employed this method to obtain adsorption isotherms for different adsorbates on inorganic 
porous oxides and used them to calculate the adsorption energy distributions. In contrast 

to the energy distributions obtained for these solids from conventional sorption measure- 
ments they reported relatively narrow energy distributions. Probably, it was caused by a 
narrow pressure range and high temperatures of chromatographic measurements as well 
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as by the employed method of calculations. Jagiello and co-workers [135-137] used also 
gas chromatography to evaluate adsorption isotherms and subsequently to calculate the 
energy distributions for modified silicas. 

An alternative approach to that described above is a direct use of the retention data 
to calculate the adsorption energy distribution [138-146]. This approach was initiated 
in 1974 by Rudzinski et al. [138], who showed that the energy distribution function can 
be expressed as a series, which contains derivatives of the retention volume with respect 
to the equilibrium pressure. According to this formulation, the retention volume plot- 
ted as a function of the adsorption energy is the first-order approximation of the energy 
distribution. However, first derivative of the retention volume is the second-order appro- 
ximation of this distribution. This approach was later refined and used to calculate energy 
distributions for different porous solids [143]. 

In 1976 Suprynowicz et al. [139] showed that differentiation of the integral equation 
(1) with respect to pressure gives a general integral representation of the overall retention 
volume: 

Vn,t(p, T) - no f VN,I(p, T, c)F(c)dc (16) 

A 

where 

T 

Above VN,t is defined by equation (15) and no is the monolayer capacity. 
For an exponential representation of the local retention the integral equation (16) 

assumes the following form [142]: 

o o  

VN,t(p, T) - jRTno J K exp (-Kp)F*(K) dK (18) 

Km 

where F*(K) denotes the distribution of the Henry's constant expressed in an inverse 
unit of pressure and defined by equation (3) in terms of the adsorption energy c and a 
temperature-dependent pre-exponential factor K0. The parameter Km is the Henry's 
constant related to the minimum adsorption energy. 

Two types of retention data, i.e., (i) retention volumes measured at an infinite dilution 
of the solute as a function of temperature, and (ii) retention data recorded at different 
solute's concentrations and a constant temperature, can be used to characterize surface 
heterogeneity of porous solids in terms of the distribution function F*(K). This function, 
which is the result of inversion of the integral equation (18), can be easily converted to 
the adsorption energy distribution. 

A simplified version of equation (18), which does not contain the pressure-dependent 
exponential term, can be used to describe the temperature-dependence of retention me- 
asurements. In this case retention volumes are measured at different temperatures and 
an infinite dilution of the sample. This simplified equation expressed in terms of the 

adsorption energy has the following form [144]: 

o o  

VN,t-= jnoKo / exp ( ~ T )  F(e)dr (19) 
g i r l  
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Although the integral equation (19) can be inverted with respect to the energy distribution 
by using an advanced numerical algorithm, e.g., regularization method [102], this approach 
is not recommended because the number of experimental points measured at different 
temperatures is usually small. Therefore, analytical solutions of the integral equation (19) 
seem to be more useful for analyzing the temperature--dependent retention measurements. 
Gilpin et al. [144] solved equation (19) for a gamma-type energy distribution and obtained 
the following analytical equation for the overall retention volume: 

VN,t = jnoKo exp 1 - p - ~  (20) 

where p and 3' are the parameters of the gamma distribution function and Cm is the 
minimum adsorption energy. Equation (20) can be used to determine parameters of the 
gamma distribution of the adsorption energy and to predict the temperature-dependence 
of the solute's retention. 

The full form of the integral equation (18) can be used to represent the pressure depen- 
dence of the retention volume. In addition to analytical methods of solving the integral 
equation (18), numerical methods may be also used to invert this integral with respect 
to the F*(K)-distribution function because the retention volume can be measured for a 
great number of pressure points. However, the pressure range available in retention me- 
asurements is relatively narrow and it transforms to a narrow energy region [129-131,146]. 
In this energy range the numerical stability of solution is poor. Thus, even in the case of 
the pressure dependence of the retention volume the analytical solutions of the integral 
equation (18) seem to be better than numerical ones. 

It was shown in Ref. [142] that a gamma-type distribution of the variable K gives a 
simple analytical solution of equation (18): 

( )m+l m + l ]  
q Kin+ (21) V N ,  t - -  jRTn0 exp (-Kmp) q +  P q--~p j 

where m and q are the parameters of the gamma-type F*(K)-distribution. Equation (21) 
fits very well experimental data [142]. 

Although retention volumes measured at different temperatures and pressures can be 
used to estimate the energetic heterogeneity of porous solids, the pressure-dependent 
data seem to be more suitable for this estimation because they can be collected for a 
greater number of experimental points. It appears that experimentally available ranges 
of temperatures and pressures are relatively narrow and the resulting retention data can 
be effectively described by analytical expressions such as equations (20) and (21) [147]. 
Application of advanced numerical methods for inverting the integral equation (18) is 
limited due to relatively narrow range of retention measurements. 

6. E N E R G E T I C  H E T E R O G E N E I T Y  OF S E L E C T E D  I N O R G A N I C  O X I D E S  

As it was mentioned earlier the surface heterogeneity of inorganic oxides, which consists 
of surface hydroxyls, attached impurities and surface roughness, is the main source of the 
energetic heterogeneity of these solids. Although the surface heterogeneity of oxides can 
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be investigated by various techniques, the goal of this section is to demonstrate the utility 
of low-pressure gas adsorption measurements and gas chromatographic measurements to 
characterize the energetic heterogeneity of these solids. There is a great number of papers 
dealing with the determination of the adsorption energy distributions from the gas/solid 
adsorption and gas/solid chromatographic data for various inorganic oxides, mostly for 

silica and alumina (see monographs [77,78,88] and references therein). 
One of the most popular adsorption systems, which has been used to evaluate the 

energetic heterogeneity from low-pressure adsorption data, is the argon-rutile (titanium 
dioxide) system [88]. A main reason of its great popularity is the availability of accurate 
adsorption data measured by Drain et al. [148-150]. These authors [150] investigated in 
details the heat capacity, integral heat of adsorption and entropy of argon adsorbed on 
rutile. In addition, the measured argon adsorption data on rutile over a wide pressure 
range including low pressures and reported these data in a tabulated form [148]. Also, 
they determined the adsorption energy distributions from the low-temperature calorime- 
tric measurements for argon, oxygen and nitrogen on rutile [149, 151]. Their experimental 
adsorption data for the argon-rutile system are unique in the sorption literature and the- 

refore several authors used these data to test various methods of evaluating the energetic 
heterogeneity of solids [88]. Dormant and Adamson [152] were the first, who evaluated 
the adsorption energy distribution from the argon-rutile isotherm data by using an itera- 
tive method [99] and compared it with the distribution obtained from differential enthalpy 
data [149]. As can be seen in Figure 1 their method provides the energy distribution which 
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Figure 1. Comparison of the energy distributions for argon on rutile at 85 K evaluated from 
adsorption (solid line)[152] and calorimetric (dashed line) [149] data. Figure after modification 
taken from Ref. [152]. 

agrees well with that obtained by Drain and Morrison [149]. Analogous studies were car- 
ried out by Jaroniec et al. [153,154], who verified other numerical methods of evaluating 
the energy distribution on the basis of the argon-futile adsorption isotherm. The energy 
distribution obtained by Dormant and Adamson [152] has a shape of one asymmetrical 
peak broadened in direction of high adsorption energies. This broadening shows two steps. 
The energy distributions shown in Figure 1 seem to provide a reasonable representation 
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of the surface heterogeneity of rutile with respect to argon because the accurate calori- 
metric data [149] were confirmed by adsorption studies [152-154]. A higher resolution of 
the adsorption energy spectrum was obtained by using more advanced numerical methods 
[155,156], which gave instead of these steps an energy distribution consisting of three pe- 
aks. This result seems to be supported by computer simulations of argon on the surface of 
titanium dioxide [157,158]. Other studies of the surface heterogeneity of titania involved 
nitrogen [159] and carbon monoxide [160,161] as probe molecules. It is noteworthy that 
in Ref. [160,161] adsorption studies of the heterogeneity effects of titania are supported 
by independent spectroscopic and calorimetric measurements. 

The energetic heterogeneity of the gas/silica adsorption systems has been most often 
studied clue to important applications of silica materials as adsorbents, chromatographic 
packings and catalyst supports. For instance, the adsorption data of nitrogen on maxi- 
mally hydroxylated nonporous and wide-porous silica measured by Aristov and Kiselev 
[162] were often used to evaluate the energy distributions of these solids [113,114,163]. 
Shown is Figure 2 is the energy distribution for nitrogen on maximally hydroxylated si- 
lica at 78K evaluated by using the Jaroniec's method [113,163]. This distribution has two 
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Figure 2. Adsorption energy distribution for nitrogen on maximally hydroxylated silica gel at 
78 K. Figure taken from Ref. [113]. 

(weakly separated) peaks, which seem to correspond to distinct kinds of surface silanols. 
This shape of the energy distribution was confirmed by House [114], who used a regulari- 
zation method. Recently, the Jaroniec's group [164,165] has been carried out systematic 
studies of the energetic heterogeneity of silica gels used in gas and liquid chromatogra- 
phy. For a series of chromatographic silicas the systematic and accurate low- temperature 
nitrogen adsorption measurements (including the range of very low pressures) have been 
carried out by using different conditions of the sample preparation. These adsorption stu- 
dies have been supplemented by gas chromatographic, thermoanalytical and spectroscopic 
(NMR and IR) measurements. An illustration is shown in Figures 3 and 4, which present 
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Figure 3. Complete nitrogen adsorption-de- 
sorption isotherm at 77.5 K on the Kromasil 
silica. Figure taken from ref. [165]. 

Figure 4. The semi-logarithmic plot of nitro- 
gen adsorption isotherm shown in Figure 3. 

respectively a complete nitrogen adsorption-desorption isotherm on Kromasil (spherical 

5-mm silica from Eka Nobel, Bohus, Sweden) and a semi-logarithmic plot of the ad- 

sorption isotherm, which demonstrates clearly the low-pressure range of the data [165]. 
The pore-size distribution of this silica, calculated according to the DFT method [166], 
is shown in Figure 5. As can be seen from this figure there is no evidence for micropores 
in the silica sample studied. The energy distribution evaluated from the low-pressure ad- 
sorption data shown in Figure 4 by using the INTEG program [102] is presented in Figure 

6. As can be seen this distribution can be considered as a combination of at least two 

peaks (two main types of adsorption sites) and resemblances the distribution shown in 

Figure 2. Also, the differential thermogravimetric (DTG) curve for thermodesorption of 
water molecules from the silica surface (see Figure 7) provides an additional confirmation 

for the calculated energy distribution. Analogous studies for other silica gels including a 
new family of uniformly mesoporous silicates (e.g., MCM-41) are in progress and will be 

discussed in near future in relation to thermogravimetric, chromatographic and spectro- 
scopic investigations of these solids [21,167]. 

Although nitrogen has been most often used to study the energetic heterogeneity of 

silica [113,114,163,168-172], other adsorbates such as argon [169], benzene [113], cyc- 
lohexane and cyclohexene [138,141,142,146,173-175], n-hexane and n-hexene [135,137], 

n-heptane [134], chlorinated hydrocarbons [132,134,175,176], diethyl ether [132,134], me- 
thanol [132,134], ethanol [134] and pyridine [134] were used to probe various types of 

adsorption sites on the silica surface. 

In the above mentioned papers the gas chromatographic data were mostly reported 

[132,134- 138,141,142,173-176]. The energy distributions obtained from the chromato- 
graphic data for hydrocarbons on the silicas studied are analogous more or less to the 

distribution shown in Figure 6 [135,137] or are the decreasing curves with [132,134] or 
without [141] small peak located at the range of high energies. Their shape is determined 
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not only by the origin of the silicas used but also by the properties of probe molecules. It 
appears often that the gas chromatographic measurements do not cover the entire range 
of adsorption energies and only the high-energy part of the distribution is available [134]. 

In comparison to silica the energetic heterogeneity of other inorganic oxides was studied 
to a less extent [130,131,160,177-179]. Roles et al. [130,131] studied the energetic hete- 
rogeneity of alumina by using gas chromatography. Although they reported the energy 
distributions consisting of separate sharp peaks, their result could be affected by the nu- 
merical method employed to calculate these distributions. An interesting work on the 
surface heterogeneity of alumina was published by Vasquez [177], who used a modified 
temperature-programmed desorption technique. The controlled thermo-desorption of va- 
rious probe molecules from inorganic oxides appears to be extremely useful technique to 
study their surface heterogeneity [165,177,180]. 

7. C O N C L U S I O N S  

Although the methodology of evaluating the energetic heterogeneity of inorganic porous 
oxides on the basis of low-pressure gas adsorption and chromatographic data contains a 
number of questions which need to be addressed in future studies, a significant progress 
has been done in this field in the last years. Recent developments in the sorption and 
chromatographic instrumentation allow accurate measurements at the low pressures for 
various probe molecules on inorganic oxides, which are essential for evaluating the ad- 
sorption energy distribution. In addition, the available numerical methods are suitable 
to calculate this distribution from the low- pressure gas adsorption and chromatographic 
data. The future studies in this field should focus on the improvement of the existing 
numerical methods (e.g., representation of the local adsorption by the density functional 
theory data and/or computer simulations data) and on the incorporation of other tech- 
niques such as calorimetry, spectroscopy, programmed thermodesorption, etc. to confirm 
the resulting energy distributions. In case of inorganic oxides the heterogeneity of proton 
binding sites, which can be estimated on the basis of liquid-solid adsorption data, is an 
important issue and deserves more attention in future studies [181-186]. 

Since in the last decade significant results have been achieved in the theory of adsorption 
from non-electrolytic liquid mixtures on heterogeneous solids (see reviews [187-189] and 
references therein), these results can be utilized in the study of heterogeneity of proton 
binding sites on inorganic oxides. 
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Chapter 2.4 
Adsorption kinetics on real surfaces 

G.F. Cerofolini 

EniChem- Istituto Guido Donegani, 28100 Novara, Italy 

1. T H E  I N T R I N S I C A L L Y  H E T E R O G E N E O U S  N A T U R E  OF S U R F A C E S  

OF C A T A L Y T I C  I N T E R E S T  

In homogeneous catalysis reactants and catalyst belong to the same (liquid or gas) 
phase. If products too are in the same phase (that happens in many situations), they 
must be separated from the catalyst at the end of reaction, that may render the overall 
process quite expensive. 

A way to overcome this difficulty is catalyst heterogenization. With this technique the 
catalyst, whose activity has been identified in a homogeneous phase, is distributed onto 
a relatively inert, highly dispersed, solid support, thus originating the catalytic system: 

catalytic system = {catalyst, support} 

Catalyst heterogenization, however, requires in most cases a certain degree of manipula- 
tion of both the catalyst and the support (for instance, to allow for grafting), that can 
modify the catalytic activity of the unsupported catalyst. Moreover, a truly inert support 
(like SiO2 seems to be) is an ideal concept because the unavoidable chemical defects (hy- 
droxyl groups in the above example), stoichiometric defects (e.g., oxygen vacancies) or, in 
the case of crystalline supports, crystalline defects (e.g., grain borders) unavoidably flaw 
the inertness of the substrate and interfere with the catalytic activity. Even though the 
heterogenization process is introduced with the aim of minimizing the chemical role of 
the support, it may however have an antagonistic or synergic catalytic activity: 

activity (catalytic system) -r activity (catalyst) + activity (support) 

A spectacular role of the substrate on the catalytic activity is displayed by the stereo- 
specific character imparted to polypropylene by the MgC12 substrate in Ziegler-Natta 
catalysis. 

Heterogeneous catalysis is essentially based on the special reactivity of surface sites, due 
either to crystalline or stoichiometric defects. Due to the need of achieving a very high 
surface area and to have unsaturated surface sites with strong chemical reactivity, the pre- 
paration of highly dispersed solids is often based on processes (like milling) responsible for 
phenomena (fracture, plastic deformation, etc.) where a macroscopic energy is imparted 
to few degrees of freedom. The concentration of a large energy on few degrees of freedom, 
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with the consequent creation of highly defective sites, is unavoidable during the prepa- 

ration of highly dispersed solids even when the process is formed by close-to-equilibrium 

steps. 
Consider, for instance, a silica aerogel prepared via the sol-gel technique with solvent 

supercritical extraction [1]. Due to the steric constraints of the embedded solvent during 

gelling, the silica polymer does not attain the proper configuration of the condensed phase. 

Supercritical extraction concentrates the extra, energy of this configuration on the skeleton 

which does not undergo a structural collapse only thanks to the partially covalent nature 

of the Si - 0 bond. This extra energy will however result in highly strained or deformed 

bonds which are therefore expected to have some chemical reactivity. 

It is therefore not surprising that silica aerogels prepared from organometallic precur- 

sors manifest a catalytic activity for the CO oxidation to CO2 with molecular 02 at 850 K 
or above, while a similar activity is not found for silica obtained from inorganic reagents 

[2]. A plausible pathway is sketched in Fig. 1, and assumes that the centre (1), formed by 
highly strained Si--. 0 bonds produced in the gel by the steric constraints of the embed- 

ded alcohol and remaining after the relatively soft heat treatment of supercritical drying, 

reacts with atmospheric oxygen to form the double-peroxidic centre (2); the reaction of 
(2) with CO produces the peroxidic centre (3), which eventually reacts with CO thus 

restoring the original strained siloxanic centre (1): 

= 
- -  S i . .  + 0 2 - .  + C 0 -  C 0 2  �9 

�9 " AH 1 / A H  2 
= ~ = 

+ C02 

A H  3 

- A H 1  = 2 E b ( S i - O ) + E b ( O - - O ) + E b ( O - O ) - 2 E b ( S i - - - O ) - - E b ( O = O )  

- A H 2  = Eb(C = 0 ) -  E b ( 0 -  O) 

- A H 3  = Eb(C = O ) + 2 E b ( S i - . . O ) - 2 E b ( S i - O ) - 4 - E b ( O ' - - O )  

Figure 1. The hypothesized cycle for CO conversion to C02 on silica, aerogel, and the associate 

enthalpy changes. 

The overall pathway is possible only when each step is energetically favoured; assuming 

the bond energies Eb as given in Ref. [3], the first step is possible only when 

Eb(Si--. O) - 1 ~Eb(O' - -O)  < 3.0 eV 

while the third step is possible only for 

Eb(Si O) O O) > 2.1 eV . . . .  1E ( . . .  
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The above conditions are simultaneously satisfied, and the cycle is therefore possible, only 

for those sites with 

1 2.1 eV < Eb(Si.- .  O ) -  7Eb(O. . -O)  < 3.0 eV 

If, as expected, Eb(O... O) is low (say, Eb(O-.. O) < 1 eV), the catalytic centre for CO 

oxidation is formed by disiloxanic sites with Eb(Si---O) around 3 eV (+0.5 eV), vs. an 

unstrained bond energy of 4.8 eV. 

The non-ideality of catalyst surfaces has ever been one the major difficulties in under- 

standing the detailed mechanisms of contact catalysis. The Advances in Catalysis were 

opened in 1948 by an article of Taylor on the heterogeneity of catalyst surfaces for che- 

misorption [4]; that the matter was not easy to model is understood by observing that 

41 years later the role of particle size on the catalytic activity of supported metals was 

the subject of of another review in the same series [5]; moreover, the family of solids of 

catalytic interest has since Taylor's review been increased by the availability of new techni- 

ques for the preparation of highly dispersed solids, like crystalline zeolites and amorphous 

aerogels. 

In view of the above considerations, it is therefore not surprising that, with practically 

no exception, heterogeneous catalysts are characterized by a distribution of sites with a 

wide adsorption energy dispersion with respect to any given test gas; the role of surface 

heterogeneity in adsorption [6] is therefore one of the key factors which must taken into 

account for understanding the behaviour of highly dispersed solids. 

Since the adsorption of reactants and desorption of products are unavoidable and fun- 

damental steps of heterogeneous catalysis, there is a need of understanding the kinetics of 

adsorption-desorption phenomena on heterogeneous surfaces. In practically all situations 

the reaction involves two or more reactants, so that chemically interesting kinetics are 

multicomponent. This is immediately understood either considering the Rideal mecha- 

nism: 

s s * + A  ~ s s - A *  

s s - A * + B  ---* s s * + A B  

A + B  ss*> AB 

in which the reaction occurs via the collision of an activated species A*, formed after the 

adsorption of A on the active surface site ss*, with a physisorbed or gas-phase molecule 

B (the star denotes a reactive configuration), or considering the Langmuir-Hinshelwood 

mechanism: 

s s * + A  ~ s s - A *  

s s * + B  ---+ s s - B *  

s s - A * + s s - B *  + 2ss*+AB 

SS* 
A + B  ) AB 

in which the reaction occurs between two adsorbed species. 
Though there is an appreciable amount of work devoted to multicomponent adsorption 

on heterogeneous surfaces (mainly due to Jaroniec and coworkers, reviewed in R~f. [7]), 
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this work will be concentrated on the simpler problem of single-component adsorption- 
desorption kinetics on heterogeneous surfaces, the aim being that of producing a rigorous 
and comprehensive extension of the theory of adsorption equilibrium on heterogeneous 
surfaces. In fact, a theory of adsorption-desorption kinetics on heterogeneous surfaces as 
general as that developed for equilibrium adsorption is still missing, and only limited 
attempts to take into account the role of surface non-idealities on adsorption-desorption 

kinetics have been contributed. 
This fact is especially disappointing because heterogeneity is expected to play in ki- 

netics a role as important as, or even more important than, in equilibrium. Moreover 
the theory of equilibrium adsorption on heterogeneous surfaces is limited to physisorp- 
tion, while the theory of adsorption-desorption kinetics on heterogeneous surfaces includes 
physisorption and chemisorption and extends up to heterogeneous catalysis. 

Rather than trying to describe the sparse and occasional results hitherto reported, this 
work is devoted to the foundation of a general and comprehensive theory of adsorption- 
desorption kinetics. The emphasis, however, will not be concentrated on the formal mathe- 
matical aspects of the theory, but rather on its physical bases; in particular, the validity of 

the methods developed will be checked by verifying how they are able to explain the obse- 
rved experimental behaviours. Among them one plays a special r o l e -  the time-logarithm 

law known as Elovich equation. 

2. A R A T E  E Q U A T I O N  N A M E D  "ELOVICH" 

Of the many isothermal kinetics observed on real surfaces for different processes like 
oxidation, chemisorption and desorption, only one has deserved a special a t t e n t i o n -  the 
time-logarithm law 

=r ln(t/tm) (1) 

where 5(t) is the amount of matter involved in the kinetics at time t, and rE and tm are 
two characteristic parameters. 

Though Eq. (1) is usually referred to as "Elovich equation", its observation was first 
reported by other authors. In fact, a time-logarithm law was first observed by Tamman 

and coworkers in 1922 for the oxidation of metals [8]. Tamman work was rediscovered much 
later by Vernon [9], who observed that the low temperature oxidation of iron obeys Eq. 
(1). The oxidation of a number of metals and semiconductors has since then been reported 
to be described by Eq. (1); among them Cr, Mn, Fe, Co, Ni, Cu, Zn, Cd, Si, Sn, Pb, Sb 
and Bi can be mentioned. The first observation of a chemisorption process obeying Eq. 
(1) was probably reported by Zeldowitch in 1934 [10], but it was only after its rediscovery 
by Elovich and coworkers [11, 12] that this equation became of wide use. It is on the 
basis of Ref. [12] that the time-logarithm law (1) took the name of "Elovich equation", 
though in view of Ref. [10] it could be more appropriately called "Zeldowitch equation"; 
it is also noted that in the German papers the person now commonly known as Elovich 
transliterated his name "Elowitz" [11] (this short historical note is taken from Landsberg 

[13] and reproduced here for completeness). A list of chemisorption systems obeying the 
Elovich equation is given in Ref. [14]. More recent, and not equally widespread, is the 

observation that desorption isotherms are often described by the Elovich equation [14]. 
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Even though formula (1) gives an adequate rationalization of numerous kinetics over 

several orders of magnitude of time, it however fails at short times because for t _< tm it 

gives 5(t) _< 0. A convenient way to circumvent this difficulty is to describe the kinetics 
with the following relationship: 

5m(t) - -  rE ln(1 + t/tm) (2) 

which makes up for inability of Eq. (1) to describe the early stages of the kinetics. 

If one wants that the total chemisorbed, desorbed or oxidized amount maintains finite 
even in the limit t ~ +ec, the long-time behaviour of Eq. (2) must also be modified since 
t ~ +ec =~ 5re(t) ~ +OC. The simplest change which can be brought is a cut-off: 

r E l n ( l + t / t m )  for 0_<t <tM 
5raM(t)- 5M for tM _< t (3) 

where 5M is the maximum amount of matter involved in the kinetics, and 

tM -- tm[exp(SM/rE)- 1] (4) 

It is immediately verified that Eqs. (1) and (2) (and hence Eq. (3) for t _< tM)satisfy 

the following differential equation: 

at = t--~ - (5) 

which will be proved useful in suggesting possible underlying physical mechanisms. 

The macroscopic meaning of the Elovich parameters is straightforward: tm is a charac- 

teristic time below which the logarithmic behaviour is no longer observed, tM is the time 

required to complete the process, while rE/tm is the initial desorption rate. 
The kinetics of adsorption and desorption and the Elovich equation have been the 

matter of a comprehensive review by Aharoni and Tompkins in 1970 [14]. At that time, 
however, concepts now pervasive in physical chemistry of surfaces like fractality were not 

known, the mathematical theory of adsorption equilibrium on heterogeneous surfaces was 

at its beginning, and the notion of equilibrium surfaces had not demonstrated yet its 

usefulness in the understanding of adsorption phenomena on real surfaces. In view of 
these facts there is a space for another work, which however does not intend to be as 

comprehensive as that of Aharoni and Tompkins, but rather aims: to study the Elovich 
behaviour met in new situations, to elucidate the theoretical origin of Eq. (3), and to 

relate the macroscopic empiric parameters rE, and tm and tM to microscopic quantities. 
Reversing the historical order, this work will deal first with desorption and then with 

chemisorption. 

3. A D S O R P T I O N  EQUILIBRIUM 

A theory as rigorous and comprehensive as the theory of adsorption equilibrium on 

heterogeneous surfaces has not been developed yet for the description of adsorption [de- 

sorption] kinetics on [from] heterogeneous surfaces. This work aims to fill, at least partially, 

this gap and new methods are developed for kinetics in strict analogy to what was done 
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for equilibrium, in this way extending the pioneering work of Jaroniec and Madey [7]. The 

methods developed are applied to a special case, the Elovich desorption isotherm, which 

plays in kinetics a similar role to that played by the Freundlich or Temkin isotherms in 
adsorption equilibrium. 

3.1. Adsorption isotherms on homogeneous surfaces  

The theory of adsorption equilibrium on homogeneous surfaces is so formalized as to 

be considered a set of statistico-mechanical exercises [15]. When the adsorbed molecules 

can be considered as structureless particles, practically all models consider the adsorbed 

phase as a sequence of layers, each stabilized by the adsorption field generated by the 

underlying one and described either as a two-dimensional (2D) lattice or as a 2D van der 

Waals gas. 

The following classification summarizes the most frequently considered adsorption mo- 

dels: 

submonolayer adsorption 

without lateral interactions (Langmuir) 
localized with lateral interactions (Fowler-Guggenheim) 

without lateral interactions (Volmer) 
mobile with lateral interactions (Hill-de Boer) 

all layers localized 

multilayer adsorption first n layers localized, top layers mobile (Broekhoff-van Dongen) 

all layers mobile 

An exception is represented by the Frenkel-Halsey-Hill theory, which describes the mul- 

tilayer adsorbed film as a liquid perturbed by the presence of a surface. 

The complexity of the description increases when the admolecule holds at the surface 

two or more sites or when the admolecule internal configuration may change after adsorp- 

tion. For simplicity these situations will not be considered; Ref. [16] can be consulted for 

a survey of the mathematical methods required in these cases. 

The Langmuir and Volmer equations are special cases of the Fowler-Guggenheim and 

Hill-de Boer equations, respectively, in which lateral interactions are allowed to vanish; 

the Brunauer-Emmett-Teller equation is a special case of the Broekhoff-van Dongen 

equation with n = ec and null lateral interactions; the model in which all layers are 

mobile is a special case of Broekhoff-van Dongen model with n = 0. 

The Broekhoff-van Dongen isotherm allows for multilayer adsorption with lateral in- 
teractions and predicts the possibility of 2D phase transitions in each layer [17]. The 

most spectacular evidence for 2D phase transitions concerns the adsorption of heavy 

noble gases on highly homogeneous non-polar surfaces of low atomic weight (typically, 

exfoliated graphite obtained by thermal dissociation of its intercalation compound with 

FeCla). This situation guarantees that the adsorbate-adsorbate interaction prevails on ad- 

sorbent-adsorbate interaction and makes it possible the observation of phase transitions 

in each layer. See Ref. [18] for a short overview of this subject. 
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3.2. Adsorption isotherms on heterogeneous surfaces 
Excepting these really few ideal cases and regardless of the fact that the BET method 

is routinely used for the determination of the monolayer volume even for systems which 

are poorly described by the BET equation, the above equations are not found to describe 

accurately adsorption equilibrium on most adsorbents of chemical interest. 

These adsorbents are characterized by high dispersion and energy heterogeneity, typical 

examples being zeolites (with queer shape) and aerogels (which at certain scale lengths can 

be viewed as fractals). The concept of queer shape was introduced by Cerofolini to denote 
systems whose surface area increases in proportion to the volume, so that the surface 
contribution to the chemical potential does not disappear even in the thermodynamic 
limit [19]; the concept of fractal has become of widespread use in physical chemistry since 

the observation of Pfeifer, Avnir and Farin that the surface area of many adsorbents 

diverges in the limit of vanishing area of the adsorbate molecule [20, 21]. 

Of the equilibrium adsorption isotherms observed on real surfaces, three hold particular 

positions. They are: the Temkin isotherm, the Freundlich isotherm, and the Dubinin-Ra- 

dushkevich isotherm, and are reviewed in Refs. [22, 23]. The analysis carried out in 

Ref. [24] of several previously reported, often quoted, adsorption systems has shown 

that the Freundlich and the Dubinin-Radushkevich isotherms are the high-pressure and 

low-pressure limits, respectively, of a unique isotherm referred to as FDR. In turn, the 
FDR isotherm is a special case of a more general isotherm proposed by Jaroniec [25] on 
the basis of a previous idea of Heer [26]. 

The FDR isotherm, improved for describing multilayer formation, is perhaps the func- 
tion with the minimum number of parameters able to represent the most often quoted 

experimental isotherms (namely: N2, O2 or Ar on TiO2 (rutile); N2 or Ar on MgO; N2 or 

Ar on hydroxylated SiO2; N2 or Ar on non-porous A1203 (7 or ~i aluminas); N2, C6H6 or 
n-C6H14 on graphitized carbon blacks; and At, Kr or Xe on porous Ag); to give an idea of 
the quality of the FDR description of real adsorption systems, it may be mentioned that it 
describes accurately the adsorption of argon on porous silver over 10 orders of magnitude 
of pressure and 7 orders of coverage [24]. That the FDR isotherm is not simply a fitting 
scheme for all smooth isotherms (as the BET isotherm manifestly is in the neighborhood 

of the B point) is demonstrated by the following arguments [24]: 

�9 for any given surface a unique energy distribution function explains the observed 
FDR behaviours for different gases provided that the adsorption energies are scaled 

by a factor which depends on the adsorbent-adsorbate pair; and 
�9 the "frozen temperature" TF (defined later, in Eq. (9)) determined for different 

surfaces using the same probe gas varies from one surface to another in relation to 

the preparation temperature just as expected. 

Adsorption on heterogeneous surfaces is conveniently described in terms of ideal ad- 
sorption (i.e., a process described by one or the other model described in the scheme 
of section 3.1.) on a surface characterized by an adsorption-energy distribution function 

9~(q), where 9~(q)dq respresents the fraction of surface with adsorption energy between q 

and q + dq. This picture is usually referred to as homotattic patch approximation. 
In this approximation the overall isotherm (i.e., the functional relationship O(p) giving 

the mean surface coverage 0 as a function of the equilibrium pressure p at constant 
temperature T) is the local isotherm (i.e., the functional relationship | q) giving the 
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coverage O of each homotattic patch with adsorption energy q as a function of p at 

constant T) averaged over all the surface: 

f O(p, q)q;(q)dq (6) O(p) 
"Dq 

where Dq is the set of allowed values of q. The usual choices for O(p, q) are the Langmuir 
isotherm: 

O(p,q) - P 
p -4- PL exp(-q/kBT) (7) 

or the Jovanovic isotherm: 

O ( p , q ) = l - e x p ( - P e x p (  q ) )  
PJ ~ (S) 

where PL and pj are two characteristic pressures whose meaning is not of interest here. The 

above choices are mainly related to a criterion of simplicity. It, is however noted that, though 

the Langmuir model is a highly simplified description of adsorption on homogeneous 

surfaces, its theoretical bases are well ascertained (see however the recent criticism of Ref. 
[27]) and can be extended to the description of multilayer adsorption on heterogeneous 

surfaces in the BET region by a simple formal change [28]. By contrast, the validity of the 
Jovanovic isotherm (an adsorption isotherm proposed by Jovanovic in 1969 to consider 
the desorption-hindering collision of a desorbing molecule against gas-phase molecules; it 
was first derived with kinetic arguments [29], but a statistico-mechanical derivation is also 
known [30]) is still controversial, though the mathematical methods for the solution of the 

integral adsorption equation whose kernel is the Jovanovic isotherm are well established 

[7, 23, 31]. Though there is some arbitrariness in the choice of the local isotherm, it has 

been shown that, quite irrespective of the assumed theoretical adsorption model [32], the 
Temkin isotherm is related in this scheme to a uniform energy distribution fuction, while 
the FDR isotherm is related to an exponential distribution function with Gaussian cut-off 

[33]. These distributions are special cases of the distribution function of any equilibrium 
surface. 

Though this interpretation is now commonly accepted in the interpretation of the clas- 

sic empirical isotherms (Eq. (23), Chapter 6), it must be mentioned that other approaches 
have been proven to account for them [34]. 

3.3. A d s o r p t i o n  i so the rms  on equ i l ib r ium surfaces 
The reasons why the FDR and Temkin are so frequently observed on real adsorbents 

is that the uniform and exponential distributions are the energy distribution functions 

of equilibrium surfaces, i.e. of heterogeneous surfaces grown in equilibrium conditions at 

high temperature and quenched in that configuration. The concept of equilibrium surface 
was demonstrated useful to explain the most common adsorption equilibrium isotherms 

by Cerofolini. In particular, the classic istherms proposed by Freundlich, Dubinin and 

Radushkevich, and Temkin have found a natural explanation in the frame of this theory: 

the FDR isotherm corresponds to the weak heterogeneity limit [35], while the Temkin 
isotherm corresponds to the limit of strong heterogeneity [36]. 
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In its most elementary formulation, in which lateral interactions are ignored and the 
Dubinin-Radushkevich behaviour is consequently lost, the equilibrium surface is charac- 
terized by an adsorption energy distribution ~eq(q) given by 

l 
0 ( )fo 0<q<qm 

~ e q ( q ) -  r F exp q -  qm for qm < q < qM (9) 
kBTF 

0 for qM < q < + e c  

where T~ is a frozen temperature related to the temperature at which the surface was 
grown in equilibrium conditions, and rF is a normalization factor such that 

qM 
P 

/ ~eq(q)dq - 1 
J 

qm 

This condition gives: 

r F = 

1 - e x p  ( qM -- qm) 
kBTF 

According to the analysis of Cerofolini [33], in the weak heterogeneity limit, i.e. for 
qM-  qm >> kBTv, the adsorption isotherm behaves in the high pressure region as 

O(p) ~ OF(p)"-- { (P/Pm)Sl for p < Pm (10) 
for Pm < P 

where Pm -- pLexp(--qm/kBT) and s - T/T~; while in the strong heterogeneity limit, 
< 

i.e. for q M -  qm ~ kBTF but appreciably higher than kBT, the distribution function is 
approximately uniform over Dq and the overall adsorption isotherm behaves in the high 
pressure region as 

0 for O < p < e x p ( - q M - q m )  
-- kBT 

kBT (p__~) ( q M - - q m )  
O(p) ~_ OT(p) "-- l + q M _ q ~ l n  for pmexp -- kBT < p <- pm 

1 for P m < P  

(11) 

Equations (10) and (11) are just the Freundlich and Temkin isotherms, respectively. 
To a certain extent the theory of adorption equilibrium on real surfaces is well esta- 

blished: there are several reviews (see, for instance, Refs. [28, 31, 37]) and two extended 
monographs covering this subject [7, 23]; moreover, several simulation codes are availa- 
ble for the extraction of the energy distribution function from the observed adsorption 
isotherm. 

Trying to extend the description from equilibrium to kinetics, similarities and differen- 
ces are observed. The similarities concern the different theoretical descriptions which are 
possible even for ideal surfaces (essentially related to the possible kinetic order) but do 
not describe the kinetics observed in practical cases; the differences concern the fact that 
a theory of adsorption-desorption kinetics as general and comprehensive as the theory of 
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adsorption equilibrium does not exist yet for real surfaces. This work is devoted to make 

up for this lack. 
Though this approach seems the most economic one, it is worthwhile noticing that 

an inverse approach can also be used. For instance, Crickmore and Wojciechoski propo- 

sed a description of adsorption equilibrium on heterogeneous surfaces in terms of rate 

processes [38]. 

4. D E S O R P T I O N  K I N E T I C S  F R O M  H O M O G E N E O U S  S U R F A C E S  

The rate equations, giving the time derivative dO/d t  of the coverage O of each homo- 

geneous zone forming the surface, are assumed to be of the form 

dO _ 1 0 .  (12) 
dt r 

where r is a characteristic desorption time in principle variable along the surface and u is 

the reaction order. The analysis will be limited to kinetics of the first order (u = 1) and 

second order (u = 2), and to desorption time r independent of O. 

If O0(r) is the local coverage at time t = 0, the rate equation (12) can be solved for all 

u by separation of variables: 

O 

f d O _  t (13) 
O t' T 

O00") 

thus giving a function O = O.(t ,  r). 
Equation (13) can be solved in closed form both for first- and second-order kinetics. In 

fact, defining the coverage variation 

A~(t, T) = Oo(r) -- O.( t ,  r)  

one has 

Al(t ,  r)  = Oo(r)[1 - exp(-t/7)] (14) 

for first order kinetics, and 

O~~ (15) 
/X~(t, ~) - Oo(~)t + 

for second order kinetics. 
The characteristic desorption time 7 is easily related to energetic properties of the 

surface. In fact, elementary kinetic considerations give 

7" -- Toexp (16) 

where To is a characteristic time, E is the activation energy for desorption, kB is the 

Boltzmann constant, and T is the surface temperature.  In most cases one may assume 

To ~ 10 -13 s. 
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5. D E S O R P T I O N  K I N E T I C S  F R O M  H E T E R O G E N E O U S  S U R F A C E S  

In general the desorption kinetics from patchwise heterogeneous surfaces are given by: 

6~(t) = / A,(t,  r)r (17) 
D~ 

where r  is the fraction of surface with desorption time between r and r + dr and 

T~, is the support of r 

Equation (17) originates two problems: 

�9 the inverse problem, related to the extraction of the distribution function r when 
the overall kinetics 6,(t) are experimentally known; and 

�9 the direct problem, related to the calculation of the overall kinetics 6~(t) which are 
expected for a class of surfaces for which the distribution function r can be 
assumed as given. 

The direct problem is not simply the calculation of the integral (17) for given r but also 
requires the specification of this function for the assigned surface preparation conditions. 

The overall amount 6~(t) desorbed at time t depends on the desorption-time distribu- 

tion function r and on the set of initial conditions O0(r). Clearly enough, if one wants 

to extract from the experimental function 6~(t) the distribution function r one must 

operate in conditions for which O0(r) is known. In the sequel the attention will therefore 

be limited to the case of O0 constant with ~-. If O0(~-) does not depend on v, one may, 

without loss of generality, take O0 = 1, so that Eqs. (14) and (15) become 

Al(t, r) = 1 - exp(-t/r) (18) 

and 

t 
A2(t, r) = (19) 

t + T  

respectively. 
At this stage of development the theory is already mature to allow the extraction of r 

from 6,(t). In fact, since both kernels (14) and (15) do not depend on t and ~- separately, 
but only on the ratio t/r, the integral (17) can be reduced to a convolution integral which 

can be solved for r by standard techniques taken from the theory of Fourier transform. 
These rigorous methods, however, are not flexible and do not allow people to understand 

the physical meaning of the parameters contained in the experimental datum. 
The theory proceeds more easily specifying the desorption time -r as in Eq. (16). Since in 

most cases w0 may be assumed to be a constant, ~-0 ~ 10-13 s, the unique random variable 

characterizing the surface in desorption experiments is E. Rather than describing the 
surface with the distribution function r it is convenient to describe the surface with 
the distribution function ~(E),  where 9 (E)dE  is the fraction of surface with desorption 

energy between E and E + dE. Since in the desorption kinetics of physisorbed molecules 

one may reasonably assume that E coincides with the adsorption energy q, and since 

~(q) can be determined from adsorption equlibrium isotherms, the above choice of the 
independent variable gives the possibility to compare the results of the theory under 

development with those of a well established theory. 
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Defining 

h.(t, E) 

where "r(E)is given by Eq. (16), Eq. (17) becomes 

+or  

3,(t) - [ /~,(t, E):(E)dE (20) 

0 

Equation (20) is specialized to the form 

+co  

~ 1 ( , ) - I  [1 exp(  - -~0 exp ( -  k--~))]  : ( E ) d E  (21) 
0 

for first order kinetics, and 

+oo 

~2(t)-  t+r0exp'  (~E)~o<E)dE (22) 

for second order kinetics. It is noted that, though the integration interval has been taken 
(0, +oo), in practice the support DE of qn(E) is contained in a finite interval (Em, EM). 
These integral representations of the time variation of the average surface coverage are 
the basic equations of the model. 

The following three sections (from 6 to 8) are taken from the comprehensive theory of 
desorption kinetics developed by Cerofolini and Re [39]. 

6. T H E  I N V E R S E  P R O B L E M  F O R  D E S O R P T I O N  K I N E T I C S  

A close inspection of kernels (18) and (19) with r given by Eq. (16) shows that they 
resemble strictly the Langmuir isotherm (7) and the Jovanovic isotherm (8), respectively, 
of equilibrium adsorption on homogeneous surfaces. Though the analogy is not complete 
(in fact, assuming the one-to-one correspondences p ~ t and q ~ E, the equilibrium equ- 
ations do not depend on p and q separately but rather on the function pexp(q/kBT), while 
the desorption kinetics do not depend on t and E separately but rather on the function 
texp(-E/kBT) (note the different signs of the exponents), many of the mathematical 
methods developed for the theory of adsorption equilibrium on heterogeneous surfaces 
can be extended to desorption kinetics from heterogeneous surfaces. 

For both the Langmuir and Jovanovic isotherms several exact methods exist for the de- 
termination of the energy distribution function ~(q) when the overall adsorption isotherm 
is precisely known. Rather than trying to modify these exact methods for desorption kine- 
tics, this work will use two approximate methods which give simple analytical expressions 
for the distribution function in terms of derivatives of the overall isotherm, and which 
allow a better and more friendly analysis of results. 
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6.1. Condensation approximation 
The condensation approximation (CA) was introduced in the study of equilibrium 

adsorption on heterogeneous surfaces by Roginsky in the forties [40, 41]. However, it 
was only after Harris's rediscovery [42] and Cerofolini's systematic application to realistic 
model isotherms [43] that this method has become of wide use in the analysis of real 
adsorption systems. 

The CA consists in replacing the kernel /~( t ,  E) by the step function 

1 for t>_t~(E) (23) 
A : ( t , E ) -  0 for t < t C ( E )  

C where the function t~(E) is determined by minimizing the distance d between the local 

kinetics A~(t,E)and their approximant (23): 

d [ ~ ( t ,  E), AC(t, E)] - min. (24) 

It is immediately verified that condition (24) is satisfied for the Lagrangian distance and 
L 2 distance by taking 

if(E) = [ u -  1 + l n ( 3 -  u)]T0 exp(E/kBT). (25) 

which applies to first order and second order kinetics. 
Defining the inverse function of (25) 

e~, - kBT In [ v -  1 + ln(3- u)]ro 

and putting 

one has 

C~ 

~ ( g ~ ) -  f ~ c ( E ) d E  (26) 
- - o o  

Of course, the solution of Eq. (26) will in general differ from the solutions of Eqs. (21) or 
(22); for this reason the distribution function ~ c ( E )  in Eq. (26) has been denoted with 
the index "c". Equation (26) is immediately solved by a differentiation with respect to g'~" 

0 ~ ( ~ )  (27) 

Since g'2 - g'l + kBTln(ln 2) and dg2 - dgl the distribution function calculated in the 
hypothesis of first order kinetics coincides with that calculated in the assumption of second 
order kinetics provided that the energy axis is shifted by an amount -ksT ln ( ln2 )  = 
0.367ksT 

The approximation involved in this method can be evaluated with the methods deve- 
loped by Harris [42] and Cerofolini [43]; it is mentioned without further discussion that 
Eq. (27) gives an adequate description of the distribution function ~(E) provided that 
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the energy spectrum ~)E is much wider than ksT, E M -  Em >> ksT, and ~o(E) varies 
smoothly with E 

~'(E)/~(E) (( 1/kBT (28) 

6.2. Asympto t ica l ly  correct  approx imat ion  
The asymptotically correct approximation (ACA) was first introduced by Hobson [44] 

for the description of adsorption equilibrium on heterogeneous surfaces; it has however 
become of wide use in the analysis of adsorption isotherms only after Cerofolini's investi- 
gation of the involved errors (which are of the same order as in the CA) and demonstration 
of its usefulness in determining the maximum adsorption energy [28]. The ACA can be 
extended to desorption kinetics by replacing the supposedly true desorption isotherm 
kinetics A~(t,E) with their asymptotic limits. Since 

t ---. 0 => Vu- i . ( t ,E ) . -~  t e x p ( k B - ~ )  
7"O 

and 

t ~ 0 =~ Vu" i . ( t , E )  --+ 1 

the following asymptotically correct kinetics A~(t, E) seem to be reasonable approxima- 

tions of the supposedly true kinetics z~(t, E)" 

1 for 
A~(t, E) - (t/ro) exp(-E/kuT) for 

t >_ t~(E) (29) 
t t~(E) 

where the function t~(E) is determined by minimizing the distance d between the local 

kinetics A~(t,E)and their approximants (29): 

d [/~(t, E), A~(t, E)] - min. (30) 

It is immediately verified that condition (30) is satisfied for the Lagrangian distance and 
L 2 distance by taking 

t~(E) - r o e x p ( E / k B T )  (31) 

irrespective of kinetics order. 
Since t~(E) - t~(E), the inverse function of t~(E) is the same as of t~(E). Defining 

the inverse function of (31), g - kBTln(t/r0), and putting (5(g) - 5~(t(E)) (where the 

index u has disappeared in (5(g) because the ACA approximation of the actual desorption 
kinetics does not depend on reaction order u), one has 

E +0o 
(5(g)-- / ~ ( E ) d E - e x p (  r E k--~) / exp ( - k - ~ )  ~%(E)dE 

--oo C 
(32) 

Since the solution of Eq. (32) will in general differ from the solutions of Eqs. (21) or 
(22), the distribution function ~ ( E )  has been denoted with the index "a". Equation 
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(32) may be solved by differentiating with respect to `5, multiplying both members by 
kBTexp (-`5/kBT), and differentiating again with respect to ,5; the result is 

~ ( g )  = 0(~(`5) '- ~02~(`5) (33) 
Og ~B ~ -dg ~ 

The degree of approximation involved in this method can be evaluated with the methods 
developed by Cerofolini [28]. Without discussing this matter in detail, it is immediately 
realized that CA and ACA give comparable results, at least for second order kinetics. In 
fact, combining Eqs. (27) and (33)one has 

9%(`5) - 9%(`5)- kBTg~:(`5) - ~c(`5)[1 - keT~'c(g)/9%(`5)] 

so that if the condition (28) for the validity of the CA method is satisfied, one has 

Appreciable differences may occur only in the regions where 9%(`5) ~- 0. 

6.3. Beyond the second order approximation 
Cerofolini and Re have extended the analysis of the overall desorption kinetics beyond 

the 2-nd order approximation by using the methods developed for equilibrium adsorption 
by Nederlof et aI. (logarithmic symmetrical local isotherm approximation) [45], Rudzifiski 
and coworkers (3-rd order approximation) [46, 47, 48, 49], and Re (n-th order approxima- 
tion) [50]. Details are given in Ref. [39]. 

7. E X P L A I N I N G  THE ELOVICH E Q U A T I O N  IN TERMS OF SURFACE 
H E T E R O G E N E I T Y  

In this part we shall discuss Eq. (3) in the light of the CA method; the obtained results 
will later be adjusted to take into account the ACA correction to the distribution function. 

7.1. The Elovich equation in the condensation approximation 
Let us first consider second order kinetics. The Elovich equation (3), expressed in terms 

of `5, reads 

{ rEln( lq_  ~-o ( 5̀2 ) )  

5 M for `52M < `52 < -4-CX2 

where 

~2M = ~2m Av k s T l n ( e x p ( ~ M / r E )  - 1) 

with 

~2m--- kBTln(tm/TO) 
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In the sequel the index "2" to g and ~ will be omitted to have more manageable 
expressions. The application of Eq. (27) to (34) gives: 

/ rE/t~M exp (E -- Em) / [1 q- exp (E -- gm)] for 
~c(g) -- kBT kBT kBT 

0 for 

-0r  < ~" < CM 

gM < g  < +er 

(35) 

whatever is the value of ~M. A study of the distribution function (35) shows the following 
limiting behaviours" 

 c(e) ~ 

rE/~M exp ( g  -- Cm ) 
kBT kBT 

for -oo < g < gm-- ksT 

FE/~M for Em-  kBT < E < CM (36) 
ksT 

0 for CM < 8 < +cx~ 

Of course, the calculated distribution function cannot be an arbitrary function of g and 
must satisfy the mathematical conditions of non-negativity and of normalization; physical 
conditions too have to be satisfied: for instance, ~ ( g )  must be identically null for g < 
0 and must be temperature independent. There is no choice of s and s for which 
function (35) is temperature-independent; however, the asymptotic expansion (36) shows 
that ~c(g) varies with T only in a region centred on Cm of width O(ksT), while the 
calculated distribution function is approximately constant in the whole interval (gm,~'M) 
provided that the extremes ~'m and ~'M, and therefore the difference EM- Em, are constant 
with T. 

Equation (36) states that ~'M must therefore be interpreted as the maximum adsorption 
energy 

gM -- EM 

while the distribution function vanishes exponentially with g - gm for g ~< gm; in a way, 
gm must be interpreted as an estimate of the minimum adsorption energy 

Em~Em 

Since in general 9~(E) # ~c(E), even the maximum desorption energy E h determined 
within the CA is in principle different from the true desorption energy EM. The normali- 
zation condition for ~c(g) 

E~ 

f ~c(g)dg 
- - o o  

--1 

gives the following equation for E~" 

rE in (1 + e x p (  E ~ - g m  
kBT ) ) - - S M  
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whose solution is 

( ( , M ) )  'M 
E ~ - g m - k B T l n  exp - -  - 1  ' ~ k B T - -  (37) 

rE 

Combining this relationship with the physical meaning of gm and gM, one eventually gets 
themeaning and the temperature dependence of the parameters t m and rE: 

tm ~ To exp(Em/kBT) (38) 

with gm ~ Em, and 

rE ~ 5MkBT/f~ (39) 

with f~ = EM -- Em -~ CgM -- Cm being the width of the energy spectrum. 
Figure 2 shows the distribution functions calculated for second-order kinetics in the 

frame of the condensation approximation for Elovich equations with different values of f~ 
- -  it is immediately seen that the larger is the ratio f~/kBT (i.e., the more accurate is the 
calculated distribution function) the more q~c(g) resembles a uniform distribution. 

kBT0c (e) 

0.2" 

0.1. 

f 

5 

a/kBT=S 

g~ / kBT=10 

El / kBT=20 

10 15 20 

1~ - -  E m 

Figure 2. Distribution functions for Elovich equations with different values of f~. 

When first order kinetics are considered, the Elovich equation (3) reads 

~lmM(gl ) -  / rElnsM (1 + 
r ~  for O C < ~ I  <~IM m 

tm 

for ~'IM < s < -~-~ 

where 

~IM -- ~'lm -Jr kBTln(exp(SM/rE)- 1) 

with 

(40) 

(41) 

~lm -- ]~B T ln(tm/WO) -- kBT ln(ln 2) (42) 
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The application of Eq. (27) to Eq. (40) gives a distribution function with the same shape 
as (35) in which g2, g2m and E2M are replaced by ,51, ,51m and ,51M, respectively. All the 
considerations on minimum and maximum adsorption energies made for second order 
kinetics therefore apply to first order kinetics provided that ,52m and E2M are replaced by 
Elm and ,51M, respectively, as calculated from Eqs. (41) and (42). 

It is noted that, irrespective of kinetic order, the condition of validity of the CA is that 
the dispersion of the energy spectrum is much wider that kBT; this condition is satisfied 
only for rE/6M << 1, which is the condition for the validity of the above argument. Note 
that when this condition is satisfied, the difference between the calculated distribution 
functions for first- and second-order kinetics, consisting of a shift of the order of kBT on 
the energy axis, is negligible. 

7.2. The Elovich equation in the asymptotically correct approximation 
A direct application of Eq. (33) to Eq. (34) gives: 

~ ( E )  - 

(C--gm 
rE/6M exPk kBT ] 

kBT l + e x p ( ~ - ~ m )  
kBT 

exp ( g - gm 
kBT ) 

[1 
kBT 

for - - c r163163  

0 for g M < $ < + c c  

(43) 

The correction brought, by the ACA to the CA 

r E / 6 M  g--gin [1 exp kBT )] kBT exp(  kBT ) /  + (s163 2 

is non negligible only for [ g -  gml/kBT < 1 (the above correction is rigorous only for 
second order kinetics; for first order kinetics the final considerations of the previous part 
apply); for large [g -  gm[ the correction vanishes exponentially irrespective of the sign of 
the difference g -  gin. Moreover, it is immediately seen that the asymptotic values of this 
correction for large negative values of g -  gm is almost exactly equal, but of opposite sign, 
to the CA distribution function, so that these terms cancel each other. The disappearance 
in the ACA of the exponential tail calculated in the CA for g < gm strengthens the 
previous tentative interpretation of Em as minimum desorption energy Era. 

The normalization condition for ~ ( g )  

E~ 

f ~ ( g ) d g -  1 
--(:X3 

gives the following condition for the maximum desorption energy E~ consistent with ACA: 

(E~ Em) 
rEin (1 +exp ( E ~ -  gin)) exp kBT 

kBT - rE = 6M 
1 + e x p ( E ~ - g m )  

kBT 
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For E ~ -  Cm >> kBT this equation gives: 

E ~ -  Cm ~ kBT(1 + ~M/rE) (44) 

which puts in one-to-one correspondence maximum desorption energy and kinetics com- 
pletion. The comparison of Eqs. (37) and (44) shows that there is a small discrepancy 
between the estimates of EM obtained in the frames of CA and ACA; this discrepancy is 
however of the order of kBT and becomes negligible in the range of validity of the CA and 
ACA kBT/f~ << 1. More dangerous is the ACA internal consistency between the ma- 
ximum desorption energies as follow from Eq. (43) and the normalization condition: the 
ACA distribution function should extend up to E~ to be normalized while it is identically 
null in the interval (s E~); this inconsistency is however of minor practical importance 
since the width of this interval is of the order of kBT. 

In conclusion, the explicit form of the Elovich equation as follows from the combined 
application of the CA and ACA is therefore 

emM(t) = 

- ~ l n  l + - - e x p  - for 0 < t < T o e x p  Em+f~ 
ro -- kBT 

5M for r o e x p ( E m + f ~ )  < t  
kBT -- 

(45) 

8. A D I R E C T  P R O B L E M  IN D E S O R P T I O N  K I N E T I C S  

I S O T H E R M S  F R O M  E Q U I L I B R I U M  S U R F A C E S  

D E S O R P T I O N  

This section is devoted to the calculation of the desorption kinetics from a heteroge- 
neous surface characterized by a desorption energy distribution function ~eq(E) given by 
Eq. (9) with E = q, i.e. of the desorption kinetics from a surface which in equilibrium 
conditions obeys the Freundlich or Temkin isotherm. The local desorption kinetics will be 
assumed to be of the first order. 

Inserting Eq. (9)in Eq. (21)one has 

EM 
t E E -  Em 

~51(t)-- / [ 1 - - e x p (  7"0 
____ exp ( _  k__~))] rF 

kBTF exp (-- kBTF ) dE (46) 
Era 

Putting 

Tin ~- r o e x p ( E m / k B T )  

rm = roexp(Em/kBT) 

z = (t/Tin)exp(-(E - Em)/kBT) 

Eq. (46) becomes 

51( t ) -  1 + rFs zS-le-Zdz 

t / Trn 

(4r) 
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with s = T/TF as in Eq. (10). This overall isotherm can be expressed in terms of higher 

transcendental functions: 

(~1 (t) -- 1 + rFs [F(s, t/rm) - P(8, t/TM)] (48) 

where 

z0) = ] F(s, zs-le-Zdz 

ZO 

is the incomplete gamma function (Ref.[51], Chapter 6). 

It is difficult to recognize in which conditions the isotherm (48) is reduced to the 

Elovich behaviour. This goal is better accomplished by computing the integral (21) using 

a uniform distribution function, which is the strong-heterogeneity limit of the distribution 

function of equilibrium surfaces. In this case Eq. (21) becomes: 

EM 
( ~ 1 ( ) - - /  [1 e x p (  t E ~--dE , e n d (  ))] 

Em 

With the previous definitions, Eq. (49) becomes: 

t/Tm 
ksT Ib dz 

51 (t) - 1 / a e-Z z (50) 

t /~M 

which can be expressed in terms of higher transcendental functions: 

51(t) -- 1 - ~-~T[nl(t/-rM)- El(t/Tm)] (51) 

where 

+oo 
/ *  dz 

El(z0) "-  J e -~ 
z 

z0 

is the exponential integral (Ref.[51], Chapter 5). (To ~void confusion between the expo- 

nential integral El(---)  and the desorption energy E, the roman has been used for the 

former and the italic for the latter; moreover, the index "1" in El ( - - ' )  has a different 

meaning from the same index in 5~(t).) For identifying the logarithmic behaviour it is 

then convenient to limit the attention to any time t in the interval (Tm, TM) and divide 

the integration interval in two parts 

tl,m 1 tl,m 
/ dZ / e _ z d z  / dz e - z _  = __ + e - z -  

z z z 

Since e -z = O(1) for t/TM < z _< 1, one has 

1 
/ dz 

e - ~ -  ~_ -- ln(t/vM) 
z 

t /rM 
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this approximation being a good approximation for t close to rM; z -1 can in turn be 
assumed to be constant with respect to e -z for 1 < z <_ t/Vm, SO that one has 

t / ~rm 

/ e -zd--ff-z -- O(1)e -1 [ 1 - - e  -(t/~-m-1)] 
z 

1 

Combining the above estimates, the isothermal kinetics (51) behave as 

(~l(t) "~ l - - ( kBT / f~ ) { - - l n ( t / 7 -M) - t -O( l ) e  -1 [l--e-(t/rm-1)]} 

= 1 + ( k s T / f ~ ) { l n ( t / V m ) -  Ft/kBT - O(1)e -1 [1 -e-(t/~m-1)] } 

= (kBT/a) ln( t / rm) (kBT/ f l )O(1)e  -1 [1 - e - ( t / rm-1)]  (52) 

Since the factor O(1) becomes o(1) for t close to tM and the correction to the logari- 

thm behaviour vanishes as O(1) t / r~  for t close to tm, the approximate estimate (52) of 
(51) proves that the Elovich desorption kinetics are expected to be observed on strongly 

heterogeneous surfaces which in equilibrium conditions obey the Temkin equation. For a 
simplified demonstration that the Elovich equation is expected to be observed in the 
desorption from heterogeneous surfaces, see Refs. [22, 52]. 

9 .  C H E M I S O R P T I O N  K I N E T I C S  O N  H O M O G E N E O U S  S U R F A C E S  

The first observation of a chemisorption process obeying Eq. (1) was probably reported 

by Zeldowitch in 1934 for the catalytic oxidation of CO on MnO~ [10]; a later study of the 
chemisorption of CO and CO2 on MnO2 demonstrated that Eq. (1) was satisfied [11]; but 
it was only after the discovery that Eq. (1) describes also the chemisorption of hydrogen 
and ethylene on a catalyst of reduced NiO [12] that this equation became of wide use. 
That Eq. (1) is indeed widely observed in chemisorption was confirmed by Taylor and 
Thon who analyzed previously published results for 10 systems and found that they were 
described by the time-logarithm law [53]. An extended list of adsorbent-adsorbate systems 
obeying the Elovich equation is given in Aharoni and Tompkins's review [14]. 

The chemisorption rate equations are 

dO 1 
- - = ( 1  - O )  ~ ( 5 3 )  

dt r 

where O is the coverage, v is the reaction order and r is a characteristic adsorption time, 

which in principle is a local property of the surface. Proceeding as for desorption kinetics, 
one has 

O 
dO 

/ ( 1 - O )  ~ 

t 
= - (54) 

T 

Putting 

zx~(t, ~-) = o ~ ( t ,  ~-) - Oo(T) 
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the integration of Eq. (54) gives 

Al(t, ~-) -- [l - Oo(T)] [1 - exp ( - t ) ]  (55) 

for first order kinetics, and 

Au(t, T) - [1 - Oo(T)] 
[ 1 -  Oo(r)]t 

[1-Oo(r)]t+r 
(56) 

for second order kinetics. 
The comparison of Eqs. (55) and (56) with Eqs. (14) and (15), respectively, shows that 

if O0(r) is constant with r (in particular, if Yr : O0(r) = 0) the chemisorption kinetics 
have the same formal expressions as the desorption kinetics so that the considerations of 

Section 5 apply here. 
The major differences between chemisorption and desorption are the dependences of 

the associated characteristic times r on surface properties. 
A time-logarithm behaviour can be recognized neither in Eq. (55) nor (56), so that 

the Elovich kinetics cannot be understood in terms of chemisorption kinetics on ideally 
homogeneous surfaces. 

The first attempts for understanding the time-logarithm law started immediately after 
its experimental discovery [11]. However, the first systematic search of the reasons expla- 
ining the Elovich equation is probably due to Porter and Tompkins [54]. These authors 
assumed that the time-logarithm law (1) is observed during activated chemisorption and 
interpreted the resulting equation in terms either of pre-existing surface heterogeneity or 
of variation of the activation energy with coverage during the process (induced heteroge- 
neity). 

10. THE F I X E D - H E T E R O G E N E I T Y  M O D E L  IN C H E M I S O R P T I O N  

Dealing with non-equilibrium situations, it is not necessary for describing the adsorp- 

tion kinetics to stipulate that the gas temperature Tg coincides with adsorbent tempera- 
ture T. According to the kinetic theory of gases, the flux r of molecules impinging the 

unit area per unit time is given by: 

r  P 

2~m kB Tg 

where p is the gas pressure and m is the molecular mass. The characteristic time ~- required 
to cover the surface with a fraction O(1) of monolayer is therefore given by: 

1 p 1 (57) 
"I" ~ N s a  

where Nsa is the available area (Ns being the number of sites per unit area and a the 
cross section of each site) and a is the sticking coefficient (i.e., the probability that after 
the collision the molecule sticks at the surface). Of the quantities which define ~-, only a, 
N~ and a depend on the surface. Assuming the topographic equivalence of all zones of 
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the surface, a alone can be considered as a local property. This quantity is expected to 

depend on Tg and T as well as on gas-to-adsorbent mass ratio, because the adsorption 

requires that most of the impinging kinetic energy is absorbed by the target during the 

impact, whose duration is in the time scale of 10 -11 s. Direct experimental information 

on the sticking coefficient is poor, due to the difficulties of measuring this quantity in a 

high vacuum (anisotropic gas flows, pressure and temperature gas non-uniformities, etc.). 

10.1. P h y s i s o r p t i o n  
For physisorption more accurate information can be obtained by molecular dynamics 

simulations. These simulations, usually performed on model systems of spherical particles 

interacting via a Lennard-Jones potential to minimize computation time rather than to 

mimic any particular material, show that in this case condensation is a rapid and efficient 

phenomenon without significant hopping after condensation. In particular, considering 

the impact of projectiles with the same mass as the atoms forming the adsorbent (that 

allows an efficient energy transfer to the solid) and ignoring adsorbent temperature, recent 

simulations have shown that trajectories that arrive close to binding sites regain only a 

small fraction of the energy imparted to the solid and therefore have a chance of the order 

of unity to be trapped [55]. 
The condensation process in physisorption can therefore be regarded as a very efficient 

process with sticking coefficient close to unity quite irrespective of the considered adsorp- 

tion site: cr _~ 1. The constancy of cr implies the constancy of ~- so that, quite irrespective 

of the homogeneous or heterogeneous structure of the surface, no Elovich behaviour is 

expected for physisorption kinetics. 

10.2. A c t i v a t e d  chemiso rp t ion  
The above conclusion applies as well to non-activated chemisorption. In chemisorption, 

however, the chemical specificity of the reaction is such that factors like the crossing 

of electronic curves, the existence of steric constraints, and the coupling with the heat 

reservoir are expected to play a fundamental role, so that no general rule can be specified. 

Considering that the Elovich behaviour usually describes the chemisorption of molec- 

ules, one may argue that in the situations where the Elovich equation is observed, chemi- 

sorption is an activated process. 

During the last years significant information on chemisorption rates of translationally 

excited molecules has been obtained. This process is dominated by the normal component 

of the translational energy [56]. If one assumes that the sticking coefficient is 1 when this 

quantity is higher than the activation energy E of the process and 0 otherwise, one gets 

that, due to the Boltzmann distribution of energies, only a fraction exp(-E/kBT)  of the 

impinging flow p/x/'27rmkBT has a sufficient energy to penetrate the chemisorption valley 

and hence to react with surface atoms. Equation (57) is thus replaced by: 

1 p 1 

r V/27rmkB Tg Nsa 

so that, in view of the complete formal analogy discussed above between adsorption and 

desorption kinetics and of the conclusions of Section 7, the Elovich law observed in che- 

misorption kinetics is simply explained in terms of a surface characterized by a uniform 

distribution of activation energy E the Elovich chemisorption isotherm is expected to 
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be the kinetics of activated chemisorption on energetically heterogeneous surfaces with a 

uniform distribution of activation energy. 

11. T H E  I N D U C E D - H E T E R O G E N E I T Y  M O D E L  IN C H E M I S O R P T I O N  

In the induced-heterogeneity model the chemisorption process is assumed to be an 

activated process and the clean surface is considered as homogeneous and characterized 

by chemisorption kinetics with activation energy E0. 
As the process progresses the chemisorption activation energy is then assumed to in- 

crease from E0 to a value E(O) depending on the coverage O. If one stipulates that 

chemisorption kinetics are described by the rate equation: 

dOdt = Ro exp (-kBTE(O)) (58) 

(where R is suitable kinetic coefficient independent of O) and E depends linearly on O: 

E(O) = E0 + ~O 

(where w is a parameter giving the strength of lateral interactions), then one obtains 

a differential equation which coincides with Eq. (5) (and therefore can be integrated in 

closed form to give the Elovich behaviour) provided that 

kBT ( E o )  
= exp (59) 

tm wRo ~BT 

and 

rE = kBT/w 

Irrespective of the assumed theoretical framework (fixed or induced heterogeneity), the 

parameters rE and tm have the same meaning: Eqs. (38) and (59) state that tm is essentially 

related to the minimum activation energy for chemisorption, while Eqs. (39) and (60) state 

that rE is the width of the domain of activation energy measured in units of kBT. 
Though the above derivation of the Elovich equation is very economic and succeeds in 

furnishing the empiric parameters rE and tm with precise microscopic meaning, Eqs. (39) 
and (38) respectively, one cannot be completely satisfied of it because of the following 

reasons: 

�9 it is not clear why the r.h.s, of Eq. (58) does not contain a factor like ( 1 - O )  ~ which 

limits the chemisorbed amount for long adsorption t i m e -  see Eq. (53); 
�9 in many situations of practical interest the adsorbent is highly dispersed, that makes 

it difficult to accept that lateral interactions are responsible for the overall kinetics; 

and 
�9 a linear dependence of E on O in the whole coverage range is undoubtfully a poor 

description of lateral interactions between chemisorbed molecules. 
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The last point deserves a special discussion. In fact, due to the short-range nature of 

the forces involved in chemisorption, E(O) is expected to depend on O only for O > 1/c, 

where c is the coordination number (i.e., the number of nearest neighbours) of each 

adsorption site. Since the Elovich behaviour is associated with the final stages of the 
process, this is not a serious difficulty in activated chemisorption, where the appearance 

of the logarithmic kinetics is associated with high coverage. 
The above chemisorption model can formal ly  be extended to desorption kinetics. In 

fact, assuming the same rate equation as in Eq. (58) 

dO ( E ( O ) )  
dt - R0 exp - kBT 

(except, of course, for the sign of the derivative) and a linear decrease of E with O, 

E ( O )  : E0 - w O  

one gets a differential equation which coincides with Eq. (5) provided that the coefficients 
they contain satisfy certain conditions. This derivation, however, is only formal since 
the logarithmic behaviour is associated with the final stages of the desorption process 
where the coverage is negligible and E becomes independent of O. For this reason induced 

heterogeneity was not considered in the section devoted to desorption kinetics as a possible 

responsible for the Elovich behaviour. 

12. T H E  S U R F A C E - R E C O N S T R U C T I O N  M O D E L  IN C H E M I S O R P T I O N  

While both the fixed-heterogeneity model and the induced-heterogeneity model ascribe 
the Elovich behaviour to (pre-existing or chemisorption-induced) energetic factors, the 
model proposed by Landsberg [13] ascribes it to topographic factors, related to surface 
reconstruction during chemisorption. The following description applies to chemisorption, 

but rnutatis mutandis  it can be extended to oxidation. 
Landsberg postulated that: 

(L1) chemisorption occurs via. the collision of impinging gas-phase molecules on free sur- 

face sites; 
(L2) chemisorption is responsible for surface reconstruction via generation of new sites 

at a rate proportional to the chemisorption rate; and 
(L3) each newly exposed zone has the same topography as the surface from which it was 

generated. 

12.1. Kine t ics  
The Landsberg model can be formalized as follows. Assumption (L1) reads 

dN p 
- -  N s . a O r  

dt r 
(61) 
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where N and Ns. are the numbers of chemisorbed molecules and available chemisorption 

sites, respectively, both referred to the unit geometric area. The model described in Section 

9 for first-order chemisorption on homogeneous surfaces is reproduced by taking 

N - NsO 
m~. - ms(1 - O) (62)  

N~ - constant. 

Landsberg, however, did not, accept assumptions (62) and postulated (L2); in so doing he 

postulated that chemisorption has two contrasting effects: on one side the chemisorption 

of a molecule deactivates one site, but on another side it is also responsible for the cre- 

ation of newly exposed area and hence of new adsorption sites. This can be restated by 

assuming that the active area lost per unit time and unit geometric area is b d N / d t ,  where 

b represents the net lost area per chemisorbed molecule. If the reconstruction mechanism 

is such that (L3) is satisfied, the number of available sites per unit geometric area evolves 

with time as 

dN~. = b d N  N 
dt dt s. 

= P abcrN 2 (63) 
S *  j2 mk.   

Equation (63) can be integrated by variable separation and gives 

Ns.(0) = 1 + P Ns.(O)abcrt (64) 
Ns.( t )  ~ 2 ~ m k s T g  

where N~.(0) is the density of surface sites at time t = 0. Inserting Eq. (64) into Eq. (61) 

one gets a differential equation which can be solved by variable separation: 

1 ( l + b t )  (65) U(t )  - -b In 

with a - V/27rmkBTg/pNs.(O)acr. The comparison of Eq. (2) with Eq. (65) shows that 

they coincide for rE = 1/b and tm = o~/b, and therefore provides the empirical parameters 

of the Elovich equation with a microscopic structural meaning. 

In modern language assumption (L3) states that the surface reconstructs in a self-similar 

way. Though the exact mathematical specification of this self-similarity is an open pro- 

blem, the appearance of the Elovich equation seems essentially related to a fractal nature 

of the reconstructed surface; this property is immediately understood by observing that 

the number of molecules accomodated on a given finite geometric surface area diverges as 

t ---+ +cx~. 

The increase with time of the number of chemisorbed molecules is independent of b in 

the linear regime 

t --+ 0 =~ N ~ t /c~ 

and varies inversely with b in the long-time regime 

1 1 
t - ~ + o o = ~ N ~ l n  b ~ l n t  
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Though Landsberg considered only the case b > 0, the case of negative b is interesting 

too and deserves an analysis. For b < 0 the solution of Eqs. (61) and (63) reads 

1 (1 ]b] t )  
N(t) - - ~ T  In - . (66) 

For b > 0 the surface reconstruction leads to a smooth increase with t of the chemisorbed 

amount,  in such a way that  the number of chemisorbed molecules diverges only for t 

+ec;  for b < 0 the surface reconstruction is sudden and leads to a divergence of N 

at a finite time too, too = c~/Ib I. Though the case b < 0 may appear quite formal, the 

fragmentation of the sphere-like support of Ziegler-Natta catalysts produced during olefin 

polymerization in industrial heterogeneous processes provides an example of Landsberg 

reconstruction with b < 0. 

12.2. Structure 
The study of adsorption on fractal surfaces has become in last years an extremely active 

field of research; Landsberg model may be considered as an early study in this field. The 

mechanism hypothesized by Landsberg has truly interesting properties: 

�9 while adsorption on fractal surfaces is expected to produce surface defractalization 

[57], in the surface-reconstruction model adsorption is responsible for surface frac- 

talization; 

�9 in Landsberg model fractalization is described as a chain reaction; for b > 0 frac- 

talization proceeds quietly and is completed only at t = +ec ,  while for b < 0 

fractalization occurs explosively and is completed at a finite time; and 

�9 the fractal nature of the fully reconstructed surface is essentially different from the 

fractality of common adsorbents. 

This last point deserves a special discussion. In fact, according to the seminal work of 

Pfeifer, Avnir and Farin [20, 21], highly dispersed adsorbents were found to have frac- 

tal surfaces; the fractal nature of the surface was established by measuring with the 

BET technique the surface area using adsorbents with scaled sizes and observing that  

the extrapolation to null size produced an infinite area. In Landsberg's model, by con- 

trast,  adsorption generates a surface whose area, measured with a molecular probe of 

assigned size, increases continuously as adsorption proceeds. The infinite surface area of 

a Landsberg-reconstructed surface is actual (i.e., it can be measured with real molecular 

probes) though for b > 0 it is obtained only for t ~ +ec;  the infinite surface area of a com- 

mon fractal adsorbent is potential (i.e., it results from an extrapolation process in the limit 

of null size of the adsorbed probe). In a way the complexity of a Landsberg-reconstructed 

surface is greater than that  of highly dispersed fractal adsorbents. 

Chemisorption is manifestly responsible for a swelling of the original surface that  com- 

plicates the understanding of surface topography. Information on the topography of the 

reconstructed surface can be obtained by considering the region involved in chemisorption 

expressed in terms of original adsorbent. Fractalization proceeds via a progressive increase 

with time of N or of the thickness x of the adsorbent region involved in the fractalization 

process. There are two possibilities: either N(t) + Ns.(t) increases with t faster than x(t) 
or not. In the latter case the peak-to-peak roughness of the chemisorbed layer increases 
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with t and the layer does never revert to a continuous homogeneous phase; otherwise at 

a certain time t. - d t ,  with t. such that 

N(t)  + N~.(t) = Qx(t) 

(where Q is the atomic density of the compound formed after chemisorption), the surface 

will attain its maximum fractal dimension, while at t = t. all the layer of thickness x(t .)  

will be constituted by the chemisorbed compound, thus producing a flat two-dimensional 
surface. This chemisorption-induced fractal-to-flat transformation can be viewed as a new 

kind of (inter)phase transition. 

13. C O N C L U S I O N S  

Surface heterogeneity has ever been considered to play a major role on adsorption 

[desorption] kinetics on [from] real surfaces and on heterogeneous catalytic processes. 

In fact, the most frequently observed kinetics which deviate from the theoretical first- or 
second-order ones, i.e. the time-logarithm law commonly known as Elovich equation, have 

in most cases been interpreted as due to surface heterogeneity. 
Heterogeneity has been described in terms either of pre-existing differences in the acti- 

vation energies of the adsorption-desorption process (intrinsic heterogeneity) or of varia- 

tion of the activation energy with coverage during the process (induced heterogeneity). 

Though both chemisorption and desorption kinetics can be explained by a model in 
which the surface is characterized by a fixed heterogeneity with a uniform energy distribu- 
tion function, in chemisorption other explanations are possible, like induced heterogeneity 

or surface reconstruction. 
It is therefore not unreasonable to ascribe the wide observation of the Elovich behaviour 

in chemisorption to the occurrence of one or the other of the considered models (surface 

heterogeneity, induced heterogeneity, or surface reconstruction), and to ascribe the smaller 
set of systems following the Elovich behaviour in desorption to a unique model fixed 

surface heterogeneity. 
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Chapter 2.5 
Inverse gas chromatography in the examination of acid-base and some 
other properties of solid materials 

A. Voelkel 

Poznafi University of Technology, Institute of Chemical Technology and Engineering, 

60-965 Poznafi, Poland 

1. I N T R O D U C T I O N :  IGC W H A T  IS THIS ? 

In the last twenty years of the evolution of chromatographic techniques Inverse Gas 

Chromatography (IGC) has become widely accepted, accurate, reliable and relatively fast 
method for characterization of polymers and their blends, silicas, modified silicas and 
other minerals [1]. Inverse gas chromatography is an extension of the conventional gas 

chromatography in which a non-volatile material to be investigated is immobilized within 
a column. This stationary phase is then characterized by monitoring the passage of volatile 
probe molecules of known properties as they are carried through the column by an inert 
gas. The retention time and peak elution profiles of standard solutes, influenced by the 
interactions between the solute and stationary phase, are used in the respective relations 
leading to the quantitative measures of physicochemical properties of examined material. 
IGC is now used to study synthetic and biological polymers, copolymers, polymer blends, 
glass and carbon fibres, coal, solid food, modified silicas, surfactants, petroleum pitches, 
and heavy residues of oil distillation [1]. The basic tools for IGC are inexpensive, widely 
available and well suited for routine laboratory applications. IGC data may be collected 
quite rapidly over extended temperature ranges. A variety of probes may be used in the 
mobile phase to elucidate the characteristics of the stationary phase, characteristics that 

otherwise are only obtained at greater expenditure of time and money. 

Actually, we should separate inverse gas chromatography into inverse gas-liquid chro- 
matography and inverse gas-solid chromatography. The obvious basis of such discrimi- 
nation is the state of the column content being examined. Polymers and their mixtures, 
commercial stationary phases, surfactants represent liquids (at the measurement tempe- 
rature) involving a mixed mechanism of the retention of the test solutes. Modified silicas 
are examples of solids that have been studied, and, in this case, adsorption effects pre- 
dominate, while solution partition in graft chains seems to be negligible. These problems 
will be discussed in details by Papirer and Balard in another chapter of this book. 

Recently, much attention is being placed on fibres-reinforced/polymer systems as sub- 
jects of study. It was caused by increasing emphasis on high performance reinforced poly- 
mer composites. The concept of acid/base interactions across the fibre/polymer interface 
was noted particularly and the relevance of acid/base theories to the behaviour of po- 
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lymer surfaces and at interfaces were studied. Data acquisition via IGC appeared to be 

sufficiently rapid and accurate to have generated appreciable advances. 

Dispersive and specific interactions are considered to contribute independently to the 

adsorption of probe molecules at the adsorbent surface. It was presented that the adhe- 

sion of the fibre-matrix interface depends clearly on the measured strength of acid/base 

interactions of both fibre and polymer-matrix. Fowkes [2,3] indicated also that the sur- 

face of fillers can be chemically modified to enhance acid-base interaction and increase 
adsorption. 

Inverse gas chromatographic measurements may be carried out both at infinite dilution 

and at finite solute concentrations [1]. In the first case vapours of testing solutes are 

injected onto the column and their concentrations in the adsorbed layer proceed to zero. 

Testing substances interact with strong active sites on the examined surface. The retention 

data are then converted into, e.g. dispersive component of the surface free energy and 

specific component of free energy of adsorption. In the second case, i.e. at finite solute 

concentrations, the appropriate adsorption isotherms are used to describe the surface 

properties of polymer or filler. The differential isosteric heat of adsorption is also calculated 

under the assumption that the isotherms were obtained at small temperature intervals. 

It has been known for many years that acid-base interactions are important compo- 

nent of polar forces and play the significant role in adhesion of organic substances to 

inorganic substrates [4-7]. However, the term "polar" has been used most often in the 

description of adsorption adhesion phenomena and the properties of solvents. The reason 

is that intermolecular forces were studied first in dense gases, where dispersion forces (d), 

dipole-dipole interactions (p), and dipole-induced dipole interactions (i) explain most 

of the intermolecular interactions between pairs of molecules. These forces were assumed 

to explain intermolecular interactions in solids and liquids, even after the discovery of 

hydrogen bonds. Although it was evidence that the strength of hydrogen-bonds is in- 

dependent of the magnitude of dipole moments [8] the word "polar" is used to describe 

intermolecular interactions involving hydrogen bonds. 

Acidic or basic solvents tend to compete for the surface active sites. Such competition 

of these solvents with polymers or fillers is a means of measuring the acidity or basicity 
of the materials. 

2. A C I D I T Y  A N D  B A S I C I T Y  

2.1. Lewis acids and bases 

The electronic or Lewis acid-base definitions may be summarized as follows [9]: 

a) an acid is any species (molecule, ion, or non molecular solid) that can accept a share 

in a pair of electrons during the course of a chemical reaction; 
b) a base is any species (molecule, ion, or non molecular solid) that can denote a share 

in a pair of electrons during the course of a chemical reaction; 
c) neutralization is co-ordinate (heterogenic) bond formation between the acid and 

base: 

A + : B  -------~A:B 
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The usage of the molecular orbital version of the Lewis definitions allows to discuss 
donor and acceptor interactions, involving delocalized electron systems and localized but 
multicentered bonds. Moreover, one can take into account all degrees of electron donation 
ranging from nearly zero in the case of weak intermolecular attractions and idealized ion 

association, to complete transfer of one or more electrons (redox). 
The prediction and quantification of Lewis acid-base interactions may proceed in three 

main different ways [9]: 

a) hard-soft acid-base (HSAB) principle of Pearson; 
b) the E&C equation of Drago and Wayland; 
c) the donor and acceptor numbers of Gutmann and co-workers with following modifica- 
tions. 

2.2. The HSAB principle 
Parr and Pearson introduced the concept [10-13] of the absolute hardness (r/) of a 

species defined as half the negative rate at which its electronegativity change with a 
change in its electron population at constant potential: 

- - (~ix/6N ) u/2 - (52E/6N 2) /2  - ( I -  A)/2 (1) 

where: X~ is the electronegativity of a species, E - energy of a species changing with a 
change in its electron population (N) at constant potential u; I is the ionization potential 
of the species and A is its electron affinity. 
Pearson translated the above expressions into molecular orbital theory terms [14,15]. Later 
Lee [16] discussed the extension of this application to solids in terms of the energies of 
their valence and conduction bands. 

2.3. Drago's four-parameter equation 
A double-scale enthalpy equation proposed by Drago and Wayland to correlate (and 

predict) the enthalpy of adduct formation in gas-phase or poorly solvating media [17,18] 
is given by : 

-AHAB = EAEB + CACB (2) 

Empirically determined parameters, EA and CA, are assigned to an acid while, EB and 
CB are assigned to a base. When substituted into equation (2), they give the enthalpy 
of adduct formation for the acid-base pair. EA and EB parameters supposedly represent 
the electrostatic contributions to adduct stability, while CA and CB parameters are the 
susceptibility of the acid and base, respectively, to form covalent bonds. With increasing 
amount of reliable enthalpy data, the E&C model was extended to many different acids 

and bases. 
Jensen [9] indicated that there is no evidence that Drago's parameters reflect the re- 

lative electrostatic and covalent contributions to the bonding in resulting adducts. They 
were not correlated with either a physical property (dipole moment, ionization potential) 
or with a quantum-mechanically calculated index. Drago's approach is a purely empirical 
method of calculating enthalpy of formation for molecular adducts. Fowkes applied the 
Lewis E&C equation [19] and has attempted to determine E and C parameters for both 
polymers and surfaces. However, Jensen [9] indicated the potential problem connected 
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with such extension. E&C equation approach it is assumed that a molecule is either a 

Lewis acid or a a Lewis base, while most molecules have both donor and acceptor sites. 

2.4. Donor and acceptor numbers 

The donor number (DN) as the measure of Lewis basicity [20] was defined as the 

negative of the molar enthalpy of formation for the adduct formed between the base in 

question (donor D) and reference Lewis acid SbC15 (acceptor) in a 10-3M solution of 

dichloroethane" 

B + SbCls ~ B �9 SbCls (--AHB.sbCl~ = DN) 

The acceptor number (AN) was defined as dimensionless number related to the relative 

chemical al P-NMR shift in triethylphosphine oxide (C2Hs)3PO in the particular acceptor 

solvent: 

(C2H5)3 P - O ~ Acceptor 

This was further scaled by assigning a value of 0 (zero) to the shift induced by hexane 

and a value of 100 to the shift produced by SbC15 upon interacting with (C2Hs)3PO in a 

diluted 1,2 - dichloroethane solutions: 

A N -  6 . . . . .  �9 100 = 2.348.6co~. (3) 
6corr.[(C2 H5 ) 3 P O. SbCls )] 

Gutmann further proposed [20] that the enthalpy of a given acid-base interaction could 

be approximated by a two parameter equation of the form: 

AN. DN 
--AHAB = (4) 

100 

Where the factor of 100 converts the AN values from percentage to a decimal fraction. 

Jensen [9] indicated that many reported values are only approximate, as determined 

indirectly from linear correlation with other measures of Lewis basicity, rather than being 

directly measured in the laboratory. 
Riddle and Fowkes [21] have shown that dispersion-only liquids, such as hexane, pro- 

duce a significant 3,p shift in (C2Hs)3PO. Hence, AN values should be corrected for this 

dispersion effect. In many cases, this correction is quite substantial. Thus, 13.7 of the 

original 14.2 AN units assigned to pyridine appear to be due to dispersion rather than to 

specific electron-pair donor-accept, or interactions, lowering its measure of "true" Lewis 

acidity from 14.2 to 0.5 . Riddle and Fowkes have found that these dispersion corrected 

AN values correlate well with the enthalpies of formation of the adducts formed between 

(C2Hs)3PO and the examined acid. They proposed to use this enthalpy as the true measure 

of Lewis acidity for a species, which allows to express both the DN and AN* (modified 

AN parameter) numbers in the same units: 

AN* - - A H  [A +- (C2Hs)3PO]-  0.288(AN - AN d) (5) 

where the AN values are the original values reported by Gutmann, AN a are the dispersion 

contribution given by Riddle and Fowkes and A denotes acceptor. 
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3 .  S U R F A C E  C H A R A C T E R I S T I C S  

3.1. D i s p e r s i v e  i n c r e m e n t  of su r face  free e n e r g y  

Intermolecular interactions in adsorbent/adsorbate system may be dispersive and spe- 

cific which corresponds to the dispersive (7 d) and specific component (7~) of free surface 

energy (%) of adsorbent: 

% = %a + (6) 

The standard free energy of transferring a mole of vapour from the gas phase to a standard 

state on the surface, i.e. adsorption energy, is given by: 

AG O - - R T  In B " V------EN (7) 
S - g  

where: B=2.99.102 (according to the deBoers definition of the surface pressure in the 

adsorbed state), S - is the specific area of adsorbent [m 2/g], g is the mass of the adsorbent 

in the column [g], and VN is the net retention volume [m3]. 

For a givens system B,S and g are constant and equation (7) changes into: 

AG O = - RT- in VN + const. (8) 

Please note that the value of constant in equation (8) depends on the arbitrary chosen 

reference state of adsorbed molecule. 

For test substance free energy of adsorption (AG o ) is the sum of energies of adsorp- 

tion attr ibuted to dispersive and specific interactions. Adsorption of non-polar probes as 

n-alkanes is caused by dispersive interactions, whereas for polar probes both London and 

acid-base interactions contribute to AGO: 

AG O = AG a + AG s (9) 

where AG a, AG s are the dispersive and specific component of the free energy of adsorp- 

tion, respectively. 

For n-alkanes AG O = AG a and changes with the number of carbon atoms in their 

molecules. The increment of adsorption energy corresponding to methylene group may be 

calculated from: 

AGcH~ = - R T  In ( V N , n / V N , n + l )  (10) 

where VN,n and VN,n+I denote the net retention volumes of two consecutive n-alkanes 

having n and (n+l )  carbon atoms in their molecules. 

This parameter is independent on the chosen reference state of the adsorbed molecule. 

According to Dorris and Gray [22]: 

AGcH2 - 6.023 1023 2 (~ ,d  ,),CH2) 1/2 �9 " a C H 2  " " (11) 

where aCH2 denotes the surface covered by one methylene group (0.06 nm 2) and 7CH2 is 

the free surface energy of polyethylene. Most often 7CH~ is taken as 35.6 [mJ/m 2] or its 

variation with temperature is taken into account: 

"YCH2 = 35.6 + 0.058-(293 -- T) (12) 
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The dispersive component of surface free energy ~d may be calculated from Eq.( l l )  with 

the use of experimentally determined AGcH2123-47]. 

3.2. The specific component  of free energy of adsorption 
The specific component of free energy of adsorption is generally determined by the 

subtraction the dispersive component from the total free energy of adsorption. Several 

procedures of the calculation of the specific component have been presented in the litera- 

ture. The differences between the respective procedures lie in the choose of the reference 

state of the adsorbed molecule. 

Saint Flour and Papirer [48] proposed to determine the specific component of free 

energy of adsorption AG s as the vertical distance between n-alkanes reference line and 

the point on diagram corresponding to the polar test probe. As the physicochemical 

property used for definition of the reference state they choose saturated vapour pressure 

log P0. Therefore, AG s corresponds to the difference in free energies of adsorption between 

given test probe and hypothetical n-alkane having the same vapour pressure: 

AG~ - AG o - AGx a - - R T .  In (VN,x/VN,ref) (13) 

where: AG ~ AG~, AGx a denote free energy of adsorption, and its specific and dispersive 

component, respectively, determined for the test solute x; Vi,x and Vi,ref refer to the net 

retention volumes of test substance and the reference hypothetical n-alkane. 

Dong et al. [49] defined another reference state in terms of molecular polarizability of 

n-alkanes. In such a case the expression derived from equation (8) is as follows: 

RT In VN + C - C'. PDS" PDP -- AGs (14) 

where C and C' are two constants relating to the same reference state; PD is the molar 

deformation polarization and indices S and P refer to solid (investigated substance) and 

the test probe, respectively. 
In the case of adsorption of n-alkanes AG ~ - 0 and Eq.(14) becomes" 

RT in VN -~- C - C t .  PDS " PDP (15 )  

Authors of Ref. [49] proved that the variation of the term R T - i n  VN as a function of 

the molar deformation polarization of n-alkanes PDp is a straight line which slope equal 

to C' .  PDS is proportional to the surface ability for dispersive interactions. AG ~ - 0 is 

defined in the same way as in the case of Saint Flour-Papirer's method. However, in this 

procedure AG s - 0 values are always positive while in approach [48] the negative values of 

the specific component of the free energy of adsorption were observed. Later, Donnet et al. 

[29] observed that their earlier proposal (i.e. that from Ref.[49]) based on the fundamental 

London equation gives only a first approximation of the ionization energy of a molecule. 

They proposed to use Eq.(15) in the form: 

RT In VN + C - 0L -- K-(bus) 1/2 a0s- (huL) 1/2 Ct0L (16) 

where hui is the ionization potential of the i-th interacting material, c~0 the deformation 

polarizability and K a constant which takes into account the permittivity in the vacuum, 

the distance between interacting molecules and Avogadro number. S and L refer to solid 
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and liquid, respectively. The slope of Eq.(16) [K (hvs) 1/2 �9 �9 C~0s] is characteristic of a given 

solid surface and is related to the London dispersive component ~/d of this surface. 
Chehimi and Pigois-Landureau [24] compared six methods of evaluating AG ~ where 

d . RTln VN values were related to the abscissa coordinates labelled as follows" I, AHvap, 
II, Agv~p; III, Tb; IV, log P0; V, a(~/d) 1/2 ; VI, (hz/)l/2c~01049. Authors stated that the 

AHva~p approach is linked to those of authors of Refs. [48, 50] and, more importantly, 
takes into account the self-association character of the polar probes, as recommended by 
Fowkes [51]. 

3.3. D e t e r m i n a t i o n  of a c i d - b a s e  in terac t ions  

Examination of the temperature dependence of gives the possibility of AG s the deter- 
mination of the enthalpy of specific interactions AHS[28]: 

6 - ~  (17) 

AH s is given by the slope of the straight-line obtained by plotting AGS/T against T -1. 
Most often AH s was determined according to the above equation. However, Kamdem et al. 
[31] proposed to determine AH ~ by subtraction from AH ~ value (enthalpy of adsorption) 
the increment corresponding to dispersive interaction proportional to the molecular mass 
of n- alkanes: 

AHaA -~ A - M  (18) 

where A is the proportional factor. 

AH~, was determined directly from temperature dependence of the specific retention vo- 
lume: 

d(ln Vg) 
- A H ~  - R d(1/T) (19) 

Tiburcio and Manson's approach [52] was based mainly on the following assumption: 

AH ~u = AHA - AH a = AHA - AHv~p (20) 

where AHA, AH d and AHv~p are the enthalpy of adsorption, its dispersive increment 
and the heat of vaporization of the injected probe. Authors have modified the method to 
evaluate AH ~b (equal to AH ~) from experimental values of enthalpy of adsorption: 

AH~b= (AH~xp- AH d) - (AH~xp - AH d) (21) 
probe model 

where the model must be neutral and approximately similar in size to the adsorbate probe. 
Pigois-Landureau and Chehimi [23] have shown that the acid-base contribution to the 
enthalpy of adsorption (AH ~b) can be affected by the degree of self association of the 
polar probes and thus suggested to compare AHA to A a H~p, the dispersive contribution 
to the heat of vaporization: 

A H a b -  (/~HA -- /~H d) - ( / ~ H  A - AHdap)model (22) probe 
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Enthalpy of specific interactions between the examined surface and the test solute may 
be correlated to acid-base properties of both species by using Drago's equation [23,52] or, 
in author's opinion better (and often used), through the following equation: 

- A H  s = KD. AN + KA" DN (23) 

where: AN and DN are acceptor and donor number of test solute, respectively. Parameters 
KA and KD reflect the ability of the examined surface to act as electron acceptor and elec- 
tron donor, respectively. AN denotes acceptor number in Gutmann [20] or Riddle-Fowkes 
scale [21]. However, the application of Gutmann's (AN) acceptor number cause significant 

problem with the expression of KD units. As AN is unitless KD should be expressed in 
energy units [kJ/mol] or [kcal/mol], while KA must be unitless. Therefore, the comparison 
of electron donor and electron acceptor surfaces of examined surface are impossible. The 
expression of the test solute acceptor properties in Riddle/Fowkes scale (AN*) leads to 
both dimensionless KA and KD parameters and allows to determine their ratio, i.e. surface 

character Sc = KD/KA. 
Procedure proposed by Papirer et al. [28,37-39,53] was used in characterization of 

silicas, modified silicas, oxides and minerals. Authors of refs. [23-28,30,54] used this me- 
thod for characterization of carbon fibers, solid polymers, i.e. conducting polypyrroles, 
polycarbonates and poly(dimethacrylates), respectively. Voelkel and Krysztafkiewicz [55] 
characterized silicas modified by organic compounds. 

Nardin et al. [28] studied the surface characteristics of carbonized and stabilized carbon 
fibers. They determined the dispersive component of the surface energy and the acid-base 
characteristics for both types of investigated surfaces. They found KA parameter equal to 
1.0 and 1.5, while KD equal to 1.4 and 1.3, for carbonized and stabilized carbon fiber, re- 

spectively. Carbonized fibers presented an electron-donating character, suitable for strong 
interactions with an acidic resin. Stabilized fibers were more amphoteric. The surface cha- 
racter was quantitized by KD/KA parameter equal 1.4 and 0.9, respectively. However, as 
acceptor number of test solutes was expressed in Gutmann scale (without correction for 
dispersive interactions) one should take into account the limitations indicated above. Don- 
net and Park [30] examined the series of pitch-based carbon fibers. The free energies of 
adsorption corresponding to specific interactions were determined from Eq. (16). They 
explained the decrease of KA from carbonization level (KA=6.5) to graphitization level 
(KA=3.6) by the decrease of the content of oxygen, while the increase of this parameter 
in the group of graphitized fibers may be related to the increase in active surface oxygen. 
As previously, uncorrected AN values were in calculation of KD and KA characteristics. 

Kamdem et al. [31] have used the AN values of polar probes as suggested by Riddle 
and Fowkes in characterization of birch wood meal by IGC method. The reported values 
of KD and KA indicated that white birch wood surface has an amphoteric character and 
predominantly acidic sites are involved in the adsorption process. 

Surface characteristics of the series of commercially available aluminas with the use of 
IGC were reported by Papirer et al. [34]. Values of the dispersive component of surface 
free energy 3,~ a varied from 65 to 100 mJ /m 2. Authors determined also KD and KA values. 
The variation of the electron donor parameter KD was almost negligible (2.1-2.7), while 
KA parameter increased from 5.6 to 9.9 units. The significant changes for acidity were 
related to the SiO2 content. Acidity parameter, Ka, reached a constant value for a SiO2 
content of about 1000 ppm. However, AN and DN were taken from Gutmann's proposal 
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and authors didn't determined the units of KD and KA parameters. One may understand 

that KD was expressed in [kcal/mol] and KA was unitless. 
The previous and other works were directed to the simplification of the procedure of 

determination of parameters reflecting acceptor and donor properties of surfaces. For in- 
stance, several authors used equation (23) in another form introducing at the left side 
AG s instead of AH s. Such treatment leads to the limitation of applicability and compa- 

rability of KA and KD to only one temperature. It means that KA and KD values will 
change with changing temperature of a measurement. Moreover, the from definition AN* 

and DN number express the enthalpy effects not free energy. 
Papirer et al. [34] characterized the properties of aluminas parallely by KD and KA 

values and f/parameter defined as: 

f~_ VN(C2Hs-O-C2Hs) (24) 

VN(CH2C12) 

Authors suggested that whereas KA describes the acidic character of A1203, the value of f~ 
gives more global information on the acid/base properties of the samples. The acid/base ft 
parameter first increased with increasing amounts of SiO2 and then decreases, indicating 

that the presence of other impurities (on the alumina surface) cannot be ignored. 
Osmont and Schreiber introduced interaction parameter f~ as a measure of acidity and 

basicity of glass fibers [56]. This parameter was calculated by using specific retention 
volumes of the injected probes, i.e. n-butanol and butylamine. For acidic surfaces, where 
the specific retention volume for the base exceeds that for the acidic alcohol: 

v 0 (25) 9 / - 1 - ( V g ) b / (  g ) ~ < 0  

where (V~ and (V~ denote specific retention volumes of the base and the acid, respec- 

tively. 
For basic stationary phases the specific retention volume exceeds that for the butyla- 

mine and 

- 1 > 0 ( 2 6 )  ~-~- (V O) / (V~ 
Schreiber et al. [57] proposed also another definition of acceptor and donor numbers 

(assigned here as ANs~h and DNs&, respectively) not related to Gutmann's scale and 

defined as follows: 

ANsch : VN,THF/VN,ref (27) 

DNsch = VN,CHCla/VN,rer (28) 

where VN,THF, VN,CHC13 denote the net retention volume of test probes - tetrahydrofurane 
and chloroform, respectively, while VN,ref has the same meaning as defined by Papirer, i.e. 
the net retention volume of the hypothetical n-alkane having the same vapour pressure 
as the polar test probe. Comparing the equation (13) one may conclude that acceptor 
and donor numbers defined by equations (27) and (28) are directly related to the specific 

component of free energy of adsorption. 
Authors [57] used such defined ANsch and DNsch values to calculate new index of 

acid-base properties - K. It is defined as the difference between DNsch and ANsch numbers. 
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K > 0 for basic surfaces and K < 0 for acidic ones. K near zero determine the neutral 

and amphoteric surface. 
Chehimi et a1.[58] followed this idea and suggested the new index of acidity: 

~-~A -- vAB(base)/VAB(acid) (29) 

and the new index of basicity: 

f~e - f~X 1 -- v~B(acid)/V~B(base) (30) 

where V AB denote the acid-base contribution to the net retention volume of the polar 

probe. 
They proposed also two dimensionless hard (U) and soft (S) indices of basicity: 

~HB - :  V ~  B (CHCI3)/V AB (DXN) (31) 

a s s  = V~ B ( t -  BuOH)/V~ s (THF) (32) 

where CHCI3, DXN, t-BuOH and THF refer to chloroform, 1,4-dioxane, tert-butyl  alco- 

hol and tetrahydrofurane, respectively. 
Here again the applicability of the described above indices is limited to only one tempe- 

rature which strongly reduces their universality. 

3.4. Specific in t e rac t ion  p a r a m e t e r  g~ 
Alkanes have been used in conjunction with unsaturated and aromatic hydrocarbons 

to study specific interactions of different surfaces [59-61] in therms of the enthalpy of 

adsorption. Sidqi et al. [53] defined the specific interaction parameter g'~: 

s o o - A G ~ -  AG~m~ ~ (33) 

This quantity describes the 7r bond interactions with electron acceptor sites on the surface, 
i.e. is a measure of the specific interaction capacity of the surface, g~ may be easily 
determined from the retention data (net retention volume) of the n-alkane/n-alkene pair 

having the same number of carbon atoms in the molecules: 

t alkene 
N(B) (34)  

s - RT In t alkan e 
N(n) 

Jagiello et al. [62] indicated that the quantities AGcH: and g~ contain information about 
microstructure and surface chemical functionalities of the adsorbent. AGcH2 is responsive 
to the changes in the microstructure as well as the addition (removal) of surface chemical 
groups, g'~ is predominantly affected by changes in the electron acceptor ability of the 

adsorbent. 
Specific interaction parameter g'. was used in the description of the surface properties 

of activated carbons [62] and pure and composite oxides [63]. 
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3.5. T h e  use  of  t h e  s o l v a t i o n  equat ion in inverse gas-sol id c h r o m a t o g r a p h y  
Abraham et al. [64] characterized fullerene as adsorbent in gas-solid chromatography 

experiment. From the adsorption isotherms, gas-solid partition coefficients defined by 
Eq.(35), were calculated: 

Kc = (Cs/Cg); Cg -~ 0 (35) 

where Cs and Cg are the concentration of solute in the solid (g/g) and in the gas phase 
(g/dm3). The Kc values were analysed through the solvation equation developed by Abra- 
ham [65]: 

log(SP) - c + rR2 + STr H + a ~ a H + b ~ / 3  H + l-log L 16 (36) 

where SP is property of a series of solutes in a fixed phase; R2 is an excess molar refraction, 
~r H is the solute dipolarity/polarisability, ~ a H and ~/3 H are the solute hydrogen-bond 
acidity and basicity, respectively, and log L 16 is derived from the from the solute gas- 
hexadecane partition coefficient at 298K [65]. Here, log Kr where used as solute property, 
i.e. log (SP). 

Authors indicated that as the descriptors in Eq.(36) refer to particular properties of 
the solutes, the coefficients in the equation will correspond to specific properties of the 
solid phase as follows: r -  refers to the ability of the phase to interact with solute 7r- and 
n-electron pairs; s to the phase dipolarity/polarisability; a to the phase hydrogen-bond 
basicity; b to the phase acidity, and l to the phase lipophilicity. Analysis of these coeffi- 
cients lead authors to the statement that solute dipolarity/polarisability, hydrogen-bond 
acidity, and general dispersion interactions influenced adsorption. The examined fullerene 
was weakly polarisable and had some hydrogen-bond basicity. 

The same method was used in examination of carbonaceous adsorbents where log Vg 
was used as log (SP)in Eq.(36) [66]. 
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Chapter 2.6 
Chemical and morphological characteristics of inorganic sorbents with 
respect to gas adsorption 

E. Papirer and H. Balard 

Centre de Recherches sur la Physico-Chimie des Surfaces Solides, CNRS 

F 68200 Mulhouse, France 

1. I N T R O D U C T I O N  

Knowledge of chemical, structural and morphological characteristics of solid surfaces 

greatly facilitates understanding of their behaviours when they are placed in gaseous, 

liquid or polymer environments, for instance. Whereas some "reference" materials such 

as graphite or muscovite have received much attention, common solids such as silicas, 

aluminas, talc, etc., have gained an interest only in recent years; the lack of adequate and 

convenient methods for the surface characterisation being one of the major reasons of the 

situation. In fact, only a very few methods may be considered as true surface examination 

methods: wettability procedures such as measurement of contact angles of liquid drops 

deposited on the surface of compressed powder disks [1] or capillary rise of liquid in a 

powder column [2], gas adsorption and interpretation of the value of the spreading pressure 

[3] and inverse gas chromatography [4]. The latter method has now become very familiar, 

but, as will be shown in this paper, the interpretation of the chromatographic data is all 

but not univocal. 

The surface chemical and morphological characteristics of inorganic sorbents such as 

silicas, aluminas, talc, micas define both their chemical and physical adsorption potentials 

(surface energy). But the existence of mineral and organic surface pollutants will indeed 

strongly influence those properties. 

2. R E L A T I O N  B E T W E E N  S U R F A C E  C H E M I S T R Y  A N D  S U R F A C E  

E N E R G Y  

There is very little information in the literature about a possible relation between 

surface chemistry and surface energy, even in general [5]. To our knowledge, most of the 

work on mineral oxides was made in our laboratory and will be reviewed in the following 

section. 

2.1. Def in i t ion  

Only a few definitions will be recalled in this instance. The surface energy of a solid (Ts) 
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corresponds to its potential to exchange physical interactions. One usually distinguishes 

London (dispersive, universal, non-specific) interactions from specific interactions (polar, 

acid-base, H-bonding). @ encounters for London interactions whereas "),2P encloses all the 

other types of interactions. 
As stated above, IGC is possibly the most rapid method for the evaluation of 7 d and 

of a specific interaction parameter, Isp, that qualitatively describes the affinity of the 

solid surface for non specific interactions. London interactions between two partners are 

proportional to their polarisabilities, to their molecular ionisation potentials, and to the 

number of elemental volumes of the two phases in interaction. Hence, taking one partner as 

a molecular probe allows to detect changes that may occur when, for instance, submitting 

the other partner to heat treatments or chemical transformations. 

2.2. Variation of surface properties by heat treatment  of silicas and aluminas 
Perhaps, the most easy and common way to change the surface properties of a solid is to 

submit it to a heat treatment. Silicas, for example, are heat treated so as to enhance their 

ability to adsorb water. Upon heat treatment, surface hydroxyls condense. The variation 

of the number and nature of surface hydroxyls or silanol groups may be evaluated using 

a series of techniques [6]. However, it is only recently that the concomitant variation of 

surface energy characteristics was evidenced by IGC [7]. 

The principles of IGC as well as experimental details have been reviewed elsewhere [8]. 

The attention of the reader is simply drawn to two possible ways to operate IGC: either 

under infinite dilution, or finite concentration conditions. For the determination of 7s d, 

exploiting IGC under infinite dilution conditions, minute amounts of a homologous series 

of n alkanes are injected in the GC and their retention volumes (Vn) are detected (volume 

of carrier gas necessary to push the solute through the column containing the solid to be 

examined). 7 d is then simply obtained by application of the following relationships" 

d 
~s 

7CH2 

AGcH~ ] 2 

2- ~AA "a] (1) 

AGcH2 - RT In Vn+l (2) 
Vn 

where ")'CH2 is the surface energy of a solid entirely made of CH2 groups, i.e. poly(ethylene), 

NA is the Avogadro's number and "a" is the cross-sectionM area of a CH2 group,/kGcu2 is 

the free energy of adsorption of a CH2 group, Vn+a and Vn are the retention volumes of n 
alkanes having respectively (n+ 1) and n atoms of carbon. It should be stressed here that a 

few injected alkane molecules will be most strongly retained on the most active adsorption 

sites that may be of quite different, natures: chemical groups, but also structural defects. 

In other terms, for a surface that is energetically very heterogeneous, the value of %d, 

determined by IGC, will essentially reflect, the existence of those active sites and will, in 

no way, correspond to a mean value of the surface energy. In such cases, %d takes values 

too high to be consistent with a physical reality. Hence, much care should be taken to 

evaluate correctly the meaning of 7 d in such cases. 
Fig. 1 shows the variation of %d measured at, 100~ by IGC, when treating a pyrogenic 

or fumed silica (Aerosil from Degussa, Germany) at 100 - 700~ The same figure presents 
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Figure 1. Variation of the London component (Td), measured at 80~ (o), and of the number 
of silanol groups (o) upon heat treatment temperarure (HTT) of a fumed silica sample. 

also the evolution of the number of hydroxyl surface groups, measured radiochemically 
after esterification with 14C labelled methanol. 

Whereas the number of silanol groups diminishes monotonously upon increasing the 

heat treatment temperature, @ changes quite unexpectedly, going through a maximum. 

Comparing this observation with the results of Brinker et al. [9] who followed, by Raman 
spectroscopy, the formation of strained siloxane rings generated by the condensation of 

two adjacent silanol groups, suggests an explanation. These authors have shown that upon 
heating, three-member and highly polarisable siloxane rings are formed. Its concentration 
is optimum at about 500-600~ and then decreases" three member siloxane rings trans- 
form into 4 membered, non polar, siloxane rings. Since %d is most sensitive to variation in 

polarisability, it is understandable that it will follow the trend of concentration evolution 

of 3 membered siloxane groups on the surface of silica. 
Also very striking observations were made when examining, in a similar way, the va- 

riation of the %d of alumina (Aluminoxyd C, from Degussa) upon heating [10]. Such a 
sample is prepared using the same hydropyrogenation procedure as for the preparation 

of fumed silicas. Figure 2 exhibits the results which again reveal an augmentation of %d 

followed by a significant decrease after treatment of A1203 at 350~ 

At the first sight, the 7 a variation is surprising since A1203 was obtained at about 
900~ and should therefore be stable below that temperature. In fact, after its prepara- 
tion, the powder has been exposed to atmospheric conditions, i.e. to humidity. It is then 

that the surface may undergo an ageing process by fixation of water and transformation 
in an hydroxylated layer. However, no common analytical method (XR, IR, ESCA) is able 

to identify probably the molecularly thick surface layer. We undertook a series of expe- 

riments to verify this possibility. Firstly, we checked the irreversibility of the phenomena 
by examining the 600~ heat treated sample in the same way as the initial sample. No 

evolution of ~/d is recorded demonstrating that indeed the postulated hydroxylated layer 

has been entirely converted. Secondly, after "rehydration" of the 600~ treated sample, 

an operation which is simply performed by injecting water vapour, at 100~ in the GC 
column containing the heat treated alumina, the A1203 surface shows again an evolution 

of %d very similar to the one observed with the "as received" sample. Finally, boehmite 
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Figure 2. Variation of the London component (7 d) of A1203 (1) and boehmite (2), measured 
at 60~ after heat treatment at different temperatures. 

was submitted to the IGC examination. The thermal decomposition of boehmite (A1203, 

H20) is well described in the literature [11]. It is known, in particular, that  under con- 

trolled water pressure, boehmite transforms into 7-a lumina precisely at 350~ In our 

experimental conditions, the transformation was provoked under non-controlled water 

vapour pressure and hence, we are not expecting such a critical temperature  of transfor- 

mation, but rather a temperature  range around 350~ In Figure 2, it is apparent that  

-7 d of that  treated boehmite samples also follows the same trends as the initial alumina. 

sample. We may therefore conclude that,  indeed, an ageing process causes the formation 

of a hydrated, but very thin, surface layer on particulate aluminas, which is of the boeh- 

mite type. The rather high values of 7 d detected on boehmite are possible to explain by 

nanorugosity effects as will be seen later. 

Work to extend the approaches, using IGC as a unique detector for surface events is 

in progress. Clearly, IGC by itself will never be able, as chromatography in general, to 

deliver the whole message. Complementary methods must be applied as shown by the 

following example. Here, we [11] studied the surface characteristics of goethite, an iron 

oxide, by both IGC, and thermodesorption. 

So far, to the best of our knowledge, the surface energy of goethite has never been 

investigated. Fig. 3 exhibits, on the one hand, the variation of 7 d (measured at 100~ 

and the evolution of the water released during the thermal t reatment ,  on the other hand. 

One can make two remarks. Firstly, the 7 d value of initial goethite (FeOOH) is rather 

high, too high compared to the mean .),d values of oxides. Secondly, the evolution of 7 d does 

not exactly correlate with the departure of water. Therefore, it seems reasonable to suspect 

that  the change of 7 d is ascribable to chemical alteration of the surface upon heating, but 

also to some other factor, probably a change of nanostructure or nanomorphology as we 

shall discuss it afterwards. 

2.3. R e l a t i o n  b e t w e e n  su r f ace  c o n t a m i n a t i o n  or  m o d i f i c a t i o n  a n d  s u r f a c e  e n e r g y  

The examples of surface properties determination presented so far, refer to almost pure 

oxides and a possible question could be" what is the influence on .yd of surface contami- 
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Figure 3. Effect of heat treatment of Goethite (95 m2/g) on the 7 d values (1) and on the water 
release (2). 

nants, either mineral or organic, either present as synthesis impurities or intentionally 

added so as to control the surface characteristics. Obviously, one would expect that  the 

presence of contaminants or the t reatment  will have a definite influence. It remains to 

find a way to quantify this influence [13]. 
To test the role of impurities, a series of a aluminas, having different contents of mineral 

impurities, yet at ppm levels, was investigated (Table 1). 

Table 1 

Characteristics of a aluminas samples with different impurities contents (in ppm) 

Alumina A1 A2 A3 A4 A5 A6 A7 A8 A9 

S(m2/g) 10.6 6.0 9.3 11.7 10.8 0.8 1.5 0.8 0.6 

CaO/A1203, 2 130 580 600 210 450 360 430 520 

SIO2/A1203, 45 290 630 990 620 1150 2050 700 1530 

Na20/A1203, <100 790 550 <150 710 <150 <150 <150 <150 

MgO/A1203, <10 330 730 890 800 . . . .  

The specific surface areas vary between 0.6 and 11.7 m2/g. The main impurities of 

the A1203 samples are CaO, SiO2, Na20 and MgO. The eventual combination of these 

elements on the alumina surface is not known. The values of 7 d, determined at 100~ are 

in the 90-100 m J / m  2 range and there is no evident correlation between 7 d whatever the 

impurities contents. However, it is known, particularly in catalysis, that  the association 

of A1203 and SiO2 leads to silico-aluminates of increased Lewis acidity. To check this, we 

evaluated an acid base parameter,  which is simply the ratio of the retention volumes of a 

basic probe, i.e. diethyl ether, and of an acidic probe, i.e. dichloroethane: 

fl _ Vc~H~-O-C~H~ (3) 

V C H 2  C12 
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On an acidic surface, ether will be most efficiently retained whereas dichloroethane 

will be only weakly adsorbed. In other terms, ft will take high values. The opposite would 

occur for a basic surface. The results recorded with aluminas are displayed in Fig. 4. 

250- 
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A ~ o A 2  A5 SiO 2 (ppml 
0 

5bo ldOO 1 oo 2 oo 
Figure 4. Variation of the surface acidity fl (ratio of the retention volumes of diethyl ether and 
dichloroethane) of aluminas containing increasing amounts of SiO2 impurities. 

As expected, a significant increase of fl with augmenting amounts of SiO2 impurities 

is observed. This has consequences on the polymer adsorption capacity (polymethylme- 

thacrylate) as shown elsewhere [13]. 

Whereas impurities are often accidentally introduced on the surface of mineral oxides, 

during preparation there exists a most appropriate way to achieve "tailor-made" surfaces, 

essentially by well controlled chemical surface modification. In this instance, only two 

studies will serve as examples: the grafting of monoatomic alcohols, on the one hand, 

and the grafting of diols, on the other hand. The first example will allow to show how 

the grafted alkyl chains will arrange themselves on the surface of silicas whereas the 

second example will point to the influence of the surface nanomorphology on the reactivity 

and conformation of grafted diols. Both reactions respond to the following simplified 

esterification scheme: 

- S i - O H  + ROH ~ - S i - O R  + H20 (4) 

Practically, the fixation of the mono- or diatomic alcohols or of the diol is achieved by 

heating silica with an excess of alcohol, either in an autoclave at 150~ for low boiling 

point alcohols, or directly using alcohols having boiling points over 150~ [10]. 

Fig.5 shows the variation when the surface coverage with -CH2- groups increases. 

It is interesting to note that this variation is far from being monotonous, since the 

reproducibility of the "~ measurements is within • m J / m  2. Two minima are observed 

corresponding to 15 and 23 CH2/nm 2 respectively. Considering that the cross-sectional 

area of one CH2 is equal to 0.06 nm 2 (hexagonal close packing) it becomes apparent 

that the minima are detected when one or two monolayers o f -CH2-  groups are formed 
on the surface of silica. Cross polarisation, magic angle spinning solid state 13C NMR 
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Figure 5. Variation of 7s a with the number of-CH2- groups grafted on the surface of a fumed 
silica (Aerosil 130, Degussa) using n-alcohols as reactants. 

measurements, allowing to identify the mobility of the end methyl groups of the grafted 

alkyl chains, confirm the above description [14]. Indeed, the mobility of the CH3 group is 

the lowest when a mono or double layer is achieved on the solid surface. All these results 

indicate that the alkyl chains form a dense and regular array (trans-trans configuration) 

of methylene groups disposed so as to favour optimum interactions with the silica surface, 

but also with neighbouring methylene groups. An optimal and more rigid organisation of 

the alkyl chains will also induce a limitation of interaction with the alkane probes, hence 

a reduction of 7s a. 
In the following example, the morphology, at the molecular level, will play a special 

role. Using diols, instead of n alcohols opens the possibility of having these molecules tight 

on the surface by their both terminal hydroxyl groups: 

- S i - O H  + H O - R - O H  + H O - S i -  ; = S i - O - R - O - S i  = + 2H20 (5) 

Depending on mono or diesterification, the modified silica surface will exhibit quite 

different surface properties. If the diol is fixed just by one of its reactive ends, then 

the modified silica will still exhibit polar (or hydrogen bonding) interaction capacity. 

Otherwise, when both reactive ends have been esterified, then the modified silica surface 

will have lost its H-bonding ability. 

In order to test this opportunity, IGC was again applied but using as molecular probes, 

the alcohols capable of forming H-bonds with the grafted non esterified diol ends [15]. 

Figure 6 exhibits the results that appear to be astonishing at first sight. 
The enthalpy of adsorption (AH) fluctuates according to the even or odd number of C 

atoms of the grafted diols. High values of AH point to strong H-bonding between the 

alcohol probes and the non-reacted hydroxyls of the diols fixed on the silica surface just 

by one extremity. 

When increasing the chain length of the grafted diol, AH is even more important. The 
IGC results can be explained assuming differences in reactivity according to the parity of 

the diols, leading either to a mono or diesterification process. 
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Figure 6. Variation of the enthalpy adsorption (AH) for alcohol probes on a fumed silica mo- 
dified with diols of increasing numbers of carbon atoms. 
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Figure 7. Variation of the ratio R (diesterification/monoesterification) determined by NMR 
as relative intensity I64 ppm/(I64 ppm+I61 ppm) on fumed and precipitated silicas modified with 
diols of increasing numbers of carbon atoms. 

Indeed, solid state NMR confirms directly the hypothesis as can be seen in Fig. 7 

which displays the ratio R, of diesterification/ monoesterification, oscillating as in the 

case of AHa. Comparing fumed and precipitated silicas gives a new insight in the fixation 

mechanism. With precipitated silica, diesterification is dominant and does not depend on 
the parity of grafted diols. In other terms, both ends of the reactive molecule find readily 
available silanol groups on the silica surface. Two facts can explain this observation. 

Firstly, precipitated silicas possess much higher surface silanol densities than fumed silicas: 

around 18 against 4 0 H / n m  2 for fumed silicas. The very high silanol surface coverage of 
precipitated silicas is accounted for by non condensed silicic acid chains [6] which have 

some mobility. Hence, it is understandable that the free tangling end of the diol, initially 
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fixed by only one end, will find a partner silanol group to form a diester on the precipitated 

silica surface, whereas this is not true for fumed silica. 

The oscillation phenomena of diols properties is also observed when plotting their fusion 

points vs. their number of carbon atoms. Uneven diols have lower fusion points than odd 

ones: an observation that is explained by the possibility even diols have, for evident steric 

reasons, to form "dimers", where odd diols may more easily form "polymers". Applying 

these arguments to the grafted chains, we arrive at the situation depicted in Fig. 8. 

/ 
$i EVEN CHAIN Si 

i i i i  ii 

'q__=- ,q__=- ~ 

Si ODD CHAIN Si 
i i i i  

Figure 8. Schematic representation of the conformation of diols fixed on the quasi molecular 
planar surface of fumed silica. 

Figure 8 describes the silica surface as planar on the molecular scale, at least on a scale 

comparable with the dimensions of the grafted molecules. If this is the case, then odd 

chain diols, when arranged in trans/trans configurations will have the optimal position to 

interact with both reactive ends of surface silanols: i.e., they will be able to form diesters. 

On the other hand, even chain diols will be in a less favourable position, and for short 

chains, will give rise to monoesters. Obviously, the differences will vanish when comparing 

diols having relatively long chains since the greater mobility of the end links (non fixed 

part of the diol) will be comparable for both types of diols. 

Of course, we do not expect to detect the same behaviours of diols on precipitated 

silicas that present rather rough surfaces as can be shown using a fractality approach 

[16] i.e., estimating the surface nanomorphology by the small angle X-ray diffraction 

or interpreting adsorption isotherms of a homologous series of adsorbents. The main 

conclusion of this part of our study is that: 

- surface chemical reactions are locally sensitive to the nanorugosity of the solids surface, 

- fumed silicas present a molecularly smooth surface that may be considered as a model 

of a planar surface. 
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3. I N F L U E N C E  OF SURFACE N A N O R U G O S I T Y  ON A P P A R E N T  
SURFACE E N E R G Y  

Since now we have evidence for the molecular flatness of the fumed silica surface, we 

may indeed use this silica for comparison with other silicas and then with other mineral 
oxide surfaces. 

Definition of a morphology index 

One possible way for the evaluation of the surface smoothness is the determination 

of fractality (D). Various approaches are described in the literature [6], based on the 

evaluation of the number (Nm) of molecules of a homologous (geometrical and energetical) 

series of molecules required to form a monolayer: 

log(Nm) = - D / 2  log cr + C (6) 

where cr is the cross-sectional area of a given molecule. Other procedures are based on 

the interpretation of adsorption isotherms, or of small angle X-ray diffraction as already 

mentioned above. All these methods are rather time consuming whereas IGC apparently 

offers a more direct access to parent information we call nanorugosity: i.e. roughness at 

the molecular scale. The fundamental equation of IGC, at infinite dilution relates simply 

the net retention volume VN to the effective area of adsorption: VN = K - A .  Obviously, 

the area A will be influenced by both the existence of nanorugosity and the molecular 

size of the probe molecule eventually leading to the size exclusion effects. Thus, a method 

of detection of surface nanorugosity consists in a comparison of the retention volumes of 

linear n alkanes (V~)and  of branched (V~)isomers:  

V~ K B A B 

V~ = K L A L (7) 

where K B and K L are the corresponding equilibrium constants (adsorption partition co- 

efficients). 

In the previous equation, there are two unknown quantities: the values of the equili- 

brium constants and the true values of the accessible areas. K B and K L are dependent on 

the polarisabilities of linear and branched alkanes that  are not identical. But, their ratio 

can be measured on the reference silica, as well as the ratio of the actual contact areas. 

Consequently, the index of nanomorphology, Im, will be defined by: 

Im--  100.  r., (8) 

For a smooth surface, I m =  100 % whereas Im takes low values for rough surfaces. 

Application to lamellar solids 

Table 2 presents the specific surface areas, 7 a and Im values of a variety of divided 

solids. 

The Im values were found using 2-methyl-heptane as the molecular probe. It is intere- 
sting to note that the very high values of 7 d are always associated with low values of Im. 

In other words, lamellar solids, such as clays, are typical for most heterogeneous surfaces. 
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Table 2 
Specific surface area (S), dispersive component (72) of the surface energy and nanomorphology 
index (Ira) of a variety of divided solids at 80~ 

Samples S(m2/g) 7~ (mJ/m:)(  at 80~ Im (~) 

Silica (fumed) 130 70 100 

Silica (precipitated) 175 70 80 

H-Magadiite 42 220 1 

Talc 4 130 15 

Kaolinite 20 210 50 

Illite 30 170 60 

Indeed, they present two totally different aspects : the basal and the lateral surfaces. 

Whereas the basal surface is rather flat, the peripheral surface is often the location of 

structural defects such as stacking faults, or partially missing atomic planes. The rema- 

ining sheet structure constitutes molecular size cavities in which the very flexible n-alkane 

chains will be able to enter, but not their branched isomers. When inserted between two 

sheets, the probe molecules will experience very high force fields and the information they 

will carry to the operator will concern essentially those very particular adsorption sites. It 

is then that the calculated 7~ value will be too large in comparison with a mean value of 

the surface energy of the entire solid. This, in turn, rises the question of the physical me- 

aning of such a mean value! Before trying to find an answer to this question, the one that 

obviously cannot be simple, we shall describe a practical application of the Im concept, 

the control of the surface modification of talc. 

Talc is a layered magnesium silicate, the basal layer being exclusively made of siloxane 

bridges. These Si-O-Si bonds are chemically stable and practically apolar. In other terms, 

the surface of talc is rather inert offering a considerable resistance to surface treatment. 

Yet, such treatments are highly desirable, in particular, when talc is used as a filler for 

polymers like polyamides, for example. A typical treatment is the organosilane or coupling 

agent treatment. In that case, the coupling agent is supposed to make a link between 

the filler and the polymer chains. However, this is not possible with talc. Therefore, an 

attempt was made to coat talc with a thin layer of silica using a chemical vapour deposition 

procedure [17] starting with a Sill4 - oxygen mix. The question that arises is to know 

where the silica will actually deposit: will it be on the entire surface of the talc or will it be 

preferentially on the lateral or peripheral faces of the talc crystals. The answer is given in 

Fig. 9 below which there is displayed the variation of 7 a and Im of a series of talc samples 

modified under different conditions : treatment temperature, silane concentration, oxygen 

concentration, duration of treatment. 

It can be seen that there exists a relationship between 7s a and Ira. The very high values 

of 3q a correspond to talc samples treated under moderate conditions. These values and the 

rather low morphology index clearly indicate, as we already know, that the talc is rather 

heterogeneous having lateral and base surfaces of totally different adsorption properties. 

As the treatment conditions become more severe, i. e. as the amount of deposited silica. 
becomes more and more important, the %a decrease whereas the morphology indexes 

increase: the average talc surface becomes more and more smooth on the molecular level. 
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No other method than IGC is capable of delivering such conclusions showing clearly that 

chemical vapour deposition of silica on the talc surface starts, and is limited, on the lateral 

faces. Of course, this is not at all the wanted effect of the planned surface treatment. 
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Figure 9. Variation of 7 a with respect to the nanomorphology index (Ira) of 2,5-dimethylhexane 

(G), 2,2,4-trimethylpentane (O), 2,3,4-trimethylpentane (rn), 2,2,4,4-tetramethylbutane (m). 

In the following section, we shall describe a different approach for the description 

of the surface properties of divided solids: the determination of the surface energetic 
heterogeneity starting with the gas adsorption isotherms. 

4. I N F L U E N C E  OF E N E R G E T I C  S U R F A C E  H E T E R O G E N E I T Y  ON GAS 

A D S O R P T I O N  

4.1. General  considerations 

The surface of a pure liquid, formed of identical molecular species, can be considered 
statistically as a perfect homogeneous surface and its surface energy can be easily defned 

and measured as the reversible work, per area unit, needed to extend its surface. On 

the contrary, atomic structures present on a solid surface are rigid. Consequently, the 

surface chemical composition and morphology, cracks, corners, steps, porous structures, 
can strongly change when moving from one surface point to another. As just stressed 
above, the surface of a mineral solid when examined on a molecular level is much complex 
and the surface energy concept, so far, holds only for perfectly homogeneous surfaces. 

Obviously, when considering solids behaving lamellar structure, such as talc, mica or clay 

minerals, one distinguishes two easily identifiable adsorption planes: the basal and the 
lateral surfaces possessing a quite different functionality and therefore showing different 
surface energy characteristics. 

The problem becomes how to define the surface energy of such a material. In fact, 

already Langmuir when establishing his famous equation for the isotherm called by his 

name was well aware of the oversimplification he made when supposing that a solid sur- 
face is energetically homogeneous. Almost all real surfaces are heterogeneous. Moreover, 

as pointed out by Everett [18], "...the term heterogeneity should be applied to a specific 
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solid/adsorbate pair rather than to the solid itself. Thus a surface that is perceived as 

heterogeneous may, for many purposes, be seen as homogeneous by a large dye molecule". 

As a result of the heterogeneity of the solid surface, the force of interaction between an ad- 

sorbing molecule and the solid surface will vary depending on the adsorption site location. 
Upon collision with the substrate, gas molecules will tend to occupy the most energetical 

sites. When the vapour pressure increases, the highest-energy adsorption sites will be oc- 

cupied whereas lower energy sites will remain available for supplementary adsorption. Of 

course, this process is not strictly sequential, only the probability of adsorption is closely 
related to the energy of the site. Moreover, the degree of mobility of the adsorbed molecule 
will depend on the magnitude of the potential pits and on the temperature. Hence, the 

first adsorbed molecules are less mobile than those that follow because of the high energy 
of interaction of the sites occupied preferentially at low surface coverage ratio, i.e. at low 

pressures. Therefore, adsorption on a solid surface is a very complex phenomenon that 

should be described not only in energy quantities, such as surface energy, or as dependant 

on nanomorphology, but also in terms of surface heterogeneity. On the other hand, the 

study of adsorption properties of a solid, i.e. determination of the adsorption isotherms of 

various probes will provide, in principle, a good way to obtain information on its surface 
heterogeneity. 

An illustration of the surface heterogeneity of silica, deduced from isotherm measure- 
ments, is shown in Figure 10 which indicates the variation, with the coverage degree (0), 

of the isosteric heat of adsorption Qst of heptane and toluene, calculated from adsorption 
isotherms determined at 37 ~ and 47~ on a talc by Jagiello et a1.[19]. 
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Figure 10. Variation of the isosteric heat of adsorption Qst of toluene (1) and heptane (2) on a 
talc, with surface coverage. 

AQst decrease most rapidly as the coverage ratio increases indicating the presence of active 
adsorption sites that are occupied by the first molecules admitted on the talc surface. A 

direct proof of surface heterogeneity is also given by the deviation observed, at low partial 

pressures, between the BET model and the actual isotherm. 

Therefore, the surface heterogeneity of a solid may be obtained from the analysis of 
the adsorption isotherm profile and will be described in a form of an adsorption energy 
distribution function relating the number of adsorption sites having a given adsorption 
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energy to the adsorption energy of the molecule. Rudzinski and Everett [20], and Jaroniec 

and Madey [21] published extensive reviews on the adsorption of gases on heterogeneous 
surfaces. 

Whatever the chosen calculation process, the isotherm analysis is based on a simple 

physical model describing, in the simplest way, the global experimental isotherm as a sum 
of partial isotherms corresponding to homogeneous adsorption patches. Hence, the amount 

of adsorbed molecules (probe) is given by the following Fredholm integral equation: 

r 

Tm) - No f 0(r Pm, Tm)kCr162 (9) N(Pm, 
~min 

where: N(Pm, Tm) is the number of molecules adsorbed at the pressure Pm and at the 
temperature Tm of measurement (experimental isotherm), No is the number of molecules 

corresponding to the formation of a monolayer, 0(c, Pro, Tm) is the local isotherm corre- 

sponding to an adsorption energy c, and X(c) is the function of distribution (DF) of the 
sites seen by the probe. 

The solution of Eq. (9) is widely described in two monographs [20, 21] devoted to 
adsorption on heterogeneous surfaces. 

In this equation, only the left term - the experimental i sotherm- is known. The local 

isotherm, 0(c, Pm, Tm), has to be selected according to the physical hypothesis describing 

the interaction of a molecule with an adsorption site and, eventually, with the neighbo- 

uring adsorbed molecules. Hence, the calculated distribution function X(c) is obviously 
dependent on the choice of the local isotherm. The most used local isotherm equations 
were reviewed by Warn and White [22]. 

The Langmuir local isotherm that supposes localised sites and no lateral interaction 
between adsorbed molecules, is the most widely used because of the impossibility of having 

access to the real values of the parameters used in other models such as the interaction 

energy between two adsorbed molecules. 

Whatever the chosen local isotherm, the characteristic energy cj of an adsorption site 
of type j is related to the pressure P, for a coverage ratio 0j equal to 1/2, by Equation 
(10): 

r = - R T  ln(P/K) (10) 

where K is a constant related to the type of the local isotherm. 

For example, for the Langmuir local isotherm, K is related, according to Hobson [23], to 
the molar mass and the temperature of measurement by: 

K = 1.76.104. (M. T) 1/2 (11) 

Other equations are proposed i~ the literature that, nevertheless lead to very close 

energy scales. Finally, assuming a lo~al isotherm, one now has to find a suitable numerical 
resolution method for solving Equation (9). 

4.2. Resolution methods  of the Fredholm integral equation 
From a mathematical point of view, inversion of Equation (9) is not a trivial task be- 

cause it has no general solution [22]. It is an "ill posed" problem, i.e., a small variation in 
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the experimental data will cause a large variation in the site energy distribution function. 

Hence the existence, the uniqueness and the stability of the solution are not generally 
assured. 

Different methods have been proposed to solve Equation (9). The first ascribes a given 

analytical form to the distribution function ~(e) such as: a gaussian function [24,25], a 

gamma function [26] or a combination of two Langmuir isotherms discrete distributions 

[27] and try to reach the best fitting of the experimental isotherm, using a limited set of 
parameters. 

According to these approaches, one assumes a given chemistry and/or morphology 
of the solid surface. Yet, the same function cannot simultaneously describe a macro- 
heterogeneous surface solid such as talc, clay minerals or crystalline silicas, having basal 

and lateral surfaces and a micro-heterogeneous one like the surface of an amorphous 
silica. Therefore many authors tried to develop resolution methods without making any 

assumption for the shape of the distribution function. 

One of them uses a discrete distribution of monoenergetic sites [22] based on a discreti- 

zation form of the equation (9) which can be rewritten in a form of limited development. 

At a given pressure of measurement, for n different discrete types of adsorption sites, 
Equation (9) can be rewritten as follows: 

n 

N(Pj) = ~ O(ek, Pj)C(Ck) (12) 
k = l  

Considering a number n of measurements, one ends up with a linear system of n equ- 

ations. Solving it, one obtain the distribution function in form of a discrete series of C(Sk) 
coefficients. Despite the apparent simplicity of this method, the inversion of the charac- 

teristic matrix is not also a simple task. The instability of the solution increases quickly 
with increasing values of n and origins partially from the border effects so one has to 

call on a regularization parameter to control this natural instability [28]. The choice of 

the regularization parameter value entails a real subjective character to the method. To 
overcome these difficulties, methods based on the approximation of the local isotherm 

were proposed. The oldest and the simplest approximation of the local isotherm is the 
condensation approximation [29]. The condensation approximation assumes that the sites 

of adsorption of given energy are unoccupied below a characteristic pressure and entirely 
occupied over it. The distribution function for the condensation approximation (DFCA) 

is directly related to the first derivative of the isotherm according to Equation (13): 

p (ON(P, T) )  

= Woo \ 
(13) 

This approximation gives an exact solution only at a measurement temperature near the 

absolute zero. At room temperature and over it, this approximation fails completely. To 

overcome this difficulty, a lot of other approximations were proposed and reviewed by 

Nederlof et al. [30]. Among them, for Langmuir local isotherm, the Rudzinski-Jagiello's 

method [31] allows, in principle, to compute the actual distribution function according to 
Equation ( 14): 

o o  

X(e) = ~-~b2j " (2J)(e) with b0 1 and b2j ( -1)  j+l II2J "~tCA -- -- (14) 
j=0 (2j + 1)! 
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This assumes knowledge of the even derivatives of the DFCA which are obviously 
difficult to determine from the finite set of experimental points, without amplifying the 
experimental noise. Computer simulations, done for the bi-gaussian theoretical distribu- 
tions, show that DFRJ provides a good approximation of the theoretical distribution, 
even for temperatures over the room temperature [32]. 

The main difficulty of this method stems from the necessity to perform multideriva- 
tion of the experimental DFCA. Its main advantage is to provide a fine control of the 
calculation process by the comparison of DFRJ of increasing order. To perform multiple 
derivations, Jagiello et al.[31] used a virial expansion in order to fit the experimental iso- 
therms. More recently, Balard, Wang and Papirer [33] proposed to fit the DFCA, using 
the Fourier's series. Moreover, the corresponding Fourier's spectra provide a good way for 
the separation of the respective parts of the signal and of the experimental noise. 
Finally, whatever the chosen method for the resolution of Equation (9) is, it is very im- 

portant to emphasize that an efficient method has to: 
- provide one or more criteria of quality, such as a. parameter of regularization in order 

to control the calculation process, 
- be validated by simulation, in order to be able to estimate its stability towards experi- 
mental noise and experimental conditions of acquisition. 
Last but not the least, the correct acquisition of experimental data is essential, because 

calculation processes will amplify strongly the measurement errors. 

4.3. Me thods  of acquisit ion 
To acquire the desired experimental data, one may use classical volumetric or gravime- 

tric methods that are generally employed and well appropriate for the experiments carried 
out at low temperature, using gaseous probes such as nitrogen, argon or krypton. Howe- 
ver, for organic probes like alkanes or polar probes, one generally prefers chromatographic 

methods. 
Using IGC, the first derivative of the adsorption isotherm can be easily calculated from 

the retention times and the signal heights of the points of the diffuse descending front of 
the chromatogram, according to the following equation given by Conder and Young [34]: 

(ON) - J ' D s ' t ' r  (15) 

L,tr-- m - R . T  

where N is the number of absorbed molecules, L the column length, tr the retention 
time of a characteristic point on the rear diffuse profile of the chromatogram, t'~ the 
corresponding reduced retention time, J the James-Martin coefficient, taking in account 
the compressibility of the gas due to the pressure drop inside the chromatographic column, 
D the output flow rate, m the mass of adsorbent, R the gas constant and T the absolute 

temperature at which the measurement is made. 
This equation assumes that the contribution of the probe vapour to the gas flow rate 

across the column is negligible and can be considered as ideal, and that the contribution of 
the injection band and diffusion processes along the column play a minor role. One of the 
main advantages of the chromatographic method, especially when applying the Rudzinski- 
Jagiello's method, is the fact that this method provides directly the first derivative of the 
isotherm and therefore, in a very direct way the DFCA. 
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From the experimental data, applying the different methods of resolution described 
above, many authors tried to evidence the surface heterogeneity of solids surfaces using 
gaseous probes at low temperature or liquid organic probes over the room temperature. 

4.4. A d s o r p t i o n  ene rgy  d i s t r i bu t i on  func t ions  m e a s u r e d  at  low t e m p e r a t u r e  

Distribution functions of adsorption sites on silicas, for example, but also on titanium 
dioxide, silicates and so on [20, 21], have been established at low temperature, around 

77 K, using gaseous probes. Figure 11 shows the distribution functions of the adsorption 
sites established using nitrogen or rare gases around 77 K. 
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Figure 11. Distribution functions of the adsorption sites measured with krypton (1) and nitrogen 
(2) on Aerosil at 77 K (after van Dongen [35]). 

Distribution functions exhibiting a shoulder in the energy region are generally observed 
for silicas. This fact underlines the real heterogeneous character of most mineral solids. 

Moreover, an important shift is observed towards higher energies, when going from nitro- 
gen to krypton certainly due to the higher polarisability of the latter that changes the level 
of interaction of the probe with the functional groups. It would be interesting to verify if 
such observations could be supported using organic probes at higher temperature. 

4.5. A d s o r p t i o n  ene rgy  d i s t r i bu t i on  func t ions  m e a s u r e d  a r o u n d  the  r o o m  
t e m p e r a t u r e .  

To our knowledge, only few studies were done on the determination of the surface hete- 
rogeneity of solids using IGC at finite concentration, if we exclude the works recently done 
in our group. In this instance, we first examine the case of solids that are heterogeneous 
on a quite macroscopic scale, originating generally from a lamellar structure like clays, 
micas or talcs. 

The first application of our method was devoted to the monitoring of the grinding of a 
muscovite in the presence of different grinding additives that improve the efficiency and 
speed of grinding at very low concentration, i.e. smaller than 1%,. But, their presence 
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may also influence strongly the morphology and the surface energy of ground materials 

that play a major role for the final properties of the filled polymers. 

Taking into account the complexity of the grinding process, an increase of the sur- 

face heterogeneity, by creation of crystal defects and major chemical modification of the 

surface, is expectable.Therefore, the knowledge of the adsorption energy distribution func- 

tions (DF), computed from the adsorption isotherm obtained by finite concentration chro- 

matography, can provide more information on the grinding mechanism of a muscovite in 

water and in the presence of miscellaneous grinding agents. 

Experimentally, the muscovite from Bihar (India), was coarsely broken and sieved. 

Particles, having sizes comprised between 50 and 125 #m, were submitted to grinding in 

an attritor comprizing a stirrer rotating at 290 rpm and filled with 500 stainless steel 

balls, 10g of mica and 200 cm 3 of a solution of the grinding additive in water. 

Four grinding media were selected: pure water, an one molar solution of potassium 

chloride, a solution of pentanedioic acid (polyacrylic acid dimer) at 0.5% in water and 

a solution of a low molecular weight polyacrylic acid - PAA - 2500 (g/mole) at the 

same concentration. After filtration and washing, the ground mica was dried overnight 

in an oven at 50~ The specific surface areas and the particle sizes of the ground solids 

were determined using the BET method and the Laser Coulter Sizer LS 130. Finite 

concentration chromatograms were acquired using stainless steel short columns. 

The main consequence of grinding is a significant decrease of the particle diameter 

and consequently, an increase of the specific surface area. Looking at the evolutions of 

both particle size and specific surface area, it appears clearly that the nature of the 

additive influences significantly the kinetics of muscovite grinding. The most efficient is 

pentanedioic acid (PAA dimer), especially from the point of view of the particle size 

reduction. The less active is the PAA itself which is even less efficient than pure water. 

Electron microscopy and IGC at infinite dilution [36] highlight the difference of the 

grinding processes using mineral (KC1) or organic additives and show that dimer is also 

the best additive for preserving the lamellarity of the ground solid and that KC1 has 
the opposite effect. To confirm this assumption, it was of most importance to estimate 

the surface heterogeneity of the ground solids, using IGC at finite concentration and to 

evidence the relative contributions of both basal and lateral surfaces of the ground mica 

crystals. 

Figure 12 shows the adsorption energy distribution functions of benzene for muscovites 

ground in the presence of the dimer of PAA and of 1M KC1. 

If we exclude the case of the initial mica that exhibits a quite monomodal DF, all 

other DF are bimodal and the second peak at the higher adsorption energies appears 

with an increase of the grinding duration. It could be attributed to the lateral surfaces 

formed during the grinding process. It. is also worth pointing out that the relative areas 

of the both peaks, centered around 22 kJ/mole and 27 kJ/mole, are dependent on the 

nature of the grinding additive. Dimer of PAA leads to a more intensive and continuously 

increasing peak, at high energy, for increasing durations of grinding whereas the area of 

the low energy peak becomes rapidly quite stable. The inverse evolution is observed in 

the case of the 1M KC1 additive that favours the increase of the low energetical peak 

comparatively to the peak, at high energy. 

These observations suggest that the dimer of PAA favours the breaking of muscovite 
crystals leading to the formation of numerous lateral surfaces whereas in the presence of 
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Figure 12. Adsorption energy DF of benzene at 30~ on mica muscovite ground in the presence 
of 1M KC1 (A) and of dimer of PAA (B). 

1M KC1, preferential delamination of the muscovite crystal occurs. The same observations 

were done using other organic probes such as octane or isooctane, and this interpretation 

is supported by the measurement of the contribution of lateral surfaces to the total area 

using microcalorimetric monitoring of argon adsorption. 

The second example concerns the surface heterogeneity of clay minerals. Important 

problems, such as limited yield of oil recovery arising during oil exploitation, involve 

interaction of pore filling fluids with the minerals that form the reservoir walls. The clay 

minerals, due to their relatively high specific surface area and electrical charge density, 

are the most active for the retention of oil. Illites and kaolinites are the clay minerals that 

are most frequently found and their wettability properties are believed to be in relation 
to the heavy oil ends retention process. 

Surface heterogeneity of such minerals influences certainly their ability to retain petro- 

leum in the reservoir. Therefore, we have examined by IGC at finite concentration, the 

surface properties of illites and kaolinites having a known genesis: heritage, transformation 

(degradation, agradation) or neoformation. 

Adsorption energy distribution functions of apolar (hexane) or polar probes (propanol 

and pyridine) are depicted in Figure 13, for an heritated illite and an heritated kaolinite. 

Three main remarks can be made about these distribution functions: 

-firstly, these distribution functions evidence the strong heterogeneous character of these 

solids. Like for the ground micas, one can distinguish one or two main peaks at low 

energy related to the basal surfaces and less intensive peaks at high energy that originate 

certainly from the presence of lateral surfaces and other defects, 

-secondly, distribution functions for hexane are relatively similar. It means that a probe 

that exchanges only non specific interactions, is not discriminating, 

-thirdly, on the contrary, polar basic (pyridine) and polar acidic (propanol 2) probes lead 

to much more different distribution functions because of their ability to exchange specific 

interactions with the different functional groups present at the solid surface. They permit 

to distinguish clearly a kaolinite from an illite and show the highest surface energy and 

the highest surface heterogeneity of the latter whereas it was observed that genesis of the 
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Figure 13. Adsorption energy DF of pyridine at 84~ (1), propanol-2 at 55~ (2) and hexane 
at 34~ (3), for heritated kaolinite and for heritated illite. 

clay mineral does not influence strongly the shape of the distribution functions. 

Therefore, distribution functions indicate that the surfaces of the illites, as indicated 

by more intensive peaks at high energy, are more heterogeneous than those of kaolinites. 

This difference will perhaps explain the highest hydrophilicity of illites, evidenced by the 

determination of water adsorption isotherms, comparing with that of kaolinites. 

It suggests that water adsorption occurs mainly on structural defects of the clay mineral 

crystal rather than on the basal surfaces because, due to the presence of aluminol groups 

on one face of kaolinite, kaolinite would be, in principle, more hydrophylic than illite which 

exhibits only siloxane bridges on both faces of the crystal. 
Coming back to oil adsorption, we have evidence that the asphaltenes adsorption dis- 

solved in the water saturated toluene, is more strongly on kaolinite than on illites. It is 

obvious that the size of an asphaltene molecule does not permit its access to the sites 

of adsorption that are responsible for the water adsorption. In other words, only basal 

surfaces are accessible to the large and planar asphaltene molecules that interact preferen- 

tially with the aluminol groups of the kaolinite while water deactivates the more energetic 

and certainly less accessible sites of illites. 
The last example of macroheterogeneous lamellar solids concerns talcs that are common 

fillers for polyolefinic matrices because their crystalline structure induces the crystalliza- 

tion of, say, the polypropylene matrix. Of course, talcs are natural products whose super- 

ficial properties depend on the location of the mine. Their characteristics are reported in 

Table 3. 
To evidence this point, we have determined the distribution functions of some talcs 

extracted in different mines located in Europe and of a chlorite, a mineral frequently 

associated with talc. These distribution functions for benzene are depicted in Figure 14. 
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Table 3. Characteristics of some European talcs 

Form Ar N2 
Product Origin factor S (m2/g) S (m2/g) 

Chlorite France 6.8 
Talc 1 France 10.5 
Talc 2 Spain 3.4 
Talc 3 Italy 12.3 
Talc 4 Austria 5.7 
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Figure 14. Adsorption sites distribution functions of talcs and chlorite using benzene as a probe, 
determined at 40~ 

If we exclude the case of the Italian talc, all the other distribution functions are bimodal 
and present a main peak at low energy around 17 kJ/mole characteristic for the basal 
surface and a very weak peak at the highest energy at 27 k J/mole corresponding to 
lateral surfaces. It demonstrates that industrial talcs having low specific surface area 
exhibit mainly basal surfaces and that the difference in behaviour, as a specific filler for 
polyolefines origin certainly from other more macroscopic factors such as shape and size of 
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the crystallites. Chlorite exhibits a clearly higher surface heterogeneity than talcs. Finally, 
we may point out that the trimodality of the distribution function of the Italian talc is 
only observed with the benzene probe and not with octane and isooctane. Up to now, this 
phenomenon has not been explained but it may be due to the presence of silanol groups 
on the basal surface. 

Finally, we studied the surface heterogeneity of three silicas using inverse gas chroma- 
tography and organic molecules as probes.One of them, the H-magadiite obtained by the 
acidic attack of a lamellar silicate is macroheterogeneous like the previously studied solids. 
For precipitated and pyrogenic silicas, which are amorphous solids, we cannot distinguish 
different types of surfaces such as lateral and basal surfaces, and the surface heterogene- 
ity will be more localized and related to the local variability of both functionality and 
morphology. Figure 15 shows the distribution functions of these silicas. 
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Figure 15. Distribution functions of the adsorption sites measured with octane on a lamellar 
silica (H-Magadiite), on a precipitated silica (Zeosil 175M) and on pyrogenic silica (Aerosil 
130) at 40~ 

As expected, H-Magadiite, that is macroheterogeneous (basal and lateral surfaces) 
leads to a polymodal distribution function, whereas amorphous silicas lead to quite mo- 
nomodal distribution functions since only very weak secondary peaks are observed. 

Nevertheless, it is obvious that, pyrogenic silica having the narrowest main peak, is 
representative of a quite homogeneous surface as already postulated when we examined 
the chemisorption of c~- ,z  diols. Precipitated silica, exhibits a broader main peak and a 
more important secondary peak of higher energy, i; e; precipitated silica has a much more 
heterogeneous surface than the pyrogenic sample. Again, this is in agreement with our 
early finding: high capacity of methanol fixation, different behaviour towards diols. 
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5. C O N C L U S I O N  

The chemical and morphological surface properties of oxides (SiO2, A1203) and of la- 
mellar silicates (talc, muscovite, kaolinite, illite) have been examined using essentially 
inverse gas chromatography and hydrocarbons as molecular probes. IGC readily detects 
surface events that occur even after moderate thermal treatments. However, complemen- 
tary methods are required to elucidate the nature of those events. We also showed that 
usual divided solids manifest most complex surface characteristics shedding some con- 
fusion on true surface energy determination. Actually, the surface properties cannot be 
described by a discrete value of the surface energy, but rather by a more appropriate but 
also more elaborated method such as energy site distribution curves. 
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C h a p t e r  2.7 
S t r u c t u r e  a n d  p r o p e r t i e s  of t h e  f i lms f o r m e d  b y  o r g a n i c  s u b s t a n c e s  on 
si l ica gel surface .  I n v e s t i g a t i o n s  by  inverse  gas  c h r o m a t o g r a p h y  ( I G C )  

J. Rayss 

Laboratory of Optical Fibers Technology, Faculty of Chemistry, Maria Curie-Sklodowska 
University, 20-031 Lublin, Poland 

1. G A S  C H R O M A T O G R A P H Y  

Gas chromatography has come into existence as an analytical method. The separation 
of analysed liquid or gaseous mixtures is the result of the difference in partition coefficients 
of their components between the gas (mobile) phase and liquid or solid surface (stationary 
phase). Depending on the kind of stationary phase the method is called "partition" or 
"adsorption" chromatography. The retention volume, defined as the volume of mobile 
phase causing the elution of the sample from the chromatographic column, is the value 
characterizing the interaction between the solute and stationary phase. 

If the retention phenomenon in the chromatographic column is only the result of solute 
partition between the gas and liquid phase, then the retention volume is given by [1] 

VN -- KL" VL (1) 

where VN is the net retention volume corrected for the gas phase compressibility, KL is 
the Nernst partition coefficient and VL is the volume of liquid (stationary) phase in the 
column. In the case of adsorption chromatography, for very low concentration of solute in 
the gas phase when the Henry's law region is reached, equation (1) can be written as 

VN = Ks-A (2) 

where Ks is the surface partition coefficient equal to Henry's constant and A is the specific 
surface of adsorbent (stationary phase). 

Because both KL and Ks are the constants determining the thermodynamic equlibria 
at infinite dilution of solute in the gas phase the differential heat of sorption q~ may be 
identified with differential enthalpy for isothermal transfer of 1 mole of solute from the 
reference standard gas phase to an adsorbed or diluted state, - A H  [2,3]. Then 

d(ln VN) --AH 
= ( 3 )  

d(1/T) RT 
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1.1. inverse gas chromatography 

Equation (3) shows that the diagram of In VN VS 1/T relationship should be a straight 
line, if the mechanism of interaction between a solute and stationary phase (retention 
mechanism) does not change in the investigated temperature range. Every change of this 
mechanism results in a change of the slope of In VN = f(1/T) diagram or as a maximum 
in this diagram. Therefore, if there is chosen such a solute that its properties (e.g. vapour 
pressure) change continuously with the temperature increase, then the discontinuities in 
this diagram are the results of the change of stationary phase properties. The value of the 
retention volume is then a source of information about the physical state of the stationary 
phase. This kind of gas chromatography, due to a radical change of application of this 
method, is called inverse gas chromatography. 

Inverse gas chromatography has been succesfully applied in various fields of research 
for many years. In 1962 Scott has showed its applicability in the investigation of melting 
of organic substances [4]. Next, Guillet [5] employed this method for researches of the 
phase transitions occuring in polymers, and Kelker and Schivitzhoffen [6] investigated the 
phase transitions in liquid crystals. Inverse gas chromatography was also used for phase 

transitions characterization in solids [7]. In the last years the properties of polymers were 
often investigated by inverse gas chromatography [8]. Also, the liquid stationary phases for 
gas chromatography were characterized and classified by IGC [9]. This chromatographic 
method is frequently used for determination of the solid surface properties, for example for 
estimation of dispersion and non-dispersion components of surface free energy [3,10,11]. 

It seems, however, that the most interesting results were achieved by inverse gas chro- 
matography in the investigation of the properties of mono- and polymolecular films of 
organic substances on the surface of porous adsorbents. 

1.2. Dis t r ibut ion  of liquids on the surface of porous adsorbents  
The knowledge of the physical state of the liquid stationary phase is of great importance 

for understanding the partition processes in liquid gas chromatography. There are many 
records of a fact that the properties, e.g. melting points, of a liquids deposited in a 
thin capillary or outspread on the solid surface are different from those in a bulk liquid. 
Giddings included this phenomenon in the model of liquid stationary phase distribution 
in the chromatographic column [12]. Giddings stated that liquid on solid support surface 
was divided into two forms: a thin surface film, the properties of which are different from 
those of bulk liquid, and an excess over this film capacity. This model was completed by 
Serpinet [13] by the finding that the surface film exists also under the bulk liquid and that 
the properties of the surface film strongly depend on the properties of solid surface. This 
is especially important if the interaction between the liquid molecules and solid surface 
leads to oriented mono- or polymolecular film creation. There many examples of such 
films formed on the surfaces of graphite or silica gel by hydrocarbons [14-16], long-chain 
amphiphilic substances as alcohols [17,18] and others [19,20]. 
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2. M O N O M O L E C U L A R  F I L M S  OF L O N G - C H A I N  A L I P H A T I C  

A L C O H O L S  O N  S I L I C A  G E L  S U R F A C E  IN E Q U L I B R I U M  W I T H  T H E  

T H R E E D I M E N S I O N A L  E X C E S S  OF A N  A L C O H O L  

The most widely studied system in which the monomolecular films are formed is the 

silica gel - long-chain aliphatic alcohol system. The reason may be similarity of the silica 

gel and water surfaces: the surface concentration of the silanol groups on the fully hydro- 

xylated surface of silica gel is equal to 4.6 OH groups per 1 nm 2 [21]. The silanol groups are 
the adsorption centers for the alcohol molecules, anchoring them to the silica gel surface. 

In this way, the monolayer of alcohol molecules may be formed. If the amount of alcohol 

exceeds the monolayer capacity, then the excess forms, depending on the temperature, 

crystals or droplets on the monolayer surface, because the aliphatic alcohols belong to the 

autophobic substances [22]. The least possible surface occupied by one molecule in the 

monolayer is 0.21 nm 2, that is as much as in the monolayer in the solid-condensed (SC) 

state on the water surface [23]. Decrease of the surface concentration of alcohol molecules 

leads to the liquid-expanded (LE) monolayer and next to the monolayer in the gaseous 
state. 

The methods of column packing preparation well known in gas chromatography practice 

[24] give the possibility to coat the silica gel surface with the monolayer of a given surface 
concentration or with the monolayer in SC state with a well-defined threedimensional 

excess if the specific surface area of adsorbent is known. On the other hand, inverse gas 

chromatography allows to determine the specific surface area of silica gel if aliphatic 
alcohol is used as a liquid stationary phase [25]. 

In Fig. 1 the diagrams of log Vs vs 1/T relationships for the column packings composed 

of n-octadecanol and silica gel (a specific surface area 27.3 m 2 and a mean pore diameter 

125 nm) are presented. The retention volumes were determined with n-octane. According 
to Serpinet [26] Vs is the net retention volume related to 1 g of solid support in the 
column. Vs was chosen because the investigated column packings often contained a very 
small amount of stationary phase and because Vs is closely related to Vg, the retention 
volume generated by l g of liquid stationary phase, due only to the partition of solute 

between the gas and liquid stationary phases 

Vg - AVs/AT (4) 

where AVs is the specific retention volume Vs increase caused by the increase in loading 
ratio specified by AT. AT may be, for example, a result of melting of the part of stationary 

phase (Fig. 1). The loading ratio 7- is defined as the ratio of mass of stationary phase to 

the mass of solid support. According to Serpinet [26] 

(5) 

where TF corresponds to the part of stationary phase forming the surface film and ~'B is 

this part of stationary phase which is not influenced by the solid surface. 

Curve A in Fig. 1 presents the log Vs - f ( l /T)  relationship for the column packing with 

the n-octadecanol amount considerably exceeding the monolayer capacity determined by 

TF. The first maximum in this diagram at 58~ the melting point on n-octadecanol, is 

caused by melting of this part of n-octadecanol which is not bonded in the monolayer. 
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Figure 1. Plots of log Vs vs 1/T relationships for n-octane. A - 6.29%; B - 5.7%; C - 5.0%; D 
- 3.89%; E -  2.99% and F - 1.61% mass. of n-octadecanol deposited on silica gel. 

Melting of the part of stationary phase changes the retention mechanism: the n-octane 

retention in the temperature  range below 58~ is the result of adsorption on the surface of 

monolayer and crystals of solid n-octadecanol;  above this temperature  the main process 

responsible for the retention of n-octane  becomes its dissolution in liquid n-octadecanol.  

The value of the retention increase AV~ 8 leads easily to the determination of the 

n-octadecanol  monolayer capacity on the silica gel surface. If the specific retention volume 

Vg s8 (retention volume generated by lg of n-octadecanol at 58 ~ is known, then 

V~ 8 -  _ AVe8 (6) 

TB 

and 

AV~ (7) 
T F - -  T 58 

Vg 

Assuming, that  the surface area occupied by one n-octadecanol molecule in monolayer is 

equal to 0.21 nm 2 [23] and knowing AV~ 8 of solute determined in a separate experiment 

equation (7) gives a simple method of the adsorbent specific surface area determination, 

first described by Serpinet [25]. 

TF value may be also estimated in another way: by determination of AV~ s vs 7 rela- 

tionship for a few column packings. The diagram of this relationship is a straight line and 

shows TF value in the abscissa. Also, the linear increase of AV~ s for ~- > 7F indicates that 
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the physical state of threedimensional droplets of n-octadecanol on its own monolayer is 

not influenced either by silica gel or monolayer surface. 
It should be added that the non-linear shape of log Vs = f(1/T) diagram (curve A, 

Fig. 1) in the temperature region preceeding the melting point of n-octadecanol is the 

result of the 3 ' -  a polymorphic transition in the solid alcohol. Abrahamsson et al [27] 

and Tanaka et al [28] described precisely the 3' and a structures. 
The diagram presented in Fig. 1 (curve A) above 58~ is a straight line up to 71~ The 

increase of retention volume beginning at this temperature may be only the effect of the 

phase transition occurring in the n-octadecanol monolayer. The result of this transition 
is that monolayer transforms from a SC to LE state and that the surface area occupied 

by a single molecule in the monolayer increases to 0.27 nm 2. It means that as much as 

23% of alcohol molecules must be ejected from the monolayer to the threedimensional 

phase. Therefore, AV~ 1 is the result of the increase of the liquid n-octadecanol amount in 
the column. The analysis of the A~ 1 vs r confirms that a single n-octadecanol molecule 

occupies 0.27 nm 2 in the expanded monolayer. 
Curves B and C in Fig. 1 are plotted for the column packings composed of silica 

gel covered with monolayers characterised by the surface area per molecule 0.215 and 

0.245 nm 2. Thus, the monolayer state is intermediate between SC and LE. Only one 
maximum, at 81~ occurs in these diagrams and the value of this maximum decreases with 

the decrease of the surface concentration of n-octadecanol molecules. This fact confirms 
the origin of the maximum at 81~ as well as the mechanism of the SC - LE phase 

transition. 
The results of the investigation of n-octadecanol monolayer with the threedimensional 

excess of this compound on the silica gel surface, obtained by inverse gas chromatogra- 

phy method, were verified by scanning differential calorimetry [29,30]. These experiments 

confirmed the SC - LE phase transition occurring in the monolayer at 81~ and brought 

additional, rather surprising, information concerning this phase transition. Namely, be- 
sides the endothermic peaks on the DTA curves accompanying the polymorphic 3' - a 
transition in solid n-octadecanol, melting of the threedimensional excess of n-octadecanol 

and SC - LE transition in monolayer (81.5~ an additional peak was registered at 76~ 
It was stated that this peak was the result of SC - LE transition in part of monolayer 

covered by droplets of liquid n-octadecanol. 
Therefore, the inverse gas chromatography method allows us to determine the model 

of long-chain aliphatic alcohol distribution on the surface of porous silica gel: if the amo- 

unt of alcohol on adsorbent surface is equal or exceeds the monolayer capacity, then the 
monolayer is composed of alcohol molecules oriented their polar moieties to the adsorbent 

surface. The monolayer, in a solid-condensed state, is stable up to 81~ At this tempe- 
rature the monolayer transfers into a liquid-expanded state. The threedimensional excess 

of alcohol, because the autophobicity phenomenon, does not wet the monolayer surface. 

3. L I Q U I D - E X P A N D E D  A N D  G A S E O U S  M O N O L A Y E R S  OF 
L O N G - C H A I N  ALIP H ATIC ALCOHOLS ON SILICA GEL S U R F A C E  

The diagrams C, D, E and F in Fig. 1 present the log Vs vs 1/T relationships deter- 

mined with n-octane on the column packings in which the surface area occupied by a 
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Table 1 

The dependence of the phase transition temperature in n-octadecanol monolayer on its surface 

concentration, A is the surface area occupied by 1 molecule of n~)ctadecanol 

-r,% A, nm 2 Temperature of the phase transition, ~ 

0.095 11.203 

0.500 2.453 

1.18 1.039 

1.61 0.764 

2.16 0.570 

2.53 0.484 

2.99 0.411 

3.53 0.349 

3.89 0.315 

5.00 0.246 

5.70 0.215 

47.6 

50.8 

81.0 

single molecule of n-octadecanol is greater than 0.21 nm 2. If this surface area is within 

the range of 0.25 - 0.48 nm 2 one observes the inflection point in the diagram (curves 

C,D and E). For the area greater than 0.48 nm 2 the log Vs vs 1/T diagram is a straight 

line in all investigated temparature  ranges, f r o m - 3 0  to 90~ The change of slope of 

straight lines which are the components of the discussed diagrams suggests the change 

of the retention mechanism. The reason for this change must be the modification of the 

monolayer structure, because properties of either the solute (n-octane) or the silica gel do 

not change abruptly in the temperature  range 40 - 52~ The phase transitions, presented 

by the inflexions on log Vs vs 1/T diagrams, occur in monolayers characterized by the 

surface concentration of n-octadecanol molecules specific for the LE phase. The data from 
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Figure 2. The phase diagram of n-octadecanol monolayer on silica gel surface. 
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Table 1 allow to construct the phase diagram of n-octadecanol monolayer on the silica gel 

surface (Fig. 2). This diagram, confronted to the analogous one for a monolayer on the 

water surface, is rather poor in details. One may suppose that,  since the n-octadecanol 

molecules are "anchored" to the silica gel surface, only the phase transitions which give 

a relatively significant energetic effect or those leading to the well marked changes of 

monolayer structure are observed. Particularly, in Fig. 2 both the triple point of all three 

phases coexistence and the line representing the L E -  G transition are not observed. 

Some additional information about the structure of the n-octadecanol monolayer on 

the silica gel surface may be provided up by relationships between the retention volumes 

determined with the solutes differing in the molecule shape and their dimensions. 
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Figure 3. The diagrams of Vs vs 7" relationships for n-octane (A) and chloroform (B) in 40~ 
(right) and 85~ (left). r is expressed in % mass. of n-octadecanol. 

In Fig. 3 such relationships for n-octane and chloroform are presented. The relation- 

ships were determined at 40~ namely when the monolayer can exist in a SC or LE 

form or be composed of SC islands surrounded by two-dimensional gas. The shape of 

Vs vs r relationship for n-octane may be interpreted as follows: the first alcohol mole- 

cules deposited on silica gel surface block the most active centers on solid surface. This 

fact manifests as the retention volume decrease. However, from the surface concentration 

1 nm 2 up to 0.57 nm 2 per n-octadecanol molecule the retention volume increases. The 

reason for this increase is probably the penetration of n-octane molecules into the ri- 

sing structure of n-octadecanol chains. Let us assume that  the n-octadecanol molecules 

are uniformly distributed on the silica, gel surface. Therefore, at a surface concentration 

0.57 nm 2 per molecule the free spaces (0.38 nm 2 in their cross-section) between them are 

formed, which are compatible with the n-octane molecule diameter. Then the maximum 

of n-octane retention volume is the result of a kind of "molecular sieve" effect. If the 

surface concentration of n-octadecanol increases and exceeds 0.57 nm 2 per molecule, the 
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n-octane  retention dramatically decreases, because its molecules do not penetrate  into the 

structure formed by the hydrocarbons chains. The retention is then the result of n-octane  

adsorption on the terminal methyl groups of n-octadecanol molecules. As it is known [32], 

the interactions between methyl groups and hydrocarbon molecules are much weaker than 

with the -CH2-  groups. This is confirmed by the fact that  minimum of retention is obse- 

rved for the column packing with the monolayer at the highest concentration (0.21 nm 2 

per n-octadecanol molecule) while its surface is composed only o f -CH3  groups. 

The shape of Vs vs r relationship for chloroform is quite different. The retention 

volumes of this compound decrease monotonically with the r increase. Therefore, one 

may suppose that the retention is rather the result of interaction between chloroform and 

silica gel surface than with the structure of the n-octadecanol chains on this surface. 

A temperature  85~ is higher than the "critical crystallization temperature" [33] of 

n-octadecanol monolayer. This means that  the highest surface concentration of the mo- 

nolayer, irrespective of the amount of n-octadecanol  deposited on silica gel, is equal to 

0.27 nm 2 per molecule. The run of Vs vs v diagram for n-octane  is slightly different 

from that  at 40~ The retention volumes increase with r up to a surface concentration 

0.57 nm 2, but without a noticeable effect of silica gel surface deactivation, and next decre- 

ase to a minimum at r corresponding to 0.27 nm 2 per n-octadecanol molecule, i.e. at the 

surface concentration characteristic for LE phase. The Vs increase beginning from this 

value is the result of n-octane dissolution in liquid threedimensional n-octadecanol.  

The retention volumes of chloroform at 85~ (Fig. 3) decrease also to ~- = 0.27 nm 2. 

The CHCla also at 85~ does not "feel" the differences in the structure of n-octadecanol  

monolayers on the silica gel surface. Perhaps this is the result of the difference in the 

shape and dimensions of n-octane and chloroform molecules: a cross-section of n-octane  

molecule penetrating into the n-octadecanol  monolayer is equal to 0.19 - 0.21 nm 2 while 

that  of chloroform is 0.385 - 0.295 nm 2 [34], or, according to Van Voorhis et al, even 

0.547 nm 2 [35]. 

4. T H E O R E T I C A L  M O D E L  OF N - O C T A D E C A N O L  M O N O L A Y E R  O N  

SILICA GEL S U R F A C E  

The previous part showed that  inverse gas chromatography is a very useful tool in the 

investigation of long-chain aliphatic alcohol monolayers adsorbed on the surface of porous 

silica gel. Now a simple theoretical model of the adsorbed layer that  can be used to analyse 

the experimental data obtained by inverse gas chromatography is considered. The model is 

based on the theory of adsorption of simple gases on solid surfaces and, initially restricted 

to fully localized adsorption [36-38], was extended to treat also long-chain molecules [39]. 

To describe the experimental observation [40] of the solid condensed - liquid expanded 

phase transitions in brush-like monolayers on silica gel a simple lattice model and the 

theory of orientational effects in adsorbed monolayers were used [36-38]. It was assumed 

that  interaction between the n-octadecanol  molecule and the solid could be presented as 

E(~) = E~ + Ec(~) (8) 

where Eh is the energy of interaction between the hydroxyl group and the solid, Ec(u) is 

the interaction between the hydrocarbon chain and the solid, u is the angle between the 
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n-  octadecanol molecule axis and the normal to the solid surface. The interaction between 

two adsorbed molecules i and j is assumed to be given by the sum 

U(~i ,~j ,  rj) ~__ Uhh(rij)-~- Uhc(~i, rij ) A V Uhc(~j, rij)-~- Ucc(~i,~j, rij) (9) 

where Uhh is the interaction energy between the hydroxyl groups of both molecules ad- 

sorbed on the sites separated by distance r, Uhc(wi~rij) is the interaction energy between 

the hydroxyl groups belonging to the j - th  molecule and the hydrocarbon chain belonging 

to the i- th molecule, Ur is the interaction energy between hydrocarbon chains 

of both molecules and w = (u, ~), where ~ is the azimuthal angle defined in [39]. 

Besides, it was assumed that  only half of the adsorption centers on silica gel surface 

can be occupied by n-octadecanol molecules and that  all these centers are energetically 

equivalent. Thus, we can consider a surface lattice of sites be composed of two interpene- 

trating sublattices. At low surface concentration the adsorbed molecules are distributed 

randomly over the centers belonging to both sublattices. However, when the film density 

exceeds a certain value of Ao/Aa (Aa is the surface area occupied by a single molecule) 

a preferential adsorption on one of the sublattices must begin. This leads to the forma- 

tion of a highly ordered structure, e.g. the monolayer in two-dimensional solid condensed 

state. If the interaction between only neighbouring hydrocarbon chains, perpendicularly 

oriented to the solid surface are taken into account, we can derive the equation of state 

for the adsorbed film [39] 

~rAo/kBT - ~ In {1 - Ao/A} + ~(Ao/A)  2 - ~ s (10) 

where 7r - the spreading pressure, Ao - the minimal surface area occupied by a single mo- 

lecule in the monolayer (e.g. 0.21 nm 2 for aliphatic alcohols on silica gel or water surface), 

A - the surface area occupied in the monolayer by one molecule, T - the temperature  and 

s - the parameter  which is a measure of the asymmetry of distribution of adsorbed mo- 

lecules between two sublattices. r and �9 are the adjustable parameters: �9 is determined 

by the difference between the interaction energies of adsorbed molecules on the same and 

the different sublattices - when the density of adsorbed film is lower than Ao/A = 2r 

then both sublattices are occupied uniformly by adsorbed molecules and s = 0. For higher 

densities of adsorbed monolayer the parameter  s assumes non-zero value and 

Ao/A - s exp (Os )+  1 (11) 
exp (Os) - 1 

The parameter  ~ determines first of all the critical temperature  for the two-dimensional 

gas to expanded liquid transition and influences the temperature  range where the expan- 

ded liquid and solid phase coexist. According to the presented model the values of �9 and 

and the temperature  of transition from the expanded liquid to solid condensed phase can 

be either first-order or higher-order (continuous) transition. Therefore, the appearance 

of the tricritical point Ttc~ is expected to be observed, where the regimes meet. 

In Fig. 4 the phase diagram for n-octadecanol  monolayer adsorbed on silica gel is 

presented. It can be seen that the fit of theoretical curve (full and broken lines) to the 

experimental points taken from Fig. 2 is satisfactory. The procedure of ~ and �9 computing 

as well as the other procedures employed were described in Ref. [39]. 
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Figure 4. A comparison of the experimental (filled circles) and theoretical phase diagram of 
n--octadecanol monolayer on silica gel surface. A0 is the minimal and A - the real surface area 
occupied by a single molecule in monolayer. 

Of course, the model presented is rather simple and contains some unwarranted assump- 

tions. The real situation of long-chain amphiphilic molecules on the silica gel surface must 
be more complex. Nevertheless, the model enables a qualitative interpretation to be made 
of the experimental findings. Moreover, the parameters (I) and �9 can be also used for the 

approximate estimation of the energy of interaction between n-octadecanol molecules in 

the monolayer. It follows from the values qJT = 1270K and (I)T = 830K that the energy of 
interaction between the neighbouring molecules adsorbed on the same sublattice is about 
3.14 kJ mo1-1 and the energy of interaction for a pair of molecules on different sublattices 

is 1.73 kJ tool -1 [39]. 

5. M I X E D  M O N O L A Y E R S  OF L O N G - C H A I N  A L I P H A T I C  C O M P O U N D S  

ON SILICA GEL S U R F A C E  

Serpinet, using the inverse gas chromatography method, demonstrated the existence 
of oriented monolayers of long-chain hydrocarbons on silica gel surface [13], on the other 

hand Untz [31] showed that hydrocarbons also form solid condensed and liquid expanded 

monolayers on glycerol but not on the water surface. However, the addition of some amo- 

unt of amphiphilic molecules to the hydrocarbon provokes the mixed monolayer formation 
on the water surface. The phase transition in such a monolayer occurs at the temperature 

higher than the melting point of bulk hydrocarbon. It also appeared that the monolayers 

characterized by 1:1 ratio of hydrocarbon to alcohol molecules were particularly stable 

[41]. 

It can be predicted that the properties of mixed monolayers composed of hydrocarbon 
and alcohol molecules deposited on the water, glycerol and silica gel surfaces will be 

different despite a common feature of these surfaces which are the hydroxyl groups. The 
reason for these differences is the localized adsorption of alcohol molecules on silica gel and 
the heterogeneity of its surface. In Fig. 5 the results of investigation of mixed monolayers 
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Figure 5. log Vs vs 1/T relationships for n-octane obtained on silica gel covered with mixed 
monolayers composed of n-nonadecane and n-octadecanol: a -  0%; b - 17.2%; c - 46.8%; d - 
52.0~; e - 68%; f -  75%; g - 80%; h - 85.9~ and i - 100% of n-octadecanol in monolayer. 

(n- nonadecane and n-octadecanol) deposited on silica gel are presented [41]. The surface 

occupied by one molecule in the monolayers, independently of their composition, was 

equal to 0.21 nm 2. The shape of the curve a in Fig. 5 with the maximum above the 

melting point of pure n-nonadecane (32~ shows that  this compound forms the oriented 

monolayer on the silica gel surface. The monolayer is stable up to 36~ It must be noted 

that  not all n-  nonadecane molecules deposited on silica gel are involved in monolayer, 

because one can also observe the Vs increase below 36~ The inverse gas chromatography 

does not permit to evaluate the amount of n-nonadecane forming the oriented monolayer. 

The phase transition at 36~ leads to destruction of the oriented monolayer, because the 

specific retention volumes of the test substances measured experimentally and calculated 

on the basis of Vg values measured for n-nonadecane on the silanized support are in good 

agreement [41,42]. 
Addition of n-octadecanol to n-nonadecane (on condition that  one molecule occupies 

0.21 nm 2 in a monolayer) shifts the maximum on log Vs vs 1/T to higher temperature  

(curve b). The retention volumes of the test substances in pure n-nonadecane and for the 

column packing containing 17~ mass. of n-octadecanol are almost equal. It means that the 

threedimensional phase above the phase transition temperature  contains n-nonadecane 

only, thus first of all the n-octadecanol molecules remains in the oriented monolayer. 

The temperature of the phase transition in mixed monolayers increases with the in- 

crease of n-octadecanol concentration, as in the monolayers on water or glycerol [31,41]. 

However, the maxima in log Vs vs lIT plots are not so sharp as for liquid subphases, 

probably because the silica gel surface is not as homogeneous as that  of liquid. At the 

higher concentration of n-  octadecanol in a monolayer (curves f-h) two maxima, appear 
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in the log Vs vs 1/T relationships. The first maximum corresponds probably to the phase 
transition in the part of monolayer poorer in n-octadecanol. The maximum of higher tem- 
perature is the result of SC - LE transition in this part of monolayer which is composed 

of almost pure n-octadecanol. 

6. T H E  P R O P E R T I E S  OF L I Q U I D  C R Y S T A L  L A Y E R  ON T H E  SILICA 

G E L  S U R F A C E  

Liquid crystals are often used as the liquid stationary phases in gas chromatography. 
The first reports about their application in gas chromatography are dated from the si- 
xties. At the beginnng of eighties more than two hundred liquid crystals were applied in 
gas chromatography [43,44]. The reason for this interest is a particular structure of the 
mesophase exhibiting a very high selectivity against the chromatographed mixtures. The 

temperature range of the mesophase existence is often too narrow for the analysts. Many 
methods were used in order to broaden this temperature range, for example the chroma- 

tographic columns are placed in the electric fields [45]. In some cases the solid surface 
which is the subphase of liquid crystal is the reason for the change of phase transition 
temperatures [46,47]. Of course, it is easy to expect that the utmost changes of liquid 
crystal properties should be observed in the film of liquid crystal molecules closest to the 
solid surface, but determination of the range of the surface influence is rather difficult. 

The inverse gas chromatography can help solve this problem. 
p-butyl-p'-hexanoiloazobenzene (PBHB) deposited on silica gel characterized by the 

specific surface area 16.1 m 2/g was used in the investigations reported below. The nematic 

phase of this compound is stable between 58.5 and 65~ [48]. 
In Fig. 6 the log Vs vs 1/T relationships determined with n-octane and toluene are 

1.4 ~ C  

1.2 ~ ~ C  1.2 

1.0 i 

0.8 I 0.8 

t I t'~ 
32 30 3.2 3.0 

t~~ 

28 l/T-103 2.8 lfF-103 

Figure 6. Log Vs vs 1/T relationships for n-octane (left) and toluene (right) obtained on silica 
gel covered with PBHB. A -  1.3%; B - 5% and C - 12.1% mass. PBHB. 
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presented. As previously, the maxima on the diagrams indicate the phase transitions in the 

liquid crystal film. The temperatures of the phase transition and the temperature ranges 

of the nematic phase stability, Atm, are collected in Table 2. These data show that the 

influence of silica gel surface on Atm is very clear especially for the thin PBHB layer. It is 

worth noting that the transition of the nematic phase into isotropic liquid clearly occurs 

at r = 3% mass. while the temperature of solid - mesophase transition can be determined 

for the column packing containing about 6% mass. of PBHB. The broadening of Atm of 

PBHB on silica gel is the result of decrease of solid - nematic transition temperature as 

well as the increase of the temperature of mesophase - isotropic liquid. 

Table 2 

7"F values of PBHB on silica gel surface [48] 

r, % mass. T, g /m 2 AV~ 2, cm3/g VF, g/m 2 

7.68 4.74-10 .3 12.99 3.23-10 .4 

5.00 3.09.10 .3 7.54 3.06"10 .4 

3.00 1.86-10 .3 4.13 3.39"10 .4 

The plots of log Vs = f(1/T) for n-octane and toluene at the temperature higher 

than 70~ are, of course, the straight lines, because the retention of this compounds is 

caused only by the solution in liquid (isotropic) PBHB. However, a certain part of PBHB 

deposited on silica gel does not transit into the isotropic liquid. This part of PBHB 
which does not melt even at 72~ was determined comparing, the AVs and Vg values for 
n-octane using Eqs. 6 and 7. Vg for n-octane at 72~ was measured on column packing 
composed of silanized support Gas Chrom RZ and 5% mass. of PBHB. Liquid crystals 

do not form the oriented films on the silianized supports, also Atm is the same as for the 

bulk compounds [48]. 
The values of rF, independent of the total amount of PBHB deposited on silica gel r, 

show that under the layer of isotropic liquid there exists the PBHB structure characterized 
by the properties different from those of bulk liquid. The surface occupied by a single 
PBHB molecule in this structure is equal to 1.92 nm 2. The cross-section of one molecule 

along its long axis, calculated according to McClellan and Harnsberger [34] is 1.7- 2.0 nm 2. 

Therefore, it seems probable that at 72~ PBHB forms the monolayer composed of flat 

lying molecules on silica gel surface. 
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Chapter 2.8 
The use of gas chromatography to study the adsorption from gaseous 
phase at the infinite dilution 

F. J. Ldpez Garz6n and M. Domingo Garcia 

Departamento de Quimica Inorg~nica, Facultad de Ciencias, Universidad de Granada, 

18071 Granada, Spain 

1. I N T R O D U C T I O N  

The surface characteristics of inorganic solids are commonly measured by adsorption of 

gases and vapours which is normally carried out in a wide range of vapour pressures from 

low to high relative pressures (in many cases up to P/P0 =1). From these measurements 

average values of pore radius and surface energy are obtained. This is very useful for many 

purposes e.g. when solids are used as adsorbents in gas and liquid phases or as supports for 

catalysts. However, in several cases the concentration of substance to be adsorbed is very 

small and the adsorption process is not governed by the bulk textural properties of the 

solid. This occurs in the emission of fluent gases from car engines and industrial processes. 

For this reason it is not possible to explain the adsorption of one diluted adsorbate on 

the basis of the bulk surface properties of the adsorbent. This can be explained, however, 

by studying the surface characteristics on the basis of the adsorption at very low vapour 

pressure of the adsorbate at the so called zero surface coverage, where the amount adsorbed 

depends linearly on the vapour pressure (Henry's law region). For this purpose gas solid 

chromatography is a technique which is increasingly used. 

Gas solid chromatography is an analytical technique used for many purposes. However, 

its use to obtain information about characteristics of the stationary phase is less common, 

and in this case is called inverse gas chromatography (IGC). One of the pioneer work on 

IGC was published by Greene and Pust [1] who used it to determine heats of adsorption. 

Additionally, a huge amount of research using IGC has been developed by Kiselev et al. 

[2]. They reported the adsorption of different adsorbates on several adsorbents measured 

by IGC, although they focused mainly on determination of the adsorption isotherms in 

the whole range of vapour pressures. Later on, Conder and Young [3] published a very 

interesting monograph dealing with different application of IGC: determination of ad- 

sorption isotherms, surface areas, thermodynamic and molecular parameters. Since then, 

many papers have been published on the use of IGC to characterize organic and inorganic 

solids. 
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2. T H E R M O D Y N A M I C  P A R A M E T E R S  FROM I N V E R S E  GAS 

C H R O M A T O G R A P H Y  (IGS) 

The use of IGC to study adsorption processes is based on the assumption that  the 

adsorption equilibrium is reached. This occurs at zero surface coverage when two expe- 

rimental conditions are fulfilled. Firstly, the chromatograms have to be symmetric, and 

secondly, the maxima of the chromatographic peaks have to be independent of the amo- 

unt of adsorbate injected. Moreover, as the amounts injected are very low, only very low 

concentrations of the adsorbate are in the gas and stationary phases and the adsorption 

process is only governed by adsorbate-adsorbent  interactions. Therefore, under these con- 

ditions the adsorbate can be considered to behave as an ideal gas in the vapour phase and 

on the adsorbent surface, and the equilibrium constant of the adsorption can be expressed 

by [4]: 

K -  VR (1) 
SRT 

where K is the adsorption constant in the Henry's law region, VR the net retention volume, 

S the surface area (normally obtained by CO2 measurements),  R the gas constant and T 

the temperature.  Equation (1) is also written: 

K -  Vs (2) 
RT 

where Vs = VR/S is the specific retention volume. 
If the adsorbed gas behaves as an ideal gas, the following equation of state can be written: 

7r = ~rRT (3) 

where 7r is the two-dimensional pressure and ~r is the concentration of the adsorbate on 

the surface. 
If the adsorption is produced in the Henry's law region, the relationship between ~r and 

the pressure P of the reference state is: 

~ r = K P  (4) 

The equation (3) is then: 

~r = KPRT (5) 

and taking into account equation (2): 

~r = VsP (6) 

which provides a relationship between two and three dimensional pressures. 

On the other hand if the standard pressure state is Ps,g, the change of the standard free 

energy of adsorption of 1 mol of adsorbate from this state to a s tandard adsorbed state is: 

P 
AG~ - - R T  in 

P 
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which together with Equation (6) can be expressed as: 

AG~ - - R T l n  VsPs'g (8) 
7i" 

Following the De Boer's approach [5], Ps,g is 1 atm (101 kN-m -2) and 7r can be taken as 
0.338 mN-m -1, and hence: 

A G~ - - RT in 2.99- 10SVs (9) 

The standard enthalpy change AH~ for the same process to which AG~ refers, can be 
obtained as a consequence of the temperature dependence of V~ [4] obtained from the 

Gibbs-Helmholtz equation. 

lnVs - AH~ - + C  (10) 
RT 

3. P O R O U S  C A R B O N  M A T E R I A L S  

3.1.  Spec i f ic  r e t e n t i o n  v o l u m e s  

The study of porous carbon materials using IGC is frequently carried out by adsorp- 

tion of hydrocarbons at the zero surface coverage. This is doubly useful because it gives 
information on the textural characteristics of the carbon materials and also the adsorp- 
tion capacity of these molecules is obtained. It should be pointed out that this adsorption 
capacity is obtained under dynamic conditions and frequently at relatively high tempe- 

ratures, i.e. at the experimental conditions very close to the real situations at which the 

carbon materials are used (for instance to eliminate atmospheric pollutants)[6]. 
The reported results for the adsorption of linear hydrocarbons on activated carbons 

indicate a general relationship between the amount adsorbed, measured by the specific 
retention volumes, Vs, and a molecular parameter of the adsorbate related with its mole- 
cular weight (boiling point, polarizability or number of carbon atoms) [7-12]. In the case 

of linear polar molecules, Vs is related to the orientation polarization [13]. 
However, when hydrocarbons with different shape are adsorbed on activated carbons 

the values of Vs are not related to a property depending on the molecular weight [14]. This 
occurs with the adsorption of n-hexane (linear), benzene and cyclohexane (cyclic), and 
2,2 dimethyl butane (2,2 DMB, branched) on activated carbons obtained from olive stones 
(Table 1). In order to explain these results we must consider the relationship between the 

molecular dimension of the adsorbates and the shape and size of the pores. 
Constrictions at the entrance of pores are known to exist in activated carbons [15,16] 

in such a way that, depending on the pore size, these materials might exhibit a molecular 
sieve effect. This molecular sieve behaviour is apparent in the former carbons from the data 
in Table 2 which compiles the V~/V: ratios (i.e. separation ratios) for these hydrocarbons. 
It is necessary to point out that carbons B and C were obtained by mild activation of 
sample A. Therefore, the former data suggest that carbon A has a constricted pore ne- 

twork which only permits adsorption of the smallest molecules (n-hexane and benzene) 
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Table 1 
Surface areas and specific net retention volumes of hydrocarbons on activated carbons ~ 

Sample Carbon A Carbon B Carbon C 

Surface area(m2/g) 522 613 746 

Vs (cma/m 2) Vs (cma/m 2) V~ (cma/m 2) 

Temperature (K) 533 593 533 593 533 593 

n-Hexane 0.23 0.03 12.59 2.74 6.81 1.34 

Benzene 0.49 0.11 7.82 2.09 4.07 1.10 

Cyclohexane 0.01 - 1.03 0.37 2.50 0.76 

2,2 DMB - - 0.24 0.09 1.50 0.55 

~Reprinted from: F. J. Ldpez-Garzdn et al. [1] 

Table 2 
Separation ratios Vs/V~s at 533 K for different hydrocarbons on activated carbons ~ 

Sample Carbon A Carbon B Carbon C 

Benzene/Cyclohexane 49.0 7.6 1.6 

n-Hexane/2,2  DMB 52.5 4.5 - 

Benzene/2,2 DMB 32.7 2.7 - 

Reprinted from: F. J. Ldpez Garzdn et al. [14] 

and that the activation process progressively opens the micropores allowing the adsorption 

of the bigger adsorbates. 

On the other hand, the data in Table 1 do not suggest any relationship between the total 

surface area of the adsorbent and the specific retention volume. To confirm this behaviour, 

two series of activated carbons (Table 3) obtained from almond shells (C-series) and olive 

stones (H-series) submitted to activation with CO2 at different t reatment  periods (the 

number,hours, appended to C or H) were obtained [9] resulting in the samples with surface 

areas ranging from 840 to 1350 m 2/g. 

Table 3 
Surface areas of activated carbons obtained from almond shells (C-series) and olive stones 
(H-series) measured by CO2 adsorption at 298 K ~ 

Sample Surface area Sample Surface area 
(m2/g) (m2/g) 

C-2 840 H-2 1000 

C-13 1080 H-13 1127 

C-24 1284 H-24 1313 

C-30 1308 H-30 1350 

~Reprinted from: M. Domingo-Garcia et al. [9] 

The specific retention volumes of these carbons for the adsorption of several organic 

molecules with different shapes and sizes are collected in Table 4. 
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Table 4 
Specific retention volumes at 533 K a 

Vs (cm3/g) 
Adsorbate . . . . . . . . .  

C-2 C-13 C-24 C-30 H-2 H-13 H-24 H-30 

Cyclohexane 1.26 4.59 4.88 7.20 0.12 5.47 6.39 4.77 

Benzene 3.88 9.04 7.08 8.73 4.07 8.80 7.24 5.73 

2,2 DMB 0.43 0.48 5.71 6.54 0.04 2.76 5.52 3.91 

n-Hexane 3.10 16.83 17.69 13.29 3.50 16.43 13.94 10.51 

n-Pentane 2.25 1.41 2.40 2.30 0.54 2.98 2.47 2.03 

n-Butane 0.35 0.25 0.54 0.56 0.17 0.72 0.49 0.40 

aReprinted from" M. Domingo-Garcia et al. [9] 

Although differences in the adsorption capacities are apparent, no correlation between 

them and the surface areas of the carbons can be established. We can therefore conclude 

that the extent of the adsorption at the zero surface coverage should be more directly 

related to the adsorbate and pore size and shape than to the total surface area (or volume 

of pores) of the adsorbent. In connection with this, the adsorption of CO2 on activated 

carbons from diluted ambient environments, measured in a conventional gravimetric sys- 

tem, has recently been shown to be more closely related with micropore size distribution 

rather than with the surface area or volume of micropores [17]. 

In addition, molecules with the same shape (linear hydrocarbons) show a direct rela- 

tionship between Vs and its molecular characteristics (polarizability, molecular weight or 

boiling point) since, provided that they have the same minimum dimension, they have the 

same accesibility to the pores. In the case of differently shaped molecules, the differences 

in Vs suggest constrictions at the entrance of the pores that impede access of the largest 

molecules. 

The existence of this kind of constrictions can be considered as disadvantage for the 

adsorption of several molecules, but in several circumstances it can be an advantage be- 

cause the adsorbent can behave as a molecular sieve for molecules with similar size and 

shape [18,19]. In fact, the production of carbon materials with molecular sieve properties 

is in many cases a goal which can be achieved using different starting materials [15,20-27]. 

Among these, organic copolymers such as Saran (copolymer of vinylidene chloride and 

vinyl chloride) can be used to prepare carbon materials which have the advantage com- 

parable to that obtained from the other row materials, of having a narrow micropore 

distribution. 
Several activated carbons prepared by carbonization in N2 at different temperatures 

(from 700 to 1300~ have been used in a study on the adsorption of hydrocarbons by 

IGC [28]. For linear hydrocarbons the expected relationship between Vs and the number 

of carbon atoms is obtained. 
However, Vs is affected by the size and shape of the adsorbates in such a way that the 

retention volume of 2,2 DMB in all the samples is negligible (very close to the gas hold-up 

time) which means that the limiting aperture size of the pores is 0.62 nm. Moreover, V~ for 

benzene and cyclohexane (Figure 1) being very similar are such that the separation ratio 

is close to 1 for the sample with a low degree of activation (700~ and it increases slowly 
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volumes with burn-off on $1300. 

as the activation temperature increases, but at the highest treatment temperature this 

separation jumps dramatically up to 210. This is due to a shrinkage of the carbonaceous 

structure produced as a consequence of the treatment at 1300~ leading effectively to a 

molecular sieve carbon having a negligible uptake of cyclohexane and an important uptake 

of benzene. 

This hypothesis is supported by additional experimental data. Therefore, when sample 

$1300 (obtained at 1300~ mildly gasified up to 1% burn-off the benzene/cyclohexane 

ratio clearly decreases (142.6). Moreover, when the gasification is increased up to a medium 

burn-off  (6%) the molecular sieve effect disappears (benzene/cyclohexane ratio, 0.93), and 

Vs for 2,2 DMB is far from the gas hold-up time and can be measured (0.75 cma/m~). This 

means that this treatment produced carbon removal which enlarged the pore constrictions. 

This fact is consistent with Vs values of linear hydrocarbons rising with increasing burn-off 

(Fig. 2). 

In line with the former results a good way to obtain carbon materials with molecular 

sieve behaviour could be to introduce oxygen complexes at the entrance of the pores [28, 

29]. For this purpose two of the former activated carbons ($900 and Sl100, obtained at 

900 and 1100~ respectively) were treated with HNOa. 
The behaviour of these samples measured by IGC shows a reduction of the adsorption 

capacity for both linear and cyclic hydrocarbons (Table 5). Moreover, Vs for the hydro- 

carbon 2,2 D MB on the oxidized carbons is quite close to the gas hold-up time, similar to 

that on the original samples, and the separation ratio for the couple benzene/cyclohexane 

is similar in both cases. These results show that the oxygen surface complexes fixed on the 

surface produce constrictions at the entrance of the pores, but do not result, in the pro- 

duction of carbon materials with improved molecular sieve properties. One reason for this 

could be that the size of the oxygen complexes is not large enough. Therefore, if the size 

of the chemical complexes is increased the molecular sieve character for the couple ben- 
zene/cyclohexane would be expected to be developed. For this purpose, the $900 carbon 

was treated to introduce sulphur complexes on the surface [30]. Also a commercial acti- 
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Table 5 
Comparison of V~ at 498 K, between the original ($900 and $1100) and the samples treated 
with HN03 (S900-ox and Sll00-ox) ~ 

Adsorb at e V~($900)/Vs( S 900-ox) V~(1100)/V~( 1100-ox) 

n-Butane 3.06 2.13 

n-Pentane 4.56 3.06 

n-Hexane 6.79 3.86 

n-Heptane 10.60 4.75 

Benzene 3.62 2.07 

Cyclohexane 4.52 2.06 

a Reprinted from: I. Ferns et al. [28] 

vated carbon, A, with a wide distribution of micropores was treated to introduce sulphur 
surface complexes. Owing to higher thermal stability of carbon-sulphur surface complexes 
compared to those of carbon-oxygen [31,32] and the larger size of sulphur atoms these 

groups might be expected to reduce the aperture size of the pores more effectively. Two 
different treatments were used for $900. The first with CS2 rendering samples $900-1 

and $900-2, and the second one with sulphur rendering $900-3. The separation ratios 
obtained from IGC measurements for n-hexane, benzene and cyclohexane are shown in 
Table 6. 

Table 6 
Sulphur content and separation ratios at 498 K a 

Sample %S Vs/Vts Vs/V: Vs/Vt~ 

(n-hexane/benzene) (benzene/cyclohexane)(n-hexane/cyclohexane) 

S900 0 2.6 1.1 3.0 

$900-1 3.14 2.6 20.7 54.0 

S900-2 4.20 2.4 660.0 1575.0 

$900-3 8.12 2.4 4.2 10.0 

A 2.23 1.6 1.8 2.8 

A-1 7.21 1.6 1.8 2.8 

aReprinted from: C. Moreno-Castilla et al. [30] 

The data in Table 6 indicate that the fixation of sulphur does not cause molecular 

sieving of the n-hexane/benzene couple as can be clearly seen from the fairly constant 

separation ratio (2.6 for S900 series and 1.6 for A series). However, the use of CS2 on S900 

series produces separation ratios for the benzene/cyclohexane couple which increases with 

the sulphur content (up to $900-2). For the n-hexane/cyclohexane couple the separation 

ratio has the same trend as shown by benzene/cyclohexane, although with higher values 
since the difference between the mean sizes of n- hexane and cyclohexane is greater than 

between benzene and cyclohexane. Sample $900-3 (obtained using sulphur instead of 

CS2) has smaller separation ratios showing that the treatment with CS2 produces a more 
effective molecular sieve. 
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The adsorption of polar molecules at the zero surface coverage measured by IGC on 

porous carbon materials is reported [13] to be related with the dipolar moment of the 

molecule, although the lack of a relationship between both parameters has also been 

reported [33]. Similarly to the non-polar molecules, the extent of the adsorption at the 

zero surface coverage of a polar molecule such as methyl iodide, CH3I, on activated carbons 

does not depend on the surface area of the adsorbents [34]. The introduction of oxygen 

surface complexes diminishes the extent of the adsorption because they hinder the access 

to the pores. When the oxygen surface complexes are eliminated the adsorption is clearly 

enhanced [35,36]. These results indicate that although methyl iodide has a dipolar moment 

and the activated carbons have surface chemical groups [37-39], the interaction with these 

chemical groups is negligible, and the adsorption is governed mainly by the molecular size 

and the dimension of the pores. Nevertheless if potassium iodide KI is added to the 

activated carbons there is an increase in the adsorbed amount (Table 7) [35,36], which 

supports the suggestion that adsorption of methyl iodide occurs by a mixed mechanism 

in pores and in KI [40]. In Table 7, C and H samples are the activated carbons already 

mentioned, Merck is a commercial activated carbon and carbons of P series are obtained 

[36] by carbonization of polyfurfuryl alcohol. 

Table 7 
Influence of KI on the surface area and specific net retention volume of CH3I on activated 
carbons 

Sample 
Surface area b (m2/g) Vs (cm3/m 2) (493 K) 

Original With KI Original With KI 

C-13 1080 844 0.77 0.86 

C-30 1308 1127 0.71 0.80 

H-13 1127 1167 0.70 0.80 

H-24 1313 1194 0.57 0.74 

Merck 802 766 0.06 0.26 

P1 408 405 0.35 c 0.60 c 

P3 344 312 0.43 c 0.81 c 

P4 468 474 0.30 c 0.54 c 

~Reprinted from: M. Domingo-Garcia et al. [35,36] 

bMeasured by adsorption of CO2 at 273 K. 
CAt 473 K. 

3.2. S t a n d a r d  en tha lpy  of ad so rp t i on  

For the determination of the standard enthalpy of adsorption at the zero surface co- 

verage a linear dependence between In Vs and 1/T is required (see Equation 10). In Fig. 

3 typical plots showing this relationship for the activated carbon C-13 are shown. The 

standard enthalpy of adsorption is obtained from the slope of the plots. Fig. 4 shows the 

evolution of the standard entha,lpy of adsorption of several hydrocarbons on the activated 

carbons obtained from the copolymer Saran. 

From now on discussion of the standard thermodynamic parameters will be based 

on their absolute values. It is interesting to note the significant increase in the standard 
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enthalpy of adsorption of the linear hydrocarbons for sample S1300 (Figure 4) which means 

that the adsorption is produced onto pores reduced in size, which have been produced as 
a consequence of the temperature treatment. 

Moreover, the standard enthalpy of adsorption for these hydrocarbons clearly decreases 

after gasification of the carbon (Figure 5). This is consistent with the idea stated before, 

that gasification of sample $1300 produced progressive opening of the pores to a small 
extent. 

0.0 

-4.0 
1.8 1.'9 2.b 2.'1 

1/T 103(K -1) 

Figure 3. Plots of In Vs vs. 1/T to obtain 
standard enthalpy of adsorption. 
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Figure 4. - AH~ of adsorption of hydrocarbons 
vs. the temperature of treatment of Saran. 
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Figure 5. -AH~ vs. burn-off on S1300. 

The effect on adsorption of the fixation of oxygen surface complexes is shown in Table 

8. In addition to the decrease in Vs stated before, the adsorption is less energetic after 

the treatment [28-30] because partial blocking of the pores hinders the access of pores 

with similar dimension to the molecular size of the adsorbates. Moreover, it is interesting 
to point out that benzene is adsorbed more strongly on the original than on the oxidized 
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Table 8 
-AH~ (kJ/mol)for original and oxidized Saran activated carbons ~ 

Adsorbate $900 S900-ox S 1100 S 1100-ox 

n-Butane 47.7 31.8 49.0 33.9 

n-Pent ane 53.6 47.7 59.8 47.7 

n-Hexane 69.0 54.8 70.3 56.5 

n-Heptane 76.6 64.4 83.7 66.9 

Benzene 61.5 58.2 63.2 58.6 

Cyclohexane 73.6 47.3 76.1 54.8 

~Reprinted from: I. Ferns et al. [28] 

samples, which means that no specific interaction is produced between benzene and the 

oxygen surface groups, or that if specific interaction is produced this is less energetic than 

the interaction between the molecule and the pore walls. This conclusion, although slightly 

surprising, is supported by a significant amount of data [9,14,28,30,41,42] like those in 

Table 9, in which the heat of liquefaction of (AHL) the adsorbates is also included. 

Values of AH~ higher than AHL are usually attributed [43-46] to adsorbate-adsorbent 

specific interactions, but the only molecule in Table 9 capable of these interactions with 

the surface chemical groups of the activated carbons is benzene, and in this case higher 

values of AH~ for this molecule than for the other hydrocarbons would be expected. This 

is not the case in Table 9, where n-hexane has higher AH~ than benzene in all cases. 

Moreover, the standard enthalpy of adsorption of all the adsorbates in Table 9 is much 

higher than the liquefaction heat of each molecule. All these data suggest that pores size 

has an influence on the enthalpy of adsorption. It has been suggested [47-50] that the 

high enthalpies of adsorption at the zero surface coverage rise rapidly when the molecule 

size becomes comparable to the pore size, i.e. the high values of AH~ are produced as a 

consequence of a good fit of the adsorbates into the pores, in such a way that the higher 

the difference between the standard enthalpy of adsorption and the heat of liquefaction 

the closer the molecular and pore sizes are. From this point of view, [49] surface curvature 

effect (SCE) on the adsorption at zero surface coverage is possible. 

In many cases, SCE occurs to a similar extent or even greater than the specific interac- 

Table 9 
-AH~, (kJ/mol) for the adsorption of hydrocarbons on activated carbons of C-series a 

Adsorbate C-2 C-13 C-24 C-30 AHL 

n-Butane 51.4 53.9 53.0 49.6 24.3 

n-Pent ane 71.8 71.8 69.9 68.5 27.6 

n- Hexane 80.0 83.3 88.3 83.2 21.7 

Ben zen e 66.0 77.4 76.8 72.4 34.1 

Cyclohexane 66.0 76.7 73.6 75.3 32.8 

2,2 DMB 58.4 75.0 71.0 71.6 30.4 

aReprinted from: M. Domingo-Garcia et al. [9] 
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tion. This occurs with the adsorption of methyl iodide on several carbon materials doped 
with KI. The interaction between methyl iodide and these carbons would be expected to 
be more energetic, in terms of the standard enthalpy of adsorption, than the interaction 

between the same molecule and the original activated carbons. This is due to the fact that 

in the former, the adsorption is controlled by specific and non-specific interactions [2], 
while in the latter the interaction is only non-specific. Nevertheless, the data collected in 
Table 10 show a stronger interaction on the original than on the activated carbons with 
KI, and in all the cases the standard enthalpy of adsorption is higher than the liquefaction 
heat of CH3I (-27.6 kJ/mol). 

Table 10 
-AH~ of CH3I on original activated carbons and on the same samples doped with KP 

Sample Original With KI Sample Original With KI 

P1 48.8 30.3 C-13 57.3 48.7 

P2 39.5 26.2 C-30 53.3 48.3 

P3 52.7 43.8 H-13 53.0 51.0 

P4 64.9 49.6 H-24 49.8 47.0 

~Reprinted from: M. Domingo-Garcia et al. [35] 

These results clearly indicate the effect of SCE on the adsorption at the zero surface 

coverage, and also the inadvisability of using the traditional classification of adsorption 
on the basis of the type of interaction between the adsorbate and the adsorbent (specific 
or non-specific) to explain the results at this low coverage. 

The standard adsorption enthalpy can also be used to gain information on changes in 
the surface characteristics of the carbon materials. For this purpose, molecular probes with 
different sizes and shapes can be used: n-hexane, benzene, cyclohexane and 2,2 DMB. 
All these molecules have six carbon atoms and are linear (n-hexane), cyclic (benzene 
and cyclohexane) and branched (2,2 DMB), and their mean molecular sizes range from 
0.405nm (n-hexane) to 0.62nm (2,2 DMB). 

The standard adsorption enthalpies of these molecules on the activated carbons of 
the C and H series are plotted in Figs. 6 and 7 against the mean molecular dimension 
of the adsorbate. In Fig. 6 an almost monotonic decrease of AH~ is observed with the 
increase in the mean molecular dimension and a perceptible increase when the activation 
proceeds from C-2 to C-13 and only slight differences are observed between the remaining 
carbons. The explanation for this is that the activation of the raw material (almond shells) 
produces a polymodal distribution of micropores which are progressively opened during 
the subsequent activation. The trends of the plots in Fig. 7 are similar to those in Fig. 6 
except for H-2, in which AH~ decreases sharply when the molecular size increases from 

0.52nm (benzene) to 0.62nm (2,2 DMB). This means that the least activated carbon of 
H-series has an important population of micropores with dimensions close to that of 
benzene or smaller, but the number of pores of dimension equal or higher than 0.60nm 
seems to be negligible. After treatment, these pores are opened and the final distribution 
of pores is polymodal in the dimension range under consideration. 
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Figure 7.-AH~ vs. mean molecular dimen- 
sion of the adsorbates on the activated car- 

bons of the H-series. 

3.3. T h e  d ispers ive  c o m p o n e n t  of the  surface  free ene rgy  
In general, the physical interaction between an adsorbent and an adsorbate consists of 

two energetic factors: one produced by London dispersion forces (non-specific interaction) 

and the other produced by dipole-dipole interaction, dipole-induced dipole interaction, or 

hydrogen bonding (specific interactions). Specific interactions are generally accepted to be 

more energetic although, as discussed previously, it is inadvisable to use this classification 

in adsorption at the zero surface coverage. Nevertheless, the adsorption of a non-polar 

molecule on the surface of porous carbon materials is only controlled by dispersion forces, 

and therefore the standard free energy of adsorption has to be related to the dispersion 

forces between adsorbate and adsorbent. Following this argument, Dorris and Gray, in 

almost classical paper [51] proposed a method for the determination of the dispersion 

forces in terms of the dispersive component of the surface free energy yd. This is based 

on the equation proposed by Fowkes [52] relating the work of adhesion, W A, between a 

non-polar adsorbate and the surface of an adsorbent: 

_ d ( 1 1 )  w~ [% ~,~1~/~ 
where ~ is the dispersive (or London) component of the surface free energy and ~L -- ~ is 

the surface tension of the non-polar adsorbate. When the adsorbates are n-alkanes, Dorris 

and Gray assume that W A is proportional to the incremental adsorption free energy per 

methylene group and they propose the following equation to estimate 7~: 

= (12)  
~CH2 2 N A  aCH2 

where ~cn2 is the surface free energy of a polyethylene chain, AGcH2 is the adsorption 
free energy of one methylene group, NA is the Avogadro's number and acH 2 is the area of 

the methylene group (0.06 nrn2). In order to use this equation it, is necessary to determine 
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AG~ of linear hydrocarbons by using Eq.(9). Gray et al. [51,53,54] reported values of 7 a 
obtained for cellulose materials, which are generally in good agreement with those expec- 
ted for this type of materials. Chappell and Williams [55] also used Eq.(12) to estimate 

the cleanliness of organic fiber surfaces. These authors reported the Gray's method to be 
useful for determining the level of contamination of the surfaces. Nevertheless, they also 
concluded the method to yield values of @ higher than those expected for heterogeneous 
surfaces due to the adsorption at the zero surface coverage in most energetic adsorption 
sites. 

Similarly, the use of this equation for different carbon materials renders unexpectedly 
high 3,~ a values compared with those obtained by other experimental techniques [9,41,46]. 
The reason for this, is reported to be [57], the effect of the SCE on the adsorption. This 
is expected because 7 a is a fuction of AG~ in Eq.(12) and AG~ is also related to AH~. 
The SCE which 0roduces very high values of AH~ was also discussed. Therefore the AG~ 
values are very high and consequently those of "f~ are larger than expected. 

The effect of the SCE on the adsorbate-adsorbent interaction should be taken into 
account in order to improve .~a determination. For this purpose it is necessary to replace 

the free energy of a methylene group adsorbed into a pore, AGcH2, by the free energy of 
the methylene group adsorbed in a flat surface [AGcH2 (0)] in Eq.(12). Then this equation 
is written: 

.y a(0 ) 1 --AGcH2 (0)12 
- -  ( 1 3 )  

~CH2 2NA aCH2 

where %a(0) is the dispersive component of the free energy of a flat surface. At this 
point the aim is to find a relationship between the experimental data of AGcH2, and 
the theoretical free energy per methylene group on a flat surface. For this purpose, the 
interaction model of a molecule with a curved surface proposed by Derouanne, Andre and 
Lucas [49] can be useful. According this approach the adsorbed molecule is the closest to 
the pore wall in such a way that the best fit between its size and the pore will be achieved. 
With this assumption, the general relationship between the van der Waals adsorption 
energies on a pore, W(d/a), ~nd  on  ~ fl~t surface W(0)is given by: 

w(d)w(0) =(1--2-da)  -3 (14) 
where d is the adsorption distance (equal to the radius of the adsorbed molecule) and a 
is the radius of the pore. Then if Eq.(14) is accepted, the relationship between the free 
energies per methylene group on a pore and on a flat surface is: 

 GoH (0) - ZXOOH  1 -- (15 )  

Now a more general equation for ~/a is written: 

zXGo.  (16) 
~'cn2 2NA aCH2 
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It is important to point out that for a flat surface (a = oc, d = constant) Eq.(16) 

reduces to Eq.(12), the original Gray's equation. Moreover, for a fixed molecule size, d, 
%6 increases as the pore size, a, decreases, and reaches a maximum when the radius of the 

adsorbate becomes equal to the pore radius (hypothetical case). Equation (16) is thus a 

more general equation than Eq.(12), and permits the dispersion component of the surface 

free energy for porous and non- porous materials to be determined. 

To use Eq.(16) it is necessary to know the parameters a and d. Although the former 
is usually known, the latter is more difficult to determine, although the approximations 

[58,59] which relate the radius of the pore a and the size of the adsorbate d can be used. 

Another possible approach is to obtain the d/2a ratio by applying equation (14) to the 

standard free energy of adsorption and to the free energy of liquefaction of the n-alkanes. 

In this case, the free energy of adsorption on a flat surface would be taken to be very 
similar to the free energy of liquefaction (or condensation). The latter can be calculated 

from the general relationship between AGL, AHL and TASL. For this ASh can be easily 
approximated from the change in entropy of an ideal gas passing from a three--dimensional 

to a two-dimensional state [5]. 

The data in Table 11 show the unrealistic values of @ which are normally determined 
on porous carbon materials by applying Eq.(12) which become more realistic and quite 
close to other values reported for coals and graphite (av. 39.5 mJ-m -2, obtained [60] from 

the contact angle measurements) when Eq. (16) is used. 

Table 11 
Dispersive component of the surface free energy for porous carbon materials P1-P4 a 

Sample %d (mJ.  m-24) b 3,a(0) c %a(0)] 

P1 560.5 47.4 37.9 

P2 448.7 37.9 30.3 

P3 405.4 34.3 27.4 

P4 419.5 35.5 28.4 

aReprinted from: Ldpez-Garzdn et al. [57]. bUsing equation (12). cUsing equation (16). ]Using 

equation (14) to obtain d/2a. 

The data in the last column are obtained using Eq. (14) to calculate d/2a value, 
which then is substituted in Eq. (16) to determine %d. These data are also quite close 

to those from the contact angle measurements [60], showing that Eq. (14) is useful to 

determine d/2a. 

4. N O N - P O R O U S  C A R B O N  M A T E R I A L S  

These materials mainly include graphites, carbon blacks and graphitized carbon blacks, 

and are frequently used as standards in adsorption at high and low surface coverage due 

to the lack of porosity and their homogeneous surfaces [61-64]. For these reasons it is 
easy to find a relationship, for the adsorption of non-polar molecules (n-alkanes), be- 
tween the specific retention volumes and a molecular property of the a dsorbate such as 
the polarizability or the molecular volume, and the amount adsorbed, Vs, which is nor- 



mally related to the specific surface area of the adsorbents [65-67]. Furthermore, for polar 

molecules as n-alcohols, there is also a relationship between the specific retention volume 

and a molecular property of the adsorbate. However, the trend for non-polar molecules 

is not coincident with that for polar molecules (Figure 8), so that two different trends 

are obtained: one for non-polar molecules (related to molecular properties: polarizability, 

molecular area or volume, boiling point) and the other for the polar adsorbates (related 

to the dipole moment, #). Nevertheless it is interesting to point out that when the di- 

pole moment of the n-alcohols decreases, the plot of the polar molecules tends to join 

that of the non-polar molecules, i.e. as the influence of m decreases, the behaviour of the 

n-alcohols approaches that of the n-alkanes. 
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Figure 8. Variation of specific retention volumes for hydrocarbons and n-Mcohols against the 
molecular area of the adsorbates. 

Table 12 
-AH~ (kJ/mol), for the adsorption on graphites and on a carbon black 

Adsorbate /kilL Pyrolytic (V3G) ~ Adsorbate AHL Degussa 

Graphite ~ Graphite b 

n-Hexane 31.7 26.7 33.8 1-Propanol 43.4 29.7 

n-Heptane 37.1 36.3 39.2 1-Butanol 45.7 33.1 

n-Octane 42.9 42.5 44.2 1-Pentanol 52.1 35.1 

n-Nonane 47.5 47.5 48.8 1-Hexanol 53.0 42.4 

~Reprinted from: M. Domingo-Garcia et al. [65] 

bReprinted from: F. J. Ldpez-Garzdn et al. [67] 

As for the standard enthalpies of adsorption for alkanes, these are normally very close 

to those of liquefaction in the case of low surface area graphites, and for polar molecules 
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they are smaller than their liquefaction heats. Nevertheless, for carbon blacks (V3G) with 

the medium surface area (60-140 m2/g) the standard enthalpies of adsorption for alkanes 
are higher than their liquefaction heats [58-61]. This indicates a low concentration of high 

energy sites on the graphite surface, whereas the average energy of the sites on the carbon 
black is higher. 

These sites consist of irregularities on the surface such as cracks, pits or crystal defects 

on which the molecule interacts with more than one graphite layer. This latter assumption 
is supported by other experimental data collected in Table 13, which show the variation 

of the standard adsorption enthalpy with the degree of burn-off of a graphitized carbon 

black. It is apparent that as the gasification progresses the degree of surface heterogene- 

ity increases and consequently the standard enthalpies of adsorption become higher and 
higher. 

Table 13 
Variation of-AH~, with burn-off on V3G ~ 

Burn-off, % n-Heptane n-Octane n-Nonane n-Decane 

0 39.4 44.2 48.0 

16.4 41.5 49.5 56.2 

28.2 42.3 51.7 58.8 

50.1 43.4 55.2 64.6 

79.4 44.8 58.2 69.7 

62.0 

63.3 

75.0 

a Reprinted from: F. J. Ldpez-Garzdn et al. [66] 

As regards the dispersive component of the surface free energy, if the adsorption at 
the zero surface coverage on these carbon materials were produced on the flat surface 
rather than onto the irregularities, Eq.(12) would be expected to render values of 7 a 

close to those obtained by direct determination from the contact angle measurements. 
Nevertheless, the data. reported, obtained by adsorption of n-alkanes at the zero surface 

coverage, range for graphites between 78-80 mJ.m -2 [65-68] and 100 mJ.m -2, or even 

much higher than for carbon blacks [65,69,70]. Thus, irregularities on the surface of these 

carbon materials play an important role in the adsorption at the zero surface coverage 
in that the molecules are adsorbed mainly on these irregularities and consequently the 
values of 7 d obtained are higher than expected for a flat. surface. It is noteworthy that the 

7 d value obtained by applying Eq.(12) to the adsorption of n-alcohols on graphite [67] is 

38 mJ-m -2 which is very close to those reported for graphite and coals [53]. Therefore it 

seems as if the adsorption of n-alcohols is produced by the interaction of the OH group 
with the chemical groups on the surface allowing for the interaction of the methylene 
groups of the chain with the flat surface of the adsorbent. 

Finally, there are several approaches to determine the specific component of the surface 
free energy of carbon materials [71-73]. Among these, that proposed by Donnet et al [73] 
uses the standard adsorption free energy which is plotted against (hvL)l/2a �9 10 -4, where h 

is the Plan& constant, VL is the characteristic vibration frequency of the electron and a is 

the deformation polarizability. The method seems to provide reasonable results, although 
it does not take into account the effect of the surface irregularities. 
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5. S I L I C A T E S  

One of the characteristics of these materials is that they have an important number of 

surface chemical groups (mainly silanol and siloxane groups) which can be modified by 

different treatments (eg. thermally, grafting, adsorption from solution) and poorly deve- 

loped microporosity. Hence, the adsorption of molecules capable of specific interactions 

is mainly governed by the surface chemical groups, while that of the molecules which are 

adsorbed through non-specific interactions is mainly controlled by the porosity. This can 

be checked with the data in Table 14 [43]. These refer to the adsorption on an aluminosili- 
care, called Halloysite (H) thermally treated at temperatures ranging from 473 K (sample 

H-473) to 1273 K (sample H-1273). It is interesting to note that the specific retention 
volume is always much higher for benzene than for cyclohexane and n-hexane because 

bezene interacts with the surface chemical groups. Moreover, as the treatment tempera- 
ture increases, Vs of benzene diminishes because the surface chemical groups decrease. 

The difference between n-hexane and cyclohexane is attributed to the small size of the 

former which has better access to the sample microporosity. It is therefore noteworthy 

that for the sample H-1273 for which the volume of pores smaller than 3.7 nm in radius 
is almost negligible, the specific retention volumes Vs for cyclohexane and n-hexane are 
almost coincident. 

Table 14 
Variation of textural characteristics of a halloisite with the heat treatment. Adsorption at the 
zero surface coverage of hydrocarbons a 

Sample S V~ Vs(cm3/m 2) (353K) 

(m2/g) (cm3/g) Benzene Cyclohexane n-Hexane 

H-473 93 0.106 17.04 3.56 8.41 

H-673 96 0.089 8.94 0.81 1.24 

H-873 81 0.076 3.22 0.40 0.60 

H-1073 70 0.039 3.11 0.41 0.66 

H-1273 29 0.004 0.80 0.15 0.18 

aReprinted from: F. Carrasco-Marfn et al. [43] 

bv I is the volume of pores with a radius _< 3.7nm 

The standard enthalpies of adsorption (Table 15) of these molecules on the thermally 

treated aluminosilicate support the former explanation. So the adsorption of benzene on 
H-473 is the most exothermic due to the specific interaction with the silanol groups. When 
the thermal treatment progresses, the process becomes less and less exothermic due to: i) 

the partial dehydroxylation of the surface (H-673), ii) the change in the chemical surface 

groups (siloxane groups on H-873 and H-1073) and iii) the destruction of the chemical 

surface groups (H-1273). As a consequence of the latter process the standard enthalpy of 

adsorption of benzene on H-1273 is very similar to the heat of liquefaction. 

For n-hexane and cyclohexane, similar trends in AH~ are found as for benzene, due 

to the continuous destruction of the pores smaller than 3.7 nm in diameter so that when 
this pore volume is negligible, the standard enthalpy of adsorption is lower than the heat 
of liquefaction. 
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Table 15 
Standard enthalpy of adsorption on thermally treated aluminosilicates ~ 

Sample 
-AH~ (kJ/mol) 

Benzene Cyclohexane n-Hexane 

H-473 68.6 45.4 59.9 

H-673 55.8 41.0 46.7 

H-873 44.1 33.3 40.7 

H-1073 43.5 33.0 38.1 
H-1273 32.9 24.0 26.0 

-AHL 34.1 32.8 31.9 

~Reprinted from: F. Carrasco-Mar/n et al. [43] 

Because of the important role played by the surface chemical groups in several fields 
such as composite material, adhesion, catalysis, stationary phases for analysis, etc., at- 
tempts have been made to estimate and modify them [74-85]. Dorris and Gray [74] studied 

the adsorption of hydrocarbons on the silica-supported water surfaces and the change of 
the non-specific component of the surface free energy with water loading. Also, several 
estimations of the variation of surface free energy with a number of treatments, such as 
grinding or grafting with several organic molecules have been reported. 

As expected, grinding produces an increase in -y~ as a consequenece of the increased 
irregularities on the surface. In addition grafting processes result in important changes 
in the dispersive and specific components of the surface free energy, and in many cases 
the surface coverage is the most important parameter related to these components. Also, 
the surface of silicas has been modified with several ions and the changes in the surface 
chemical characteristics have been established by the adsorption of organic molecules at 
the zero surface coverage [82,85]. 
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Chapter 2.9 
Molecular statistic and gas chromatographic study of hydrocarbons 
adsorption on the modified layer silicates and silica in the Henry region 

Yu.I.Tarasevich, E.V.Aksenenko and S.V.Bondarenko 

Institute of Colloid Chemistry and Chemistry of Water, 
National Academy of Sciences of the Ukraine, 
252680 Kiev, Ukraine 

1. I N T R O D U C T I O N  

Modified layer silicates and silica are used extensively in various areas of science and 
technology [1,2], and in particular, in the gas chromatography- as adsorbents and sup- 
ports. The first results concerning the application of organosubstituted layer silicates for 
the chromatographic separation of organic substances with near boiling points, in particu- 

lar, the hydrocarbons, were published in [3-7]. The modified natural silica (diatomites) are 
commonly used as the supports in gas-liquid and gas-adsorption chromatography [8,9]. 

To improve the chromatographic characteristics of the organoderivatives of layer silica- 
tes and silica it is necessary to know their structure and the nature of adsorption centres, 
on which the chromatographic separation processes take place. These processes normally 
occur in the Henry region, i.e. at surface occupation values 0 < 0.05. It enables one to 
apply the molecular statistic methods to obtain the reliable estimates of thermodynamic 

characteristics of non-specific and weak specific adsorption of hydrocarbons on these solid 
surfaces. By comparing the results of such calculations for given geometric relief and sur- 
face chemistry of the solid, with the data obtained from gas chromatographic experiment, 
one can make definite conclusions concerning the nature of surface sites, on which the 

adsorption or separation processes take place. 
The studies presented here are based essentially on the principle of comparison of tlhe 

thermodynamic characteristics of adsorption measured on a number of organoderivatives 
of layer silicates and silica, with the data obtained from the molecular statistic calculations 
involving the portions of surface, which model the real surface of the materials studied. 
These surface portions were chosen on the basis of the adsorbent structure analysis and 

complex physico-chemical studies of the modifying layers structure. 
When performing the studies summarized here, also the principle of structural che- 

mical modelling [10] was extensively used, which imply the comparison of the results of 
chromatographic experiments on the adsorbents possessing predicted separation centres 

with those on the adsorbents which have only a small number of such centres, if any. The 
identification of the portions of chromatographic materials, on which the adsorption and 
separation processes take place, had formed a scientific background for the development 
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of new efficient adsorbents and supports for the chromatography. 
The proposed review comprises the results of the studies outlined above. 

2. G E N E R A L  M O L E C U L A R  S T A T I S T I C  A P P R O A C H  

In what follows, the physical adsorption of molecules on an adsorbent surface will be 
considered, thus restricting the discussion to the systems for which the two following 
assumptions are valid: 

(i) The adsorbed molecules and the adsorbent surface are considered to be quasi-rigid. 
This means that the variation in the partition functions of the molecule and the ad- 
sorbent during the adsorption is negligibly small, so that the internal geometry of the 
adsorbed molecule and the surface, and also the relevant microscopic characteristics of 
the constituent atoms such as their polarizability, remain unchanged. 

(ii) Closely associated with assumption (i) is the restriction on the interactions occur- 
ring within adsorption systems considered in this approximation. In particular, only weak 

interactions such as dispersion and polarization attractions and short-range atom-atom 
repulsions can be considered. No chemical bonding can be involved in this approximation. 

The theory for this adsorption model has been treated extensively in the comprehensive 
study [11], to which we refer the reader for more detailed discussion. Only the essential 
expressions are presented here. 

2.1. T h e r m o d y n a m i c  quan t i t i e s  
The problem of estimating Henry's constant and related thermodynamic quantities can 

be reduced to the calculation of the integrals of the form (see [11]): 

1 o o  2~r ~r 2rr 

a,= 
A 0 0 0 0 

where the integrands Gj can be expressed as 

Ga = exp [ - r  - 1 

Gj = [ - r  j-1 exp [ - r  for j = 2, 3 (2) 

In these equations ~ = O(x, y, z, ~, 0, ~) is the energy of interaction of the molecule 
with the adsorbent surface, the integration extends over the spatial variables (x,y) which 
specify the point on the adsorbent surface above which the molecule is situated, the 
variable z which represents the distance between the molecule and the adsorbent surface, 
and the Eulerian angles (~o, 0, ~) describe the orientation of the molecule with respect to 
the surface; A is the surface area over which (x,y) integration is performed. Calculation 
of the integrals in equation (1) allows the thermodynamic quantities for the adsorption 
of a quasi-rigid molecule of the species i to be expressed as follows: 
Henry's constant 

K l , i - -  J l , i  (3 )  
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and the differential heat of adsorption (equal but opposed in sign to the differential molar 
variation of the internal energy) 

Qa,i = - R T  (J2,i/Jl,i) (4) 

The differential molar variations of the entropy and heat capacity can also be expressed 

via the Jj,i values. Clearly the expressions (3)-(4) are valid within the limit of negligible 
adsorption, i.e. the Henry region. 

Next we list the expressions for the thermodynamic functions of adsorption for molecu- 

les possessing rotational isomerism, since this is the case in which we are mainly interested. 
In equations (3)-(4) above, and in what follows, the subscript i refers to the i-th isomer 
of the particular adsorbate which is considered to be an equilibrium mixture of isomers. 
For each isomer the following quantities may be defined: ui the degeneracy of the isomer, 
i.e. the number of geometrically distinct configurations of the isomer each possessing the 
same free energy, and AFi the difference between the free energies of the i-th isomer and 
that with the lowest free energy value. For example, n-butane possesses one trans confor- 
mation and two gauche conformations, the corresponding values of ui being 1 and 2, and 
the AFi values being 0 and 2.5 kJ/mol, respectively. In equations (5), (8) and (10) below 
the summation is performed over all the isomers of the adsorbate. 

The molar portion of the i-th isomer in the gas phase can be calculated from the 
standard expression ]1 
X~ g) = exp ( - A F i / R T )  uj exp ( - ~ F j / R T )  (5) 

Then the molar portion of the i-th isomer in the adsorbed state is: 

r i / r  (6) i 

with 

I'i - K1 i ~  g) (7) 

and 

r =  2.JrJ (s) 
J 

being the adsorption amount for the i-th isomer and the total adsorption for the adsorbate, 
respectively. Using Eqs. (4)-(8), one can express the thermodynamic quantities for the 
adsorbate as (for details refer to [11]): 

K1 -- F (9) 

Q~/RT - ~ ujxj 
J j 

(10) 

2.2. Interaction energy and adsorption potential  
We turn now to the question of the interactions involved in the interaction energy value q). 
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As a result of assumption (ii) above, it will be shown that the value of ~ can be 
expressed as the sum over the contributions of all the atoms present in the molecule, 
with these contributions being induced by the potential field of the surface. It should be 
noted here that although the interactions can be divided into two major classes, via pair 
or atom-atom interactions, such as dispersion and short-range repulsion forces, and an 
essentially non-pair interaction, that due to polarization, they can both be treated in a 

similar fashion within the framework of the proposed method. 
Considering the pair interactions first, one can express the corresponding contribution 

to the value of r as: 

Cp~ir = ~ ]  ~ f(rm,s) (11) 
m $ 

where the internal summation is performed over all the atoms of the adsorbent surface 
(s), while the external summation is that extending over all the atoms in the molecule 
(m). The s summation is, in fact, unrestricted; however, it can be shown that, to within 
an acceptable accuracy, the explicit summation can be performed over the limited number 

of surface atoms nearest to the adsorbed molecule, the remaining part of the sum being 
substituted by analytical integration over the remainder of the adsorbent assuming a 
homogeneous distribution for the atoms within the adsorbent bulk. Moreover, even this 
explicit summation can be further simplified for the case of the adsorbents possessing a 

layered atomic structure. This summation is performed over the limited number of atomic 
sheets nearest and parallel to the adsorbent surface, assuming that the atomic density is 
distributed homogeneously throughout the sheet. This summation can again be performed 

analytically. 
A number of expressions exists for the atom-atom interactions, among which are the 

Buckingham-Corner or (6-8-exp) potential: 

~(sc) ,~(BC) 
f(BC)(rrm), --c(BC)r-6M,S m , s  +uM,S exp (--tgM,S rm,s) (12) 

and the Lennard-Jones or (6-12) potential: 

121 ( L J ) ' - 1 2  (13) (~(LJ)r-6 + uM,S'm,s f(LJ)(rm,~) -- ~M,S m,s 

Here the superscripts (BC) and (L J) refer to the Buckingham-Corner and Lennard-Jones 
potentials, respectively; rm,s is the distance between the m-th atom of the molecule and 
the s-th atom of the surface. The coefficients C, D, B, Q depend on microscopic charac- 
teristics, such as static polarizability, ionization potential, etc. For a detailed discussion 
of atom-atom interaction potentials, the reader is referred to [12]. The subscripts M and 
S denote atomic species of the adsorbed molecule and the adsorbent surface; note that 
in summations like (11), it is implied that, for any value of m (or s) there is the definite 
M (or S) value which corresponds to a particular atomic species. Therefore, the internal 
summation in equation (11) can be performed to give the sum of atomic contributions: 

(I)P air = E hM(rm) (14) 
m 

where 

hM(rm) = E f(rm,s) (15) 
s 
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Turning now to the non-pair polarization interaction, one can present it in a similar 
form: 

Oind = Y~gM(rm) (16) 
In 

where the m-th atom contribution, gM(rm), may be expressed as: 

] gM(rm) -- --(1/2)C~M [E(rm)] 2 - --(1/2)C~M qsrm~r 2 (17) 

Here, C~M is the polarizability of the M-th atomic species, and E(rm) is the electro- 
static field created by the charges q~ of surface atoms at the point rm where the m-th 
atom is situated. Calculation of E(rm) again involves an unrestricted summation over the 
adsorbent atoms; however, this can be simplified by noting that as the adsorbent bulk 

is electroneutral, the only contribution to the electrostatic field results from the portions 
of the adsorbent closest to the adsorbed molecule. For adsorbents possessing a layered 
structure, the calculation of the polarization energy contribution can be further simplified 
by introducing atomic sheets over which the charge is distributed homogeneously; sum- 
mation over the atoms in the sheet then again reduces to the corresponding analytical 
integration. 

It is now straightforward to introduce the concept of the adsorption potential of the 
adsorbent surface with respect to a particular atomic species of the adsorbate molecule. For 

any m-th atom of the M-th species of the adsorbed molecule, the potential value VM(rm) 
can be calculated at the point rm where this atom is situated. For example, for the BC 
and polarization potentials one can combine Eqs. (12), (15) and (17) to obtain: 

v(BC+ind) l~ (BC) 
M (rm) - - "M (rm)-+- gM(rm) (lS) 

while, for the combination of the LJ and polarization potential, a similar expression is 
valid: 

v(LJ+ind) 1~ (L J) (rm) --"M (rm) + g (rm) (19) 

For each position of the adsorbed molecule relative to the adsorbent surface, a set of 
the coordinates rm for the atoms in the molecule exists which is completely determined by 
the coordinates (x,y,z) for the centre of inertia of the molecule with respect to the surface, 
the internal geometry of the molecule, and the Eulerian angles (~, 0, q) describing the 
orientation of the molecule with respect to the surface. Thus, by calculating the potential 
grid, i.e. the arrays of potential values VM(Xp, yq, zr) for each atomic species M with the 
spatial grid (Xp, yq, Zr) extending over the relevant integration domain, it is possible to 
perform the integration in Eq. (1) numerically, calculating the potential values VM(rm) 
by extrapolation over the grid. 

However, in most cases of interest, the sixfold integration in (1) is incapable of numeri- 
cal solution. Calculations performed so far for related models are those for the adsorption 

of the hydrocarbon molecules in zeolite cell voids, see, for example, [13]. In such cases, 
the spatial integration in equation (1) is restricted to a relatively small volume which is 
determined by the van der Waals' radii of the atoms which constitute the molecule and 
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the walls of the void. Furthermore, additional simplifications are brought up by the sym- 

metry of the void. We have been interested mostly in calculations of the thermodynamic 

quantities for the systems in which adsorption takes place on porous adsorbent surfaces 

with pores open to the gaseous phase. For such cases, the integration volume in Eq. (1) 

is of the order of cubic nanometers, and with the computers available it has proved im- 

possible to perform the relevant calculations within the accuracy needed. Fortunately, the 

symmetry properties of such systems can be exploited to solve this problem. 

2.3. Ca lcu la t ion  of thermodynamic functions for adsorption on homogeneous 
surface 

Let us consider the case where the adsorption of the molecule occurs on a homogeneous 

surface, i.e. a surface whose adsorption potential exhibits negligible variations with the 

(x,y) coordinates. A good example of such an adsorbent is the basal plane of the graphite 

surface. It has been shown in [11] that, within 1% accuracy, the summation over the 

surface atoms in equation (15) can be replaced by a summation over a few atomic sheets 

nearest and parallel to the surface, the sum over the particular sheet being approximated 
by an integral: 

o o  o o  

Y~ r-n-ps f dx f dy(Z2+x2+y2) -n 27rps Z-~+2 
{ s h e e t }  . . . .  - -  n -  2 (20) 

o o  o o  

{sheet} . . . .  

with Z being the distance between the atomic sheet and the point in which the potential 

is calculated, and ps the mean number atomic density of the S-th atomic species over the 

sheet. The summation over atoms located deeper in the adsorbent bulk may be replaced 
by an integration: 

O 0  O 0  O 0  

z 
{bulk} . . . . .  oo = ( n -  2 ) ( n -  3) (22) 

with Z being the distance between the bulk boundary and the point at which the potential 

is calculated and #s the mean number atomic density of the S-th atomic species in the 

bulk. Note that the short-range repulsion which is represented by the exponential term for 

the BC potential is negligibly small for the bulk part of the potential and can therefore be 

omitted. It is to be noted also that in the case of a homogeneous surface the polarization 

interaction cannot be included into the calculations, as a matter of principle, since a 

system of infinite parallel homogeneously charged sheets produces no electrostatic field 
provided the whole set is electroneutral. 

Now the adsorption potential is independent of the coordinates (x,y) parallel to the 

adsorbent surface, and one Eulerian angle (say, 9~) can be chosen in such a way that the 

rotation of the molecule through it does not affect the z coordinates of the atoms of the 

molecule. Thus the integrations over (x,y,90) can be performed analytically, and instead 
of equation (1) one obtains: 

1 oo 7r 2~v 

Jj--4-~ f dz f sinOdO f d*Gi (23) 
0 0 0 
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Moreover, for any given (0, ~) value, the potential energy r ~) can be expanded 

in the Taylor series near the equilibrium distance z0(0, ~): 

1-0"(0, ~)(z - z0) 2 + . . .  (24) �9 (z, 0, - r r  + 2 

In this harmonic approximation, with ~0(0, ~) and r ~) representing the values of 

and its second derivative with respect to z at the point z0, one can perform the steepest 
descent integration over z in equations (1) and (2) due to the exponential dependence of 
the integrands on z to obtain: 

J1 =I1,  J2 = I2 + I,/2, J3 = Ia + 12 + 311/4 (25) 

where 

if (I)0 (0, I I/)] j-1 v/27rkT - r  ~) (26) 
I j-~--~ sin0d0 dqJ kW O~(0, qJ) exp kT 

0 0 

We had implemented the formulae (3)-(13), (18)-(22), (25) and (26) into the computer 

program which performs the calculations along the following lines. 
First, from the parameters of the BC or LJ potential, the one-dimensional potential 

grid v(M)(zr) is built up covering a distance z which is of the order of the size of the 

molecule over the adsorbent surface. Then integration (26) is performed: for each (0, ~) 
value the program searches for the minimum potential value r q) and, when the se- 
arch is completed, the value of r q) is calculated from the finite differences. It is 

seen from equation (26) that since the values of r q) and r q) are independent of 
T, the calculations may be performed simultaneously for the set of temperature values. 

Table 1 
Values of the Be potential coefficients C (Bc) [J/(mol.nm6)], D (Bc) [10-2j/(mol'nmS)], B (Bc) 

[107J/mol] for the interaction of alkane atomic species with various surface atomic species ~ 

n c 
Surface atomic 
species C D B C D B 

H (modifier) b 0.168 0 11.90 0.463 0.884 3.35 

C (modifier) 0.463 0.884 3.35 1.290 1.999 17.58 

N (modifier) b 0.528 0 19.55 1.817 0 22.44 

O (silicate) b 0.526 0 21.98 1.785 0 25.25 

Si, A1 (silicate) b 0.506 0 0 1.993 0 0 

C (graphite) c 0.498 0.950 3.60 1.386 2.148 18.90 

C (graphite real) d 0.574 1.090 4.20 1.590 2.470 21.80 

~The Q(BC) parameter is equal to 1 35.7 rim- except for atomic pairs: H,H - 52.0 nm -1, H,N - 
45.6 nm-1; C,N - 37.7 nm-1; H,O - 47.3 nm-1; CIO - 38.8 nm-"  
bThe truncated atom-atom potential form was found to be relevant 
CParameters from [11] 
dparameters estimated for a real regularly inhomogeneous graphite surface 
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The Gaussian quadrature formula was used to perform the integration. The above proce- 

dure was repeated for each isomer in the set; finally, the mean thermodynamic quantities 
(5)-(10) were calculated. 

The performance of the program was verified by reproducing the results presented in 
[11] for the thermodynamic properties associated with the adsorption of hydrocarbons on 

the homogeneous basal surface of graphite. The BC potential was used in the calculations, 
with the C (BC), D(BC), B(BC), Q(BC) coefficients listed in Table 1. For the reasons explained 

below, we have preferred to use the LJ potential in the calculations, and hence the next 
step was to estimate the coefficients C (LJ) and B (LJ) so as to obtain the best fit for 

the values obtained with the LJ potential to those obtained for the BC potential. The 
corresponding values of the standard LJ parameters from which the coefficients C (LJ) and 
B (L J) may be readily calculated are summarized in Table 2. 

Table 2 

Values of the Lennard-Jones potential well depth F (J/mol) and characteristic radius R (nm) 
for calculating the Lennard-Jones potential coefficients C (LJ) = 2FR 6 and B (LJ) = FR 12 for the 

interaction of alkane atomic species with various surface atomic species 

H (alkane) C (alkane) 

F R F R 

H (modifier) 160.35 0.280 182.13 0.339 

C (modifier) 182.13 0.339 283.87 0.383 

N (modifier) 208.08 0.300 400.26 0.300 

O (silicate) 195.10 0.300 377.65 0.300 

Si, A1 (silicate) 199.29 0.300 438.78 0.300 

C (graphite) 178.78 0.339 275.49 0.383 

C (graphite real) 203.00 0.339 314.00 0.383 

2.4. Ca lcu la t ion  of thermodynamic functions for adsorption on regularly 
inhomogeneous surface 

We now proceed with the calculations of the thermodynamic adsorption quantities for 
a surface possessing a lower degree of symmetry, via a surface whose properties vary pe- 

riodically along one dimension, say x, and do not depend on another lateral coordinate, y. 
For such a system, expression (1) becomes 

1 /   -S  Xo/dXo/dZ/d  
Xo 0 0 0 

(27) 

where X0 is the period of the surface inhomogeneity; note that the analytical ~ integration 

cannot now be performed since the equipotential surfaces are no longer planes parallel to 
the surface. 
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Another problem which arises with calculations involving inhomogeneous surfaces is 

that  the summation over the adsorbent atoms (cf. equations (20)-(22)) can no longer 

be restricted to infinite atomic sheets, because the symmetry of the adsorbent implies 

the existence of less symmetric structural  elements. This problem can be resolved if it 

is assumed that  the adsorbent surface consists of semi-infinite atomic sheets and solid 
quadrants, representing the portions of the bulk adsorbent. To introduce these into the 

calculations of the adsorption potential, the following formulae were derived: 

for the semi-infinite atomic sheet with the coordinates 0 < x < oc, - o c  < y < oc, z = 0 

the relevant averages of r -n at the point x = X, z = Z become: 

(X) OO 

y~r-6-Psidx f dy[Z2+(x-X)2+y2]-6 
0 

= ~Ps 4Z2 + 3X2 (28) 

8 (z~ + x~)~/~[2(z~ + x~)~/~ + x(3z~ + 2x~)] 

7rps 16384Z s + 48231Z6X 2 + 60624Z4X 4 + 35616Z2X 6 + 8064X 8 

1280 (Z 2 q- X2) 9/2 

x [128(Z 2 + X' )  9/2 + X(315Z s + 840Z6X ' + lOOSZ4X 4 n t- 576Z'X 6 + 12818)] -1 (29) 

and for the solid quadrant with the coordinates 0 < x < oc, - c o  < y < ec, 0 < z < oc 

oo oo oo 

quadrant 

~#s Z ~ - 9XZ/8 + X 2 

6 (Z 2 --1 t- X 2 ) l / 2 [ ( Z  2 + X 2 ) l / 2 ( Z 3 X  3) + Z 4 2 2 1 2 / 2  J- X4)]  
(30) 

It should be noted that  integration of the exponential term in equation (12) for the BC 

potential leads to a series of Besse! functions, an expression which is rather inconvenient 

for numerical calculation; that  is why in a further development we have restricted ourselves 

to the Lennard- Jones dispersion and repulsion potential form. Also the repulsion (r -12) 
component in the expression for interaction with the adsorbent bulk was found to be 

negligibly small and was therefore omitted from the calculations. 

Finally the contribution of polarization interactions may be considered in the frame- 

work of the layered adsorbent model. Starting from the expression for the electrostatic 

field vector created by the line possessing a charge density r: 
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with r being the shortest radius vector from the line to the point in which the field is 
calculated and e the dielectric permeability, it is possible to calculate the components of 

the field created by the portion of the charged sheet located at A < x < B, - e c  < y < oc, 
z = 0 at the point X, Z :  

B 

Ex = --2~ / dx (x - X) 
e ( x -  X) 2 + Z 2 

A 

- ( •  + 

13 

Ez 2 Z dx 1 x A 1 - - -  = - -  arctan ~ - arctan (32) 
z 

A 

where cr is the density of the charge which is distributed homogeneously over the sheet. 

Generalizing the method described in the previous section, we have developed a com- 

putational program which performs the calculations for such systems. Again the potential 
grid is built for each atomic species; in this case the grid is two-dimensional, covering 

the relevant (x,z) integration domain. Moreover, since the adsorption surface is now in- 
homogeneous, the harmonic approximation (24) is no longer valid, as the z dependence 

of ~ need not be parabolic for the case of a molecule, say, near the wall of the pore. This 
implies that the five-fold integration in equation (27) must be performed numerically; 

again the Gaussian quadrature formulae were implemented into the program. 

To check the performance characteristics of the program, we have performed a series 

of calculations for the thermodynamic adsorption properties of n-alkanes on a model 
microporous graphite surface. 

The regularly inhomogeneous surface of the graphite was modelled by ' the  layered 

adsorbent (interlayer distance 0.335 nm, the mean number atomic density of the carbon 

atoms in the layer ps = 38.2 nm-2), with the surface micropores simulated by infinitely 

long parallel defects of the external atomic layer. In the calculations the width of the 
micropores and the interpore distance were varied. Clearly no polarization potential needs 

to be included in the calculations due to the nature of the interactions involved. 

First, it was instructive to calculate the profiles of the 'local' (non-observable) quantity, 
representing the relative density of the molecules adsorbed in the vicinity of some point 

over the adsorbent surface. It was shown that near the pore edge this density decreases 
significantly, and the preferential adsorption takes place inside the pore near its wall, 
provided the pore is wide enough to accommodate the molecule. 

Next we performed a series of calculations in which the width of the pore was varied. 
The results obtained in this case were rather predictable: preferential adsorption was 

observed for pores with a free section matching the van der Waals cross-section of the 
alkyl chain. 

More interesting is, however, the question concerning the effect of the total surface 

inhomogeneity on the integral thermodynamic characteristics values. Here it should be 

noted that the calculations made in [11] for a homogeneous graphite surface were per- 

formed with the atom- atom potential well depth reduced by 13% with respect to the 

values estimated from the quantum mechanical expressions (compare last two entries in 
both Tables 1 and 2); this enabled a correspondence to be achieved between the calcula- 
ted and experimental thermodynamic quantities. We believe however (see [14]) that this 
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discrepancy is due to the presence of surface micropores not accounted for in the calcu- 
lations [11]. To support this point of view, we performed the calculations for a regularly 
inhomogeneous surface with narrow parallel micropores 2 to 3 nm apart which we believe 
simulates edge dislocations on the faces of the graphitized black microcrystallites having 
the same characteristic dimensions (see e.g. [15]). For non-reduced atom- atom interac- 
tion parameters marked as 'Graphite real' in the tables used in the calculations the results 

obtained were found to be closely similar to the experimental chromatographic data. 
Thus, the proposed method of calculating the thermodynamic properties of molecules 

adsorbed on to regularly inhomogeneous surfaces in the Henry region can be considered 
adequate, enabling quite sensible results to be obtained concerning the degree of inhomo- 

geneity of the graphitized blacks surface. 
In section 5 the application of the above procedures for calculating the thermodynamic 

characteristics of the hydrocarbons adsorption on a number of model adsorbents will be 

given. 

3. S T R U C T U R E  A N D  A D S O R P T I O N  P R O P E R T I E S  OF M O D I F I E D  

L A Y E R  SILICATES A N D  SILICA 

In the studies, specially purified clay minerals, mainly from Ukrainian deposits, were 
used: montmorillonite (Pyzhev), hydromica and palygorskite (Cherkassy), kaolinite (Glu- 
khov), vermiculite (Kovdor, Russia). The diatomite supports from Armenia and the Czech 
Republic (produced by Lachema), and macroporous silica (made in the experimental plant 
for production of adsorbents for petrochemical industry, Nizhnii Novgorod, Russia) were 

employed. 
The specific surface values were calculated from BET equation, with the molecular 

areas taken as: N~=0.162 nm2; C6H14--0.50 nm2; H20=0.108 nm 2. 

3.1. Modified layer silicates 
Natural layer silicates represent the mixed type porous adsorbents with structure con- 

sisting of mesopores, and micro- and macropores [16]. With respect to the character of 
their porous structure, the layer silicates can be divided into two classes: those with the 
expanding structural cell (montmorillonite, vermiculite), and with the rigid structural cell 

(kaolinite, hydromica, palygorskite). 
The chemical modification of the adsorbent surfaces presents a lot of possibilities to 

change the structural-adsorption and separation characteristics of these adsorbents. Or- 
ganic cations are adsorbed only on the external surfaces of layer silicates possessing the 
rigid structural cell. Therefore, the changes in the adsorption characteristics of the kaoli- 
nite, hydromica and palygorskite, caused by the substitution of organic cations for natural 
inorganic exchangeable cations, are similar to the changes in adsorption properties of silica 
due to its modification by organic substances: the deterioration of the adsorption ability 
of the minerals with respect to both polar and non-polar substances is observed. This is 

clearly seen in Table 3. 
The nature of the changes in adsorption and separation properties of layer silicates 

with the expanding structural cell, caused by the modification, depends on the size of 

modifying organic cation. 
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Table 3 
Amount of adsorbed cations a (meq/g), interplanar spacing do01 (nm) and specific surface area 
S (m2/g) of modified layer silicates 

Mineral Cation a dool 
S (m2/g) 

N2 C6H14 H20 

Palygorskite Ca 2+ 0.23 1.04 224 153 302 

[C16H33NH3] + 0.26 1.04 - 161 210 

[C16H33NH3] + 0.47 1.04 - 147 131 

Hydromica K + 0.26 1.02 120 120 150 

[C16Ha3NCsHb] + 0.53 1.02 24 32 25 

Kaolinite Na + 0.23 0.72 69 69 62 

[C18H3rNH3] + 0.25 0.72 49 51 25 

[C18H37NH3] + 0.40 0.72 42 42 16 

Montmorillonite Ca 2+ 1.00 1.00 a 15 32 481 

[(CH3)4N] + 0.85 1.38 155 105 191 

[C16H33NH3] + 1.01 1.80 2.8 21 72 

[C16H33NC5H5] + 0.75 1.77 2.8 27 91 

Vermiculite Na + 1.50 1.25 - 9.1 169 

[(CH3)4N] + 0.06 1.25 1.4 9.3 169 

[C16H33NHa] + 1.24 2.70; 1.35 3.6 - 113 

a Dehydrated sample 

Thus, the modification of the montmorillonite by short-chain cations (tetramethyl- 

and te traethylammonium) leads to the penetrat ion of organic cations into the interlayer 

spacing, which results in the moving the silicate layers apart from one another by 0.42-0.45 

nm. The relatively small cations, [(CH3)4N] + and [(C2Hh)4N] + with areas of 0.26 nm 2 and 

0.45 nm 2, respectively, occupy only a part of internal montmorillonite surface, providing 

a considerable free volume of micropores available for the molecules of inert gases, cyclic, 

aromatic and paraffin hydrocarbons [17,18]. In fact, for te t ramethylammonium modified 

montmorillonite, a sharp increase in the specific surface area with respect to nitrogen and 

hexane, and a decrease in the specific surface area with respect to water, as compared to 

natural  montmorillonite were observed, see Table 3. This can be at t r ibuted to the fact 

that  some part of the natural  mineral surface, accessible for H20 molecules, is covered 

with organic cations during the modification process. 
In the case of vermiculite, the short-chain organic cations do not penetrate  into the 

interlayer space, and are adsorbed only on the external surface of the mineral. This is 

clearly seen from the analytical measurements,  showing that only 0.06 meq/g  of Na + ions is 

substi tuted when Na-vermiculite is treated with te t ramethylammonium salt solution, the 

total exchange capacity being equal to 1.5 meq/g.  Therefore, the values of specific surface 

area obtained from water and hexane adsorption isotherms for the initial and [(CH3)4N] + 

modified vermiculite are virtually the same (Table 3). Such a pronounced difference in the 
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accessibility of montmorillonite and vermiculite interlayer space to [(CH3)4N] + cation can 
be explained by different densities and distribution of the layer charge of the minerals. 

Consider now the case of the modification of layer silicates, possessing an expanding 

structural cell, by long-chain organic cations. Here the spacing between the silicate layers 

depends on the amount of organic cations penetrated into the interlayer gaps, or, more 

specifically, on the relation between the values of So - the area of the total silicate surface 

per one exchange center (0.57 nm 2 per unit charge for Pyzhev montmorillonite, 0.365 

nm 2 per unit charge for Kovdor vermiculite), and Sc - the maximum area which can be 

occupied by an exchange organic cation (about 0.1 nm 2 per one -CH2- group of an alkyl 

chain). If Sc < So, then the exchange cations fit closely to the silicate layers which results 

in the formation of the monolayer of organic cations between the silicate layers. When 

So < Sc < 2S0, the flat organic bilayer is formed in the silicate interlayer gap. When 
the value of Sc exceeds 2S0, the organic cations form a layer with the individual cations 

oriented uniformly at some angle with respect to the silicate layer surface [19]. 
The way in which the exchange ions are distributed in the layer and in a crystal of 

a mineral is also important. It was shown in [20-25] that the substitution of inorganic 

or short-chain organic cation for the initial exchange complex of layer silicate in some 

cases involves the segregation of two sorts of ions between the layers. This segregation 

was observed using the X-ray method for residual inorganic and long-chain organic ca- 
tions in the structure of the vermiculite [25-27]. It is to be noted that the vermiculite is 

characterized by a macroscopic level of the segregation in the sense that whole 'domains' 

of the mineral are saturated with the same cations. At the same time, the X-ray studies 

are incapable to provide any definite information concerning the distribution of long-chain 
organic cations in the montmorillonite structure because of random interstratification of 

packets containing initial and organic cations [28,29]. 
The combined studies of water and hexane adsorption were found to be most informa- 

tive in this case. The molecules of hexane can be adsorbed only on external crystal surface 
of both initial and organosubstituted montmorillonite. On the contrary, water molecules 

can penetrate into those interlayer gaps of the montmorillonite, where the substitution of 

organic cations for non-organic ones had not occurred. Thus from the difference between 

the adsorption (or specific surface) values of water vapour and of hexane, the number of 

the silicate packets where no substitution had taken place, can be estimated [29]. 
Using this method it was shown that the modification of the mineral should be perfor- 

med by the solutions containing as much organic substance as possible, with the excess 

of the modifier subsequently being washed out. It results in the reduction of the number 

of montmorillonite packets containing residual inorganic cations. In particular, the data 
for the adsorption of water and hexane on montmorillonite processed by the solutions 
containing an amount of the modifier equal to double and triple exchange capacity of the 
sample, had shown that the number of the packets containing residual inorganic cations 

was reduced by ~ 30% as compared to the case when the amount of modifier was equal 

to single exchange capacity of the sample. 
Thus the combined use of X-ray and adsorption methods can be especially useful to 

determine the variation of the silicate sample structure resulting from the modification. 
The studies summarized above had shown that the presorption of long-chain organic 

cations in the amount equal to the exchange capacity of the mineral with the rigid struc- 
tural cell does not lead to the complete covering of the external surface by the modifying 
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layer. Instead, as the organic cations can associate into micromicelles, there can exist the 

portions of the surface free from organic cations. To achieve the maximal coverage of the 

surface, the superequivalent adsorption is to be performed. The excess of the modifier can 

be removed, if necessary, by washing [29]. 
If the organic cations occupy virtually the whole internal and external surface of the 

mineral, then the molecules of inert gases, saturated hydrocarbons and water are adsorbed 
mainly on their external surface [30-32]. In fact, Table 3 indicates a sharp decrease of 

specific surface values with respect to water for the organomodified montmorillonite and 
vermiculite as compared to the initial minerals. The specific surface area values of modified 

montmorillonite with respect to nitrogen and hexane are also smaller than those of natural 

mineral. This indicates the existence of an aggregating effect due to long-chain organic 

cations, which is especially evident in the case of the modified hydromica, see Table 3. 

The considerably higher values of the specific surface area of the adsorbents with respect 
to hexane as compared to those determined with respect to nitrogen are most likely due 

to the intercrystalline swelling of organosubstituted samples in hexane vapours. 
The molecules of polar organic substances (normal alcohols, acetone, ethylacetate) and 

aromatic hydrocarbons are adsorbed not only on the external, but also on the internal 

surface of the montmorillonite modified by long-chain organic cations [33]. The penetra- 
tion of the adsorbed molecules into the montmorillonite crystals is accompanied by the 

rearrangements in the interlayer space. 

3.2. Modi f i ed  sil ica 
The adsorbents and supports based on silica materials, such as diatomites, wide-porous 

glasses and silica gels, are widely used in the gas chromatography. To suppress the adsorp- 

tion activity of these materials, the chemisorption modification can be applied, resulting 

in the substitution of Si- O-C, Si-O-Si or Si-C groups for surface silanol groups. The al- 
kylchlorosilanes, their derivatives and polymer molecules are most commonly used as the 
modifiers. The essence of the mechanism of the alkylchlorosilanes interaction with silicate 

material surface is that the individual modifier molecules are fixed to the surface by me- 
ans of chemical bond, not interacting with one another. As the result, the modification 

decreases to a certain extent the chemical inhomogeneity, not excluding it completely [34]. 
In the case of polymer molecules, the silica surface can be regarded to be deactivated 

reliably enough only with respect to large polar molecules, whereas small polar molecules 
(like methyl and ethyl alcohols) can access the active sites of solid surface, in spite of the 

screening [34]. 
We have developed a more efficient method of the silica surface deactivation, based on 

the liquid phase modification by organosilicon olygomers [35]. The main advantage of this 

method is that a layer of chemisorbed and sewed together molecules of the hydrophobizer 
is formed on the surface. This layer not only neutralizes the active OH groups of silica 
surface, but also covers the surface with the continuous film, making other active ad- 
sorption-catalytic sites (like coordinately unsaturated A13+ or Fe 3+ ions) to be sterically 

inaccessible. The thickness of this layer on silica surface was estimated in [36] to be of 

about 2 nm. 
Among other modifiers, the polyalkylhydrosiloxanes can be regarded to be the most 

promising ones, due to the presence of Si-H groups capable of chemical reacting. They 
can easily interact with surface hydroxyl groups with the isolation of the hydrogen: 
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O O 

I I 
= S i - O H  + H - S i - R  -- = S i - O - S i - R  + H2 where R = CH3 or C2H5 

I I 

It is important that the topography of reaction capable organosilicon olygomeric modi- 

fiers is close to that of silica surface silanol groups. As the result, the 'geometric matching' 

occurs during the modification process, ensuring the most possible neutralizing of surface 

silanol groups [37]. 
Table 4 (reproduced from [38]) summarizes the adsorption characteristics of the initial 

and polymethylhydrosiloxane-modified macroporous silica with a pore radius r = 57.0 nm. 

Presented also are the adsorption characteristics of surface-porous adsorbent (see Section 

4.2) prepared by the thermooxidation of modified silica in a narrow temperature range. 

The values of the water molecular area wH20 and the heat of wetting q show that the 

modification results in the hydrophobization of the surface, while subsequent thermooxi- 

dation increases the adsorbent specific surface area. 

Table 4 
Amount of grafted modifier a (mg/m2), specific surface area with respect to nitrogen SN: 
(m 2/g), BET adsorption monolayer values for various substances am (mmol/g), water molecular 
area WH20 (nm:) and heat of wetting q (mJ/m 2) for the initial and modified silicas [38] 

  (mmol/g) 
Silica a SN2 WH20 q 

(mg/m ~) (m~/g) C~H~4  C~H~ H~O (nm ~) (mJ /m ~) 

Initial - 44.0 0.133 0.185 0.350 0.208 250 

Modified 2.0 31.0 0.101 0.104 0.017 3.04 36 

Modified and 2.0 120.0 0.126 0.140 0.022 9.90 22 

Thermooxidized 

4. GAS C H R O M A T O G R A P H I C  S T U D I E S  OF T H E  A D S O R P T I O N  OF 

H Y D R O C A R B O N S  ON O R G A N O D E R I V A T I V E S  OF L A Y E R  

SILICATES A N D  SILICA 

The substances used as the molecular probes in the gas chromatographic experiment 

consisted of molecules with no groups or bonds capable of specific interactions with the 

adsorbent surface [9]: saturated hydrocarbons with linear and branched structures, and 

cyclohexane and its methyl- and dimethyl-substituted homologues. Benzene and its deri- 

vatives were also used. 
For gas chromatographic studies, a Chrom-5 chromatograph with a flame-ionization 

detector was used employing a sampling column of dimensions 100 cm • 0.3 cm and 

250 cm x 0.3 cm. After filling with the respective adsorbents of 0.20-0.25 mm radius 

fraction, the columns were conditioned for 6 h at 70-170~ in a flow of the carrier gas 

(nitrogen). The liquid adsorbate samples (volume not exceeded 0.2 #1) were introduced 
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into the column via the carrier gas current, controlling the volume rate of the latter within 

the limits of 30-40 cm3/min. This ensured that the relative vapour pressure of the adsor- 

bate in the system was ca. 1.10 -a to 1.10 .2 with an adsorbent monolayer capacity degree 

of occupation < 0.01. Adsorbate retention times could be reproduced experimentally to 
within 1% accuracy. 

The differential (isosteric) adsorption heats Q~ for negligible adsorbent surface occu- 

pation were derived from the linear dependence of log (Vm/T) against 1/T slope, where 
Vm is the specific retention volume (cm3/g) [9]. Direct evaluation of the Vm values over 

the temperature range 100-150~ and calculation of the isosteric adsorption heats were 

performed employing hexane as the reference substance. For other adsorbates, the relative 
retention volumes Vrel - V~ d~~ x~e were measured experimentally, allowing for the 

adsorption heat increments with respect to hexane to be estimated. 

4.1. Natural and organosubstituted layer silicates 
A sharp increase of the retention volumes Vm and heats of adsorption of saturated 

hydrocarbons on tetramethylammonium montmorillonite in the Henry region as compared 

with natural mineral (Table 5) shows that the adsorption and separation of these molecules 

take place in chink-like micropores having the width of ~ 0.45 nm on the (internal) surface 
of (CH3)4N - montmorillonite [39]. 

Adsorption and separation processes involve also the active sites existing on the external 
surface of (CH3)4N - montmorillonite, their role being more important in the case of 
adsorption of isoparaffins and cyclohexane molecules. This is indicated by a significantly 

smaller differences between the specific retention volumes of iso- and cycloparaffins on 

natural and tetramethylammonium samples than the difference in Vm values characteristic 
for n-paraffines on the same adsorbents. Thus, the tetramethylammonium montmorillonite 
adsorbs n-alkanes selectively from the mixtures containing iso- and cycloparaffines, which 
is confirmed by the values of relative retention volumes for such hydrocarbon pairs as, for 
instance, n-heptane / 2,4- dimethylpentane. These can be easily calculated from the data 
presented in Table 5. 

Table 5 
Specific retention volume Vm (cma/g) and differential heat of adsorption Q~ (kJ/mol) for 
hydrocarbons adsorption on natural palygorskite, and natural and tetramethylammonium- 
modified montmorillonite at 150 ~ 

Palygorskite Montmorillonite (CH3)4N - 
Adsorbates montmorillonite 

Vm Qa Ym Qa Vm Qa 

Pentane 18.5 

Hexane 67.1 

Heptane 275 

2,4-Dimethylpentane 112 

2,2,4- Trimethylpentane 252 

Cyclohexane 32.7 

64.5 8.4 56.5 97.5 67.4 

75.6 35.1 64.0 369 76.2 

83.3 179 72.9 1368 84.2 

68.7 38.1 61.1 128 68.5 

81.2 85.8 72.0 166 81.0 

59.5 l l .4 53.6 71.4 62.4 
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It is interesting that the heats of adsorption of linear hydrocarbons on natural palygor- 

skite are intermediate between the values characteristic for the adsorption on natural and 

tetramethyl- ammonium montmorillonite. This indicates the important role of the micro- 

pores of dimensions 0.37x0.64 nm, existing on ribbed surface of the palygorskite [40]. 

Under the conditions of gas-chromatographic experiment (at a surface coverage 0 

0.01 and temperature range 100-150~ the adsorption of aromatic hydrocarbons, as well 
as n- and isoparaffins, takes place on the external surface of layer silicates such as vermicu- 

lite and fluorohectorite, modified by long-chain organic cations. This is rather convincingly 

confirmed by a comparison of the specific retention volumes of n-hexane and benzene on 

initial and modified synthetic fluorohectorite. Table 6 (reproduced from [32]) shows a 

slight increase of the benzene retention volume on a cetylpyridinium-modified sample as 

compared to the initial one. However, the differences of Vm values for benzene (by a factor 

of 2.5) are not so high as, for instance, in the case of paraffins adsorption on natural and 
[(CHa)4N] +-  modified montmorillonite (Table 5), but are in a good correspondence with 

the 1.9 fold increase of the Vm value determined for hexane. 

Table 6 
Specific retention volumes Vm (cm3/g).of hydrocarbons on initial (Na +) and [CI6H33NC5Hs] + 
- modified fiuorohectorite at 150~ [32J 

Adsorbate Initial Modified 

Benzene 13.3 31.2 

Hexane 1.47 2.76 

The increase of the retention volume of benzene on a modified sample with respect 
to the initial sample, can be associated, similarly to the case of hexane adsorption, with 

intercrystalline swelling of the organic complex, when the molecules of aromatic hydrocar- 

bons penetrate between the alkyl chains of the modifying cations adsorbed on the external 

surface of the mineral. 
A rather different behaviour is observed [32] for modified montmorillonite, possessing 

more labile and disordered structure as compared with fluorohectorite and vermiculite. 

When the amount of modifier on the montmorillonite surface increases, a regular de- 

crease in differential heats of adsorption is observed, with the simultaneous increase of the 

specific retention volumes per unit area of external surface and Henry's constants for the 

hydrocarbons considered (Tables 7, 8). At the same time, an increase in the amount of 
long-chain cationic surfactants on the kaolinite surface leads to the decrease in both dif- 

ferential heat of adsorption and Henry's constant for benzene (Table 8), not surprisingly, 

because of a more complete covering of the kaolinite surface by the presorbed modifying 
layer and a decrease in the charge of the polar NH + groups of the modifier [41]. 

The anomalous changes in the adsorption and thermodynamic characteristics of hydro- 

carbons on montmorillonite indicates explicitly that, at low surface coverage, the adsorp- 

tion and separation of hydrocarbons take place in the surface micropores on the lateral 

faces of the mineral. With the increase in the amount of adsorbed modifier, the proces- 

sing degree of the mineral packets by the organic substance also increases, resulting in the 

increase of the retention volume of hydrocarbons, and corresponding increase of Henry's 
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constants. The adsorption of benzene in micropores is accompanied by an endothermic 

microswelling of the organophilized regions of the surface. As the result, the total heat 

of hydrocarbon adsorption on organomontmorillonite can even decrease with increasing 

amount of the presorbed modifier. 

Table 7 
Specific retention volumes Vs (cm3/m 2) and differential heats Q~ (kJ/mol) of hydrocarbons 
adsorption on cetylammonium montmorillonite with different amounts of presorbed modifier a 
(meq/g) at 150~ 

Adsorbate 
1.01 1.35 1.60 

Vm Q~ Vm Qa Vm Q~ 

n-Hexane 0.53 36 0.75 31 1.20 26 

n- Nonane 3.33 56 4.60 44 6.40 40 

Et hylb enzene 7.71 50 9.20 38 - - 

Table 8 
Specific retention volumes Vm (cm3/g), Henry's constants K1 (ram) and differential heats 
of adsorption Q~ (kJ/mol) of benzene on organo-substituted kaolinite and montmorillonite 
samples with different amounts of presorbed modifier a (meq/g) at 120~ 

No. Adsorbent a V m K1 Q~ 

1 Kaolinite 

2 Kaolinite + octadecylammonium 

3 Montmorillonite 

4 Montmorillonite + cetylammonium 

5 Li-montmorillonite (heated) 

6 Li-montmorillonite (heated) + cetylpyridinium 

7 Li-montmorillonite + cetylpyridinium 

0.27 16.5 0.48 42 

0.50 14.3 0.46 38 

1.01 13.8 3.44 31 

1.60 16.6 5.17 30 

0.08 27.2 2.06 50 

0.22 7.3 0.96 39 

0.90 30.8 3.71 39 

To confirm the validity of the conclusion made above concerning the fact that adsorp- 

tion takes place in the micropores, we have estimated the thermodynamic characteristics 

of the adsorption of benzene on the crystallochemically identical samples with different 

degrees of processing of side surface, prepared on the basis of the Li-form of montmoril- 

lonite [42]. The thermal processing of the mineral Li-form can lead to the formation of 

pyrophillite analogue [16], in which an irreversible migration of Li + cations into vacant 

octahedral positions results in that the layers are mostly adjoined closely to one another, 

with their openings being inaccessible to the adsorption of hydrocarbon molecules. The 

modification of the Li-montmorillonite heated to 250-300~ with organic cations, similarly 

to the kaolinite modification, affects only the external surface of the mineral. The depen- 

dence of the adsorption thermodynamic characteristics for such samples on the amount of 
presorbed modifier is similar to that found for kaolinite, see Table 8, samples 1, 2 and 5, 6. 
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The decrease of Vm and K1 values for the adsorption of benzene on the cetylpyridi- 

nium montmorillonite prepared from the heated Li-form (samples 5, 6) relative to the 
modified material based on initial Li-montmorillonite (sample 7) can be explained by 
the closing of the interlayer gaps of the thermoprocessed mineral. This prevents most 
active sites of the external surface, the micropores on side faces, from taking part in the 
adsorption-separation processes. 

These experimental data show that the most selective chromatographic adsorbents 

can be prepared by the enhanced development of the pores on side faces of the crystals of 
swelling minerals. The number of surface micropores can be controlled by varying both the 
amount of the presorbed organic modifier and the composition of the inorganic exchange 
complex. In contrast to the lithium cations, fixed irreversibly in the structure of heated 
Li-montmorillonite promoting the formation of the 'compressed' structure of the mineral, 
the introduction of the univalent large-size Rb + or Cs + cations into the exchange complex 
of montmorillonite provides the significant increase of the contribution of crystal side faces 
into the total external surface due to the disordered relative displacement of neighbouring 
three-sheet layers [16,43]. 

The results presented below support the conclusions concerning the influence of the 
features, introduced to the mineral matrix by the exchange Cs + cation, on the chro- 
matographic properties of organomontmorillonite. The samples of the cetylpyridinium 
montmorillonite prepared from Cs- and Ca-forms of the mineral, Cs-CPM and Ca-CPM 
respectively, contained 1.4 meq/g of the organic modifier. The glass columns were em- 

ployed, filled with the adsorbents of 0.25-0.50 mm fraction, and conditioned for 6 h at 
100-110~ in a flow of the carrier gas (nitrogen). The experiments were performed at 80~ 
with the volume rate of the carrier gas being within the limits of 30-40 cma/min. 

Table 9 
Selectivity values Vrel of the cetylpyridinium derivatives of montmorillonite 

Adsorbent ethylbenzene : p-xylene m-xylene : p-xylene o-xylene : m-xylene 

Cs-CPM 1.19 1.37 1.10 

Ca-CPM 1.15 1.25 1.03 

From the experimental data [44], the selectivity of the adsorbents was calculated as the 
relative retention volume of the separated species. It can be seen in Table 9 that Cs-CPM 
adsorbent possesses better selectivity than the Ca-CPM one with respect to the separation 
of the isomers of xylene and ethylbenzene with like properties. The results enabled us to 
conclude that the separation of the isomers of m- and p-cresol up to the purity degree 
of 99% can be achieved using the columns with the theoretical plates number (TPN) not 
exceeding 200, and that for the o- and m-isomers - employing the packed intermediate 

efficiency columns with TPN of 2000-2500. To separate the same pairs of the species using 
the Ca-CPM, the capillary columns with the TPN of 20000 were required. 

4.2. Organoderivatives of silica 
The surface-porous adsorbent studied in this work was prepared from the non-porous 

diatomite support Chromaton N-AW (Lachema, Czech Republic) whose surface has been 
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modified with a polymethylhydrosiloxane of general composition (CH3SiHO)n, where 
n = 10-15, followed by subsequent thermo-oxidation of the modifying layer at 300~ Ma- 
croporous silica with a pore radius of 57 nm [34], processed with the same organosilicon 
modifier under the conditions which excluded the development of surface micropores, was 
used as the reference sample. The amount of modifier deposited on the surface in each case 
was 0.3 g/g. The specific surface area of the samples as obtained from low-temperature 

argon desorption method was estimated to be as 100 and 60 m2/g respectively. In what. 
follows the first and second adsorbent mentioned above will be referred to as the thermo- 

oxidized and non-porous sample, respectively. 
Figure 1 shows the dependency of the isosteric adsorption heats on the molecular mass 

of various substances employed, as determined using the method described above. Also 
shown are the Q~ values for the adsorption of the same gases on a homogeneous graphite 
surface, calculated according to the method described in Section 2.3, with the molecular 

geometry of the corresponding isomers obtained from the quantum MNDO / PM3 method. 
We believe that a consistent interpretation of the results presented can be obtained 

based on the assumption that the microscopic structure of the adsorbent surfaces studied 

may be associated with two types or scales of surface porosity: (i) inhomogeneities with 
a characteristic size substantially smaller than that of the adsorbate molecule (surface 
inhomogeneity due to the atomic structure of the adsorbent), and (ii) inhomogeneities 
possessing a characteristic size comparable to that of the adsorbed molecule (surface 
microporosity arising from removal of fragments of the modifier layer during thermooxi- 

dation). 

Qa, kJ/mol ~ thermo- 
oxidized / 
(porous) 

50- } 
graphite 

40 } initial 
(non-porous) 

30- o.----" 
- 

9 2 0 -  , c , 6 ,  I ~ 

70 80 90 100 110 M, a.u. 

Figure 1. Isosteric heat Qa for the adsorption of: e, n-alkanes; o, iso-alkanes; and @, cyclanes 
on various adsorbents plotted against their molecular mass M. 

The similarity between the adsorption energies for the non-porous adsorbent studied 
and for the homogeneous graphite surface should be noted. This is revealed by the uniform 
linear increase in the Q~ values for the series of the normal alkanes, iso-alkanes and cyclanes 
with the increasing molecular mass, i.e. with an increase in the number of methylene 
or methyl groups interacting with the adsorbent surface. This similarity demonstrates 
the absence of microporosity on the surface of non-porous adsorbent. The fact that the 
Q~ values for molecules with near or equal molecular masses exhibit significantly less 
scattering for the non-porous adsorbent relative to the homogeneous graphite can also be 
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explained by the nature of the structural relief of the surface. This eliminates differences 
in the energetics of short range atom-atom interactions of the type which lead to more 
significant differences in the Q~ values characteristic for the adsorption of various isomers 
possessing near or equal molecular masses on a homogeneous basal graphite surface. 

Somewhat different behaviour is observed for adsorption on the thermooxidized surface. 
Here a uniform increase in the isosteric heat of adsorption with a molecular mass was only 
observed for cyclanes, with Q~ value increments arising from the addition of methylene or 
methyl groups in the normal alkane and iso-alkane series being significantly less regular. 
An interpretation of these results may be proposed on the basis of the assumptions made 
above concerning the dimensions and topography of micropores formed on the adsorbent 
surface during thermoprocessing. If it is assumed that thermooxidizing results in the 

formation of long shallow defects in the surface layer, it is possible to estimate the size 

of these micropores from a comparison of the Q~ values obtained and the van der Waals 

dimensions of the adsorbing molecules. These dimensions may be calculated from the van 
der Waals atomic radii and the internal molecular geometry obtained from semi-empirical 
quantum chemical (MNDO/PM3) calculations; the resulting molecular sizes agree well 

with the kinetic molecular diameters listed in [45]. 
Let us first consider the normal alkanes series. It is seen from Figure 1 that the Q~ 

values increase linearly up to n-heptane, whereas for n-octane the increment in isosteric 

adsorption heat corresponding to the addition of one CH2 group to the alkyl chain decre- 
ases considerably, being approximately equal to the value characteristic for the non-porous 
adsorbent. It is thus straightforward to conclude that adsorption takes place preferentially 
in long shallow micropores on the thermooxidized adsorbent surface, the mean width of 
these micropores slightly exceeding the van der Waals cross-section of the alkyl chain 
(0.42-0.46 nm) while their mean length lies between 1.17 and 1.22 nm, the values cor- 
responding to the length of the n-heptane and n-octane molecules. It should be noted 

here that micropores resulting from the 'burning out' of elements of the modifier alkyl 
chain can hardly be regarded as rectilinear hollows in a perfect adsorbent surface; in 
contrast, what we have here are irregular convolutes. However, the account must be ta- 
ken of the fact that the adsorbate represents a mixture of rotational isomers (three for 
n-pentane, seven for n-hexane, 11 for n-heptane and 27 for n-octane). As adsorption takes 
place dynamically, the particular microscopic configuration of a surface pore corresponds 

to preferential adsorption of the adsorbate molecule existing in that conformation which 
most closely matches the geometric shape of the pore. It will be shown in Section 5.2 

below, that for adsorption of n-hexane on the side surface of organomodified montmo- 
rillonite, which corresponds to a set of long parallel micropores with a micropore width 
equal to the van der Waals cross-section of the alkyl chain, almost all the adsorbed mole- 
cules exist in the linear (trans) conformation. A similar effect could well occur in the case 
considered here; obviously the conformational distribution of the adsorbed molecules has 

to correspond to the shape distribution of the micropores. 
Considering the iso-alkanes series next, here the Q~ values for iso-pentane and 2,2- 

dimethylbutane coincide well with those for n-pentane and n-hexane, while the values 
for 2,4-dimethylpentane and 2,2,4-trimethylpentane are considerably less than the corre- 
sponding values for n-heptane and n-octane. This effect can also be explained consistently 

using the concept of the adsorption in long surface micropores: the mean van der Wa- 
als cross-sections for the first two adsorbates (0.51 nm) differ only slightly from that 
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for the alkyl chain, while the cross-sections of more branched 2,4-dimethylpentane and 

2,2,4-trimethylpentane molecules (0.67 nm) apparently exceed the width of the surface 

micropores, resulting in the significantly lower adsorption of these isomers relative to the 

n-alkanes. 

These considerations can be used also to explain the linear increase in the Q~ values 

observed in the cyclanes series. In this case the molecular cross-section of cyclohexane in 

its most stable conformation is equal to 0.51 nm and does not increase significantly as 

methyl groups are added to the cyclic molecule. 

To support our conclusions regarding the existence and approximate size of the micro- 

pores on the thermooxidized adsorbent surface, we had measured the adsorption isotherms 

for the hydrocarbons studied on both adsorbents at 130~ using the gas chromatographic 

method [9]. Adsorption increased for the non-porous adsorbent with increasing molecular 

mass of the adsorbent, with the adsorption isotherm for iso-octane lying between those 

for n-heptane and n- octane (Figure 2,a). In contrast, for adsorption on the microporous 

adsorbent the isotherm for iso- octane lies below that of n-heptane (Figure 2,b), indicating 

that the adsorbent micropores with the size of ,~ 0.51 x 1.2nm are inaccessible as far as 

branched adsorbate molecules are concerned. 

It is to be noted that the considerations presented above demonstrate the application 

of the gas chromatographic version of the molecular probes method, proposed by authors 

in [46]. This method can be used to obtain reliable estimates of the size and shape of 

micropores on a chromatographic adsorbent surface. The fact that these estimates agree 

with the results of adsorption chromatographic measurements at non-zero coverage (Fi- 

gure 2) supports the conclusion regarding the applicability of the method to the study of 

surface-porous adsorbents. 

a, 10 4 cm 3/g 

12 

a, 10 -5 cm 3/g 

- 2.4 

1.6 

a 0.8 

I I I _ I I I _ I 

1 2 3 4 p, torr 0.2 0.4 0.6 p, torr 

Figure 2. Adsorption isotherms for hydrocarbons on the non-porous adsorbent (a) and on the 
thermooxidized adsorbent (b): El, n-octane; l ,  iso-octane; O, n-heptane; and o, n-hexane. 

5. M O L E C U L A R  S T A T I S T I C  C A L C U L A T I O N S  OF T H E R M O D Y N A M I C  

F U N C T I O N S  O F  H Y D R O C A R B O N S  A D S O R B E D  O N  L A Y E R  

S I L I C A T E S  

Theoretical molecular statistic calculations of adsorption thermodynamic properties for 

colloid systems are generally believed to be a quite cumbersome problem. This is mainly 
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because of an essential irregularity of the structure of such systems, preventing one from 

introducing a theoretical model, capable of mathematical consideration. In the present 

case, however, such models can be built and treated using the computational methods 

described in Section 2; some examples of this approach are presented below. 

5.1. Homogeneous surface of modified kaolinite 
We begin with a rather simple system and perform the calculations of the thermody- 

namic characteristics for the adsorption of hydrocarbons on the surface of a non-porous 
layer silicate, in particular, a structurally imperfect kaolinite modified with octadecylam- 

monium chloride. 
Using the value of the specific surface area of the kaolinite specimen prior to modifica- 

tion (70 m2/g), the area occupied by each cation (1.2 nm 2) and the amount of adsorbed 

modifier, we have estimated the thickness of the modifying layer covering the surface of 

the silicate, assuming that no defects exist in this layer. The resulting values, together with 

the experimental data on the Henry's constants and the differential heats of adsorption 

obtained as reported in [47] are listed in Table 10 for the two specimens considered. 

Table 10 
Experimental and calculated values of the Henry's constants K1 (#m) and differential heats of 
adsorption Q~, (kJ/mol) of n-hexane on octadecylammonium-modified kaolinite possessing dif- 
ferent amounts of presorbed modifier a (mmol/g), corresponding to different surface occupation 
coefficients n (layers)at 393 K [47] 

Experimental values Calculated values 

a K1 Qa n K1 Qa 

0.27 0.11 30 3 0.107 28.7 

0.50 0.10 28 5 0.104 28.7 

In the table, it can be seen that the adsorption characteristics remain virtually un- 

changed when the thickness of the layer of modifying cations is increased by a factor of 

almost two. Hence, since the adsorbed molecules are separated quite considerably from 

the surface of the original layer silicate, we conclude that it is interaction with the modi- 

fier which contributes mainly to the thermodynamic characteristics of adsorption, while 

details of the adsorbate- silicate interaction potential play only a marginal role. 
We had taken this fact into account in performing the calculations for the thermody- 

namic quantities. The model adopted for this system was the basal plane of the kaolinite 

covered with three or five monolayers of octadecylammonium cations in their trans con- 

formation closely packed with each other. This implies the existence of atomic sheets in 

the modifying layer as well as in the silicate layer nearest to the surface; the deeper silicate 
layers were included into the calculations in the bulk approximation. The data [11] were 

used for the BC potential coefficients employed for the interaction between the H and 
C atoms of the adsorbate molecule and H and C atoms of the modifier alkyl chain; for 

the coefficients describing the interaction between the alkane atomic species and the ions 

constituting the silicate lattice, we used the values reported in [13]. The coefficients for the 

interaction with the N atom in the modifying layer were estimated using the quantum- 
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mechanical relationships (see, for example, [12,48]). 
The values of the coefficients used are summarized in Table 1 and the results obtained 

from the calculations for the model considered using the program described above are 

presented in Table 10, showing good agreement with the experimental chromatographic 

data. It should be noted that the contribution of the inorganic silicate matrix amounts to 

about 30% of the value of the total differential heat; at the same time, the 5% variations 
in the values of the alkane-silicate interaction coefficients C (Bc), D (uc) and B (uc) do not 

affect the possibility of matching the resulting thermodynamic characteristics to those 

calculated, thus supporting the considerations discussed above. Again the values of the 

LJ potential coefficients (Table 2) were adjusted to match the results of the calculations 

using the BC potential. 

5.2. Side surface of a swell ing layer si l icate 
We now proceed to the subject of our main interest, the adsorption of hydrocarbons on 

the microporous surface of disperse silicates. A swelling silicate montmorillonite will be 

considered as an example of an adsorbent for which a significant increase in the retention 

volume and in the calculated Henry's constant occurs when the degree of modification 

increases, the heat of adsorption remaining virtually unchanged. It will be shown that this 

behaviour may be ascribed to preferential adsorption of hydrocarbon molecules in long 
micropores formed on the side surface of the mineral crystallites during the modification 

of swelling layer silicates. 
The assumptions used in the model are as follows. It was shown in Section 3.1 that 

during the substitution of metal cations (which connects separate layers of the montmo- 

rillonite) with organic alkylammonia or alkylpyridinium cations, the separation between 

the aluminosilicate layers increases due to the formation of mono- or poly-layers of the 
modifier in the interlayer gaps. The amount of presorbed modifier for the adsorbent con- 

sidered is sufficient for each successive block (i.e. the aluminosilicate layer covered with 

the modifier monolayer) of such 'multisandwich' structure to be separated from its ne- 
ighbour by an extra monolayer of organic cations, i.e. the interlayer gap is three-times as 

wide as the alkyl chain width. From simple structural considerations it is clear enough 

that the intermediate submonolayer is more deficient than the monolayers adjacent to the 
silicate layers, with this monolayer defects being concentrated at their boundaries on the 

microcrystallite surface thus forming a system of long parallel micropores on this surface. 
The free cross-sectional width of the micropore openings is equal to the width of an alkyl 

chain (0.44-0.46 nm), the length of the micropores being limited by the characteristic mi- 

crocrystallite size. The silicate layer thickness (0.94 nm) and triple the width of the alkyl 

chain constitute the total period (2.2 nm) of such a porous structure. This d001 value is 
characteristic for the cetylpyridinium montmorillonite, processed with the triple quantity 
of the modifier with respect to the exchange capacity. The excess of the modifier was then 

washed out, thus the final amount of the adsorbed modifier was a ,,~ 1.1 mmol/g. 
To support the considerations regarding the porous surface structure presented above, 

we have calculated a molecular-statistical estimate of the mean micropore depth using the 

model described above. The experimental results, theoretical results and the estimates 

are summarized in Table 11, reproduced from [49]. Note that in this case polarization 
interaction does not contribute significantly to the total energy since the mineral surface 
is covered by a layer of the modifier. The software package presented in section 2.3 was 
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Table 11 
Experimental, calculated and estimated values of Henry's constant K1 (#m) and differential 
heat of adsorption Q~ (kJ/mol) for n-hexane adsorbed on montmorillonite modified by cetyl- 
pyridinium (1.1 mol/kg) at 393 K 

Evaluation method and conditions K1 Qa 

Experimental 

Calculation for basal (non-porous) surface 

Estimate for side surface 

Calculation for side surface: 

pore depth = 0 nm 

pore depth = 0.4 nm 

pore depth = 0.55 nm 

pore depth = 0.7 nm 

0.60 36.4 

0.12 29.7 

1.1 37.2 

0.132 30.0 

0.027 29.5 

0.275 41.1 

5.053 75.1 

used to calculate the thermodynamic characteristics of hexane adsorption on the basal 

homogeneous (non-porous) modified rnontmorillonite surface; then from the experimental 
chromatographic values, common thermodynamic relations, and the structural data [10] 
showing that the total basal surface is approximately equal to the total side surface, it 

was straightforward to estimate the thermodynamic functions characteristic for the side 

(microporous) adsorbent surface. 
Next we performed a series of calculations of the thermodynamic functions associated 

with adsorption on a model microporous surface using different values of the mean pore 

depth; the software package described in section 2.4 was used. On comparing the calculated 

values with those estimated, it can be seen that the K1 ~ 1.1#m value corresponds to a 

mean pore depth of the order of 0.6 nrn, while the matching 0~ value requires a slightly 
smaller depth value of 0.5 nm. An independent estimation of the mean pore depth based 

on a comparison of the specific surface values with respect to hexane for non-modified 

and alkylpyridiniurn-rnodified rnontrnorillonite [27] led to a pore depth value of the order 

of 1 nrn, which is in good agreement with the molecular-statisticM estimate given above. 

The distribution of" (~) values over the conformations, calculated according to Eq. (6) Xi 
had shown, rather predictable, that almost all adsorbed molecules exist in their t rans  

conformation, matching the pore openings. 
Thus the molecular-statistical calculations based on the microscopic model of the side 

surface of a swelling layer silicate with only one adjustable parameter, i.e. the mean pore 
depth, lead to a quite satisfactory agreement with the experimental data, supporting the 

reliability of the assumptions concerning the surface structure of modified layer silicates. 

5.3. Ribbon- l aye red  silicate: po la r iza t ion  in te rac t ion  
A much wider class, however, is presented by adsorbents where the adsorbed molecu- 

les interact directly with the inorganic mineral surface. In this case, a simple account of 

dispersion attraction and short-range atom-atom repulsion forces would not sumce, for 

polarization interaction is expected to play a major role. The corresponding approach 
employed will be demonstrated using the molecular-statistical interpretation of the expe- 
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rimental data shown in Table 5 for the thermodynamic characteristics for the adsorption 

of n-hexane on the microporous surface of dehydrated palygorskite. 

The structure of the ribbon-layer silicate, palygorskite, is built of staggered blocks. 

Such blocks are formed from two networks of silicon-oxygen tetrahedra connected by an 

octahedral network containing hydroxyl groups and coordinatively linked water molecules 

[1]. Thus the chessboard- like cross-section of the crystal contains blocks and channels, 

with the crystallographic channel dimensions for palygorskite dehydrated at 393 K being 

equal to 0.90 x 0.65 nm, corresponding to a free section of 0.64 x 0.37 nm dimensions. 

These channels are too small for linear hydrocarbon molecules to penetrate into them and 

adsorption thus takes place preferentially on the external mineral particle surface [16]. 

This external surface can be considered as being formed by the destruction of the crystal 

along the edges of the ribbons, i.e. breakage of weak edge Si-O-Si bonds with subsequent 

saturation of the released valence bonds by protons. The resulting surface possesses a 

repeating micropore relief, with the surface micropores characterized by a width of 0.70 

nm (the crystallographic channel width minus the double OH bond length) and a depth 

of 0.65 nm. The adsorbate molecules are capable of direct contact with the silicate surface 

and for such a system the polarization contribution to the total potential energy value 

cannot be neglected. This contribution arises from the electrostatic field of the adsorbent 

surface associated with the distribution of charges, in particular, those of the polar SiOH 

groups located on the micropore edges and of water molecules linked with coordinatively 

unsaturated Mg 2+ cations at the pore walls. 

To determine the charges of lattice ions, quantum-chemical MNDO calculations were 

performed. Two cells were considered, one with and the other without isomorphic sub- 

stitution of A1 for Si in the basal tetrahedral layer, with a compensating Na + ion be- 

ing introduced into the substituted cell. The average values of charges used for the 

molecular-statistical calculations were derived on the assumption that the relative per- 

centage of both types of cell in the lattice is 1:7 [50]. The average charges were -0.61 e 

for the oxygen ions in the tetrahedra, +1.40 e for the Si and A1 ions in the tetrahedral 

coordination, +0.25 e for the H ions compensating the broken bonds on the edges and 

-0.25 e for the intralayer hydroxyl groups. The compensating Na + ion charge was found to 

be +0.50 e; thus the average compensating ion charge per unit cell was taken to be equal 

to +0.06 e. The atomic charges of the bonded water molecule were put equal to those of 

the free water molecule, the average charge for the ions in the octahedral coordination 

being found from the requirement for electroneutrality. 

Table 12 summarizes both the experimental data [16] and our theoretical estimates of 

the adsorption heat; here again the software package described in section 2.4 was used. 

It is seen that polarization interaction contributes significantly to the total value, sub- 

stantially improving the agreement between the observed and calculated values. The two 

values listed in the table for the polarization interaction differ in that the more accurate 

one was obtained with the approximation in which the charge distribution in the im- 

mediate vicinity of the pore was accounted for by using homogeneously charged atomic 

lines, whereas that giving a slightly worse value employed an approximation involving 

homogeneously charged atomic sheets, cf. Eqs. (31,32). Thus, as the thermodynamic cha- 

racteristics obtained depend significantly on the presence of the polarization interaction 
component, despite being insensitive to the detailed adsorption potential profile, it may 

be concluded that the good agreement observed between the calculated and measured 
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Table 12 
Differential heat of adsorption Q~ (kJ/mol) of n-hexane on a palygorskite surface at 400 K 

Evaluation conditions Oa 

Polarization interaction excluded 

Polarization interaction included: 

atomic sheets 

atomic lines and sheets 
Experimental 

48.0 

88.3 

83.6 

75.6 

values is not accidental but presents strong evidence to support the correctness of the 
model employed. 

Once more the molecular-statistical method based on a microscopic model of the mi- 
croporous adsorbent leads to quite satisfactory agreement with the experimental data pro- 
vided that the essential interactions of the adsorbed molecule with the adsorbent surface, 

including polarization and dispersion attraction, and short-range atom-atom repulsion, 
are taken into account. 

6. N E W  C H R O M A T O G R A P H I C  A D S O R B E N T S  A N D  S U P P O R T S  B A S E D  

ON L A Y E R  SILICATES A N D  SILICA 

We have developed the method [51,52] and technology [53] for the preparation of the 
chromatographic adsorbent Benton-80, based on the cetylpyridinium montmorillonite. It 
was shown [51-54] that this adsorbent possesses an enhanced separation characteristics 
with respect to the isomers of xylene in the mixtures with ethylbenzene, the isomers of 

cresol in the mixtures with phenol, c~-olefins of the C14-C18 series and other mixtures of 
substances with near boiling points, as compared with the organobentonite adsorbents 
Benton-18, Benton-34 and Benton-245. 

New methods to improve the separation properties of the organomontmorillonites can 
also be proposed. For example, it was shown in Section 4 that the introduction of Cs + 
cations into the exchange complex of layer silicates, followed by the modification of the 
mineral by long-chain organic cations, results in the development of surface micropores on 
side faces of the adsorbent particles. This, in turn, leads to the increase of the adsorption 
sites, where the chromatographic separation of hydrocarbons takes place. 

We had used this fact to develop a new efficient gas chromatographic adsorbent, the Ce- 
sium/cetylpyridinium montmorillonite (Cs-CPM), containing 0.15 meq/g of Cs + cations 
and 0.85 meq/g of cetylpyridinium cations in its exchange positions [55]. This adsor- 
bent was imposed on an inert support together with the stationary liquid phase (SLP), 

namely, the polyphenylmethylsiloxane (PPMS) liquid, the dibutyltetrachloroterephtalate, 
1,2,3-trans-(2cyanethoxy)propane in an amount of 3-15% mass. The Cs-CPM to SLP ratio 
was (2-3):1. 

An efficient separation of the artificial and technical mixtures of the isomers of cresol, 
dichlorobenzene, mono-, di-, and trichlorotoluene demonstrates high chromatographic pro- 
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perties of the microporous Cs-CPM adsorbent. The data presented in Table 13, summari- 
zing the results of [42,56], show that this adsorbent, used in combination with the PPMS 

SLP, is capable to separate completely the hardly separable isomers of trichlorotoluene, 
to achieve a high separation degree with respect to the isomers of monochlorotoluene and 
3,5-/2,6-dichlorotoluene, and to separate partially the isomers of 2,6-/2,4-dichlorotoluene, 
all these being the mixtures unidentifiable on the chromatographic packings known. The 
separation criterion qJ was calculated as in [57]. It is also seen in the table that the sepa- 
ration properties of the Cs-CPM adsorbent columns are considerably better than those 
of the Ca-CPM adsorbent columns. 

An important advantage of the developed chromatographic adsorbent is that, in ad- 
dition to satisfactory express-analytical characteristics, it possesses the 'general purpose' 
separation properties, while the SLPs traditionally used enable one to perform the se- 

paration of the isomers of one group of substances only, and with the larger retention 
time, see Table 13. The data presented in [38] show that this adsorbent possesses high 
selectivity with respect to the chromatographic separation of isomeric alkyl-, alkylchloro-, 

and chlorosubstituted benzenes (Fig. 3) and in the chromatographic analysis of the mul- 

ticomponent mixture of the isomers of hydrocarbons and chlorated hydrocarbons present 
as the impurities in the technical 1,2-dichloroethane [58]. 

Table 13 
Separation criterion ~ and elution time t (rain) for the isomers of mono-, di-, and trichloroto- 
luene 

Monochlorotoluenes Dichlorotoluenes Trichlorotoluenes 
Packing 

m-: o-: 3,5-: 2,6-: 2,3,6-: 2,3,5-: 
composition 

p- m- 2,6- 2,4- 2,3,5- 2,4,5- 

t ~ t �9 t 

Cs-CPM + 0.91 0.96 
PPMS-4 + 

inert support 

Ca-CPM + 0.13 0 
PPMS-4 + 

inert support 

PPMS-4 + 0 0 
inert support 

42.5 0.44 0.98 47.5 1 1 49.2 

31.7 0 0.35 38.5 0 - 32.5 

0 0 - 0.81 0 133 

The method of liquid phase modification of silica by the solutions of organosilicon oly- 
gomers in toluene, followed by thermofixation of the modifier at 250-350~ was used in the 
preparation of inert thermostable chromatographic supports [35,59]. After the thermal, 

or acid and thermal pretreatment, the diatomite (Porochrom, Armenia, or Chromaton 

N-AW, Czech Republic) was subjected to the modification with the amount of polyethyl- 
hydrosiloxane (PEHS) or polymethylhydrosiloxane (PMHS) corresponding to 2.5 mg of 
organic substance per 1 m 2 of the surface. 
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Figure 3. Chromatogram of technical 1,4-dichlorobenzerte (G) and detected organic impurities" 
1,2,a-trichlorobenzene (A), tetradec~ne (B), 1,2,4-trichlorobenzene (C), 1,2-dicMorobenzene 
(D}, 1,3,5-trichlorobenzene (E), 1,a-dichlorobenzene (F), 4-chlorotoluene (H) and ch!oroben- 
zene (I) on the adsorbent contffming 7% Cs-CPM, 3% dinonylphtalate; support- Chromaton 
N-AW-DMCS. 

Table 14 summarizes the data obtained in [59,60]. Here the chromatographic characte- 
ristics of the supports modified using the liquid phase method, are compared with those 
of the Chromaton N-AW support modified with dimethylchlorosilane (DMCS) from the 
gas phase. The degree of surface deactivation was calculated from the peak asymmetry 
factor As measured at 0.I peak height. The efficiency of the chromatographic column was 
estimated from the value of the equivalent theoretical plate height (ETPH). The supports 
were loaded into the columns without the stationary liquid phase. 

Table 14 
Chromatographic characteristics of initial and modified diatomite supports 

Modifier A~ ETPH 

Benzene Ethanol Benzene Ethanol 

Porochrom 
None 11.0 58.1 2.9 84.1 
PEHS 1.2 2.8 0.9 0.8 
PMHS 1.1 1.8 0.8 0.9 

Chromaton N-AW 
None 2.9 41.6 1.7 45.6 
PEHS 1.0 1.9 1.0 1.0 

PMHS 1.1 1.7 0.9 0.9 
DMCS 1.2 7.9 1.1 1.5 

The advantages of the liquid phase modification method using the organosilicon oly- 
gomers e~s compared to the modification with Chrom~ton N-AW-DMCS are clearly seen 
from the table. Moreover, the modification of the low quality diatomite support (Armenia) 
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results in the material with the properties superior to the reference sample. 

C12 Ell 

C14 C13 ] ] C10 

C17 C16 ~15 t 1 I ! 1 

min 15 10 5 0 

Figure 4. Chromatogram of mixture of alcohols on the column containing 5% silicone rubber 
and diatomite support modified by polyethylhydrosiloxane. 

Fig. 4 illustrates the remarkable efficiency of the supports with respect to the separation 
of the mixtures of C10-Cls alcohols [38]. 

An important performance characteristic of the supports, the thermal stability, was 
further improved using the thermooxidation of the modifying layer at 300-350~ [60]. 
The splitting out of the organic radicals made it possible to increase significantly the 
degree of 'sewing together' the chemisorbed olygomer molecules, leading to the decrease 
of the adsorption activity of the modified support, as the residual hydrophilic sites on its 
surface became virtually blocked off (the data presented in Table 4 show the decrease of 
the q and the increase of the wH2o values for the thermooxidized sample as compared to 
that modified without the thermooxidation). The thermooxidation of the modified layer 
provides also the sharp increase of the thermal stability of the product due to the bonding 
of the silicon atom with three oxygen atoms. 

7. CONCLUSIONS 

The comprehensive approach to the study of structural and adsorption-selective cha- 
racteristics of surface-porous adsorbents is presented. This approach combines the gas 
chromatographic studies of the adsorption thermodynamics of various hydrocarbons on 
the organoderivatives of layer silicates and silica in the Henry region, and the molecular 
statistic methods of the calculations of thermodynamic characteristics of molecules adsor- 
bed on these adsorbents, where the inhomogeneities of the surface are taken into account. 
It is shown that comparing the experimental data for real adsorbents with the results of 
calculations for the models of an adsorbent surface, it is possible to draw definite conc- 
lusions concerning the portions of surface where the adsorption and separation processes 
take place in the chromatographic regime. 

These studies enabled us to develop new efficient adsorbents and supports based on 
layer silicates and silica. These materials are shown to be promising for the separation 
of mixtures of hydrocarbons and their chlorderivatives, alcohols and other substances, 
widely used in industry. 
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Chapter 2.10 
Micropore filling mechanism in inorganic sorbents 

K. Kaneko 

Department of Chemistry, Faculty of Science, Chiba University, 

1-33 Yayoi, Inage, Chiba 263, Japan 

1. I N T R O D U C T I O N  

There are two types of pores of intraparticle pores and interparticle ones[l]. The in- 

traparticle pores are in the primary particle itself, while the interparticle pores originate 

from the interparticle void spaces. There are many minerals which have intrinsic intra- 

particle pores. Zeolites are the most representative porous solids whose pores come from 

the structurally intrinsic intraparticle pores. The pore geometry can be evaluated by their 

crystallographic data. The carbon nanotube of which pore wall is composed of graphitic 

sheets is also the structurally intrinsic intraparticle pore [2]. There are other types of pores 

in a single solid particle. Modification of intrinsic particle structures by specific evolution, 

leaching, and reaction procedures can create pores in solid particles. Porous metal oxides 

are produced by decomposition of their hydroxides. Acid treatment of sodium silicate 

glass creates pores due to leaching of sodium ions. Activated carbons of the most popular 

adsorbent are obtained by the activation reaction of carbonous materials using H20 or 

CO2. Thus, the modification also provides intrinsic intraparticle pores, although particles 
are not necessarily crystalline. 

These modification methods can be widely applied to produce other types of porous 

solids. If we embed a foreign substance in the solid particle in advance, evolution or dis- 

solution of the embeded substance leads to the pore. Also when pore-forming agents are 

introduced in the solid particle, pores are created. The intercalated graphites and pillared 

clays contain foreign substances in their structures, and then those pores should be desi- 

gnated extrinsic intraparticle pores. Primary particles stick together to form a secondary 

particle, depending on their chemical composition, shape, size, and their surrounding con- 

ditions. This secondary particles have interparticle pores. Silica gel is a representative of 

an interparticle porous material. Activated carbons having injected intrinsic-intraparticle 

pores are representative inorganic adsorbents[3-5]. They have been widely used in various 

technologies. Activated carbons are prepared from various precursors such as coconut 

shells, certain woods and coal. Granulated or formed activated carbons are produced from 

bituminous coals. The precursors are carbonized at about 800 K in an inert atmosphere, 

and then activated at about 1200 K in steam or CO2 or mixtures of these. Carbonization 

and activation of the precursor materials develop the disordered micrographitic structure 

having slit-shaped pores. The principal pores in activated carbons are micropores whose 



574 

width is less than 2 nm, although activated carbons have not only micropores but me- 
sopores (2nm < pore width < 50 nm) and macropores (pore width > 50 nm)[6,7]. As 
a micropore has a stronger adsorptive field than a flat or mesoporous surface, a marked 
enhanced adsorption proceeds even at a low relative pressure region. The adsorption by 
micropores is called micropore filling. The excellent adsorptive properties of activated 

carbons for a diluted system come from the enhanced adsorption field of micropores. 

Recently activated carbons such as activated carbon fibers (ACFs) and superhigh sur- 
face area carbons have been developed. New activated carbons have more uniform mi- 
cropore size distribution and greater surface area than traditional activated carbons. The 
carbon membranes for gas separation have been also developed lately[8]. The activation 
of the polyamide film leads to self-supported activated carbon film whose surface area is 
larger than 1100 m2/g [9]. Thus various kinds of carbon adsorbents have been developed 
to find new applications. Scientific studies on activated carbon have been increasing ac- 
cording to development of these new carbon adsorbents with a special relevance to energy 
and environmental demands. In particular, controll of an adsorptive ability of activated 
carbon is requisite for new application. Consequently, basic principles for control of the 

micropore filling mechanism of activated carbons are shown here. 

2. V A P O U R  A N D  S U P E R C R I T I C A L  GAS IN M I C R O P O R E  FILLING 

The van der Waals equation describes the critical phenomena of vapour to supercritical 
gas or fluid. Below critical temperature Tc gas which coexists with the liquid phase is 
called a vapour. Vapor has own saturated vapour pressure P0. Then we can use the relative 
pressure P/P0 for description of adsorption. Fundamentally, physical adsorption is valid 
for vapours [10]. As the molecule-surface interaction of physical adsorption is weak, a 
sufficient intermolecular interaction corresponding to heat of vapourization is necessary 

for predominant physical adsorption. Micropore filling is a physical adsorption enhanced 
by overlapping of the molecule-surface interaction potentials from opposite pore walls 
and the adsorptive force is the strongest in physical adsorption. Nevertheless, micropore 

filling is a predominant process only for vapour. 
A gas above Tc is called a supercritical gas. As microporous materials are slightly 

effective for adsorption of a supercritical gas, there are great interests in adsorption of 
a supercritical gas by micropores. Not only pressure swing adsorption (PSA) technology 

for air, but also new technologies such as supercritical drying, supercritical extraction, 
and natural gas storage need further understanding of the supercritical gas adsorption by 
microporous solids. Although micropore filling cannot induce a predominant adsorption 
of the supercritical gas in almost cases, the supercritical gas can be adsorbed only by mi- 
cropores enough narrow to have the strong molecule-surface interaction energy compared 
to the thermal energy. Basically, we cannot describe adsorption of the supercritical gas 

by microporous solids with the aid of a well- established adsorption equation such as the 
Dubinin-Radushkevich (DR) equation, because the saturated vapour pressure cannot be 
defined for the supercritical gas. The concept of the saturated vapour pressure is indi- 
spensable to thermodynamic description of gas adsorption, because bulk liquid is used as 
the standard state. Dubinin estimated the saturated vapour pressure of the supercritical 
gas as an adsorptive by extrapolation of the pressure vs. temperature relationship [11]. 
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However, we need a more physical basis on the concept of the saturated vapour pressure 

for the adsorptive of the supercritical gas. When we use the molecular statistical approach 

to description of adsorption for the supercritical gas, the saturated vapour pressure is not 

necessarily indispensable. The distinction between vapour and supercritical gas can be 

taken into account through the intermolecular and molecule-surface interaction energies 

[12-15]. Nevertheless, it is better to discuss the micropore filling mechanisms for vapour 

and supercritical gas separately in order to obtain each physical picture. 

3. S T R O N G  A D S O R P T I O N  F I E L D  OF M I C R O P O R E S  

The interaction between an admolecule and a surface atom as a function (I)(r) of the 

distance r between them can be expressed by the Lennard-Jones potential 

( I ) ( r ) -  4e~f [(crsf/r) 1 2 -  (asf/r) 6] (1) 

where e~f and a~f are the well depth and effective diameter for the admolecule-graphitic 

carbon atom. These cross parameters are calculated according to the Lorentz-Berthelot ru- 

les, esf = (s Osf = (O'ss-[-O'ff)/2. Here, (a~, ess) and (an, eft) are the Lennard-Jones 

parameters for a surface atom and a molecule, respectively. The interaction potential (I)(z) 

for an admolecule and a single graphite slab is given by the Steele 10-4-3 potential [16] 

( I ) ( z ) -  2"B'PCCsfO's2f/~ ( (2/5)(O'sf /Z)  1 0 -  (O'sf/Z) 4 -  O's4f/ [3A(0.61A + z)3]} (2) 

where z is the vertical distance of the admolecule above the surface, A = 0.335 nm is the 

separation between graphite layers, Pc = 114/nm 2 is the number of carbon atoms per unit 

area in a graphite layer. The exponent 10 and 4 terms denote the repulsive and attractive 

interactions of the molecule with the surface graphite plane, while the exponent 3 term 

results from the summation of the attractive part of the potential over the subsurface 

layers of the graphite. As the micropores of activated carbon can be approximated by 

the slit spaces between the predominant basal planes of micrographitic units, the whole 

interaction potential (I)(Z)por~ of a molecule with the micropore of an inter-graphite surface 

distance H can be given by Eq. (3): 

(I)(Z)por e = ( I ) (z)+  O ( H -  z) (3) 

Consequently, we can evaluate the potential profile of the molecule adsorbed in the gra- 

phitic micropore. Here H is not the effective pore width w determined by the adsorption 

experiment. The relationship between H and w is expressed by Eq. (4) [15]: 

H = w + 0.8506~rsf - ~f~ (4) 

In the case of the N2-graphitic slit pore system, w is equal to H - 0.24 nm. Fig. 1 shows 

potential profiles of a N2 molecule in a slitlike graphite pore as a function of w using 

the one-center approximation. Here, the molecular position in Fig. 1 is expressed by a 

distance z from the central plane between two surfaces. 

The solid line shows the potential profile for the single graphite surface. The potential 

becomes deeper with decrease in the w value. The potential profile has double minima for 
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Figure 1. Potential profile of N2 molecule adsorbed in a slitlike pore with different width as a 
function of vertical distance of adsorbate above the surface z. 

w > 0.6 nm, but a narrower pore has a single potential minimum. Thus, micropores have 

stronger adsorption fields than flat or mesoporous surfaces, giving the type I adsorption 

isotherm, i.e. an enhanced adsorption at a low relative pressure range, which is called 

micropore filling. The micropore filling is distinguished from capillary condensation, that 

is, molecular adsorption by mesopores. As activated carbon has abundant micropores, it 

shows an excellent adsorption characteristics even for a diluted component gas. 

We can estimate the effective pressure from the potential profile; molecules confined 

in the slitlike pore of 1 nm in width are presumed to be exposed to the high pressure 

of 100 MPa. Also application of the Laplace equation to estimate the pressure difference 

across the adsorbed liquid-gas interface gives 20 MPa for N2 and 140 MPa for H20[17]. 

Therefore, the graphitic micropore can offer the high pressure field from the macroscopic 

view. 
As the interaction potential at the mid-point of the slitlike pore is the deepest in the 

pore of w < 0.6 nm and it is not seriously different from the double minima even for 

w > 0.6 nm, molecular potential for a molecule in the micropore can be approximated 

by the potential at the mid-point of the slitlike pore. The molecular potential indicates 

the presence of the inherent micropore of the volume of WL for each adsorptive. Here 

the inherent micropore must have sufficiently strong molecular field in comparison with 

the thermal energy at a measuring temperature. The inherent micropore volume WL for 

vapour molecules is almost, equal to the micropore volume W0 obtained from N2 adsorption 

at 77 K (Gurvitch rule); WL for a supercritical gas which depends on the molecule-surface 

interaction can be evaluated as the saturated amount of adsorption from the Langmuir 

plot and WL is less than W0 in general. 
If we control the micropore filling of activated carbon, we must change the factors 

relating to Lennard-Jones parameters of Csf and aa. Hence control of both geometrical 

and chemical structures of the micropore sensitively affects the interaction potential. The 

chemical structure of the micropore wall can be modified by chemical reaction, thin film 

coating, and partial deposition of other substances. As adsorption by micropores is often 
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a diffusion-determining process and molecular association changes the gaseous state of 

supercritical gas to vapour, a chemical modification of not only micropore walls, but also 

the external surface can play an important role in the micropore filling control. 

4. A N A L Y S I S  A N D  C O N T R O L  O F  M I C R O P O R E  F I L L I N G  O F  V A P O U R  

4.1 .  M u l t i - s t a g e  mic ropo re  filling of N2 v a p o u r  

The potential profile of N2 in the graphitic slit pore of w > 0.6 nm has double minima, 
indicating the presence of monolayer adsorption on each micropore wall. As the barrier 

height between the double minima of the micropore of w > 0.7 nm is greater than 77 

K, a distinct monolayer adsorption on each pore wall occurs in micropores of w > 0.7 

nm. The predominant monolayer adsorption occurs at the low relative pressure region 
compared with the monolayer adsorption on the flat surface, because the N2-graphitic 

surface interaction in micropores is greater than that on the flat surface. In the case of 

micropores having w > 1 nm, N2 molecules should be adsorbed in the space between 

monolayers on both micropore walls after monolayer adsorption. Then, we can presume 
that in micropore filling of N2 by micropores of w > 1 nm, there are two elementary 
processes monolayer adsorption on each micropore wall and filling in the residual space 
between the opposite monolayers on micropore walls. The separation of these elementary 

processes depends on the height of the potential barrier between double minima. In the 

micropores of w < 0.7 nm, which are called ultramicropores, a single layer or double layers 

can be formed between two graphitic walls. There should be a multi-stage micropore filling 

process on the real activated carbon having pore size distribution. 
The recent Monte-Cairo Grand Canonical Ensemble simulation studies support this 

two- stage model of micropore filling of N2[13,18]. Fig. 2 shows the simulated N2 adsorp- 
tion isotherm of a graphitic slitlike pore of 1 nm in width at 77 K and the snapshots 

of the adsorbed system at different relative pressures. Simulations were performed using 

the Lennard-Jones parameters of cfr/k = 95.2 K and ~rfr = 0.375 nm for the a single 
center model of N2 and the Steele 10-4-3 potential. There are two steps in the adsorption 
isotherm. The snapshots correspond to adsorption states below and above the adsorption 

step. These snapshots clearly show that the low and high pressure adsorption steps are 
due to monolayer adsorption on each micropore wall and filling adsorption in the residual 

space between the monolayers, respectively. If the micropore width is less than 0.7 nm, 

there is only a single adsorption step in the low pressure region. In the greater micropores 

of w > 1.3 nm, the low pressure step is less evident, while the high pressure one is greater. 
Although the comparison of the simulated adsorption isotherm with the observed one 

is helpful to understand the micropore filling mechanism, we need a powerful experimental 

approach to analysis of micropore filling. The comparison plot is one of effective analyses. 
This is because activated carbon has the pore size distribution more or less, making the 

adsorption jump obscure. Sing, Atkinson and McLeod [19,20] proposed the two stage 
model of primary micropore filling and cooperative micropore filling for the micropore 

fillling mechanism with the aid of as- analysis. However, they did not sufficiently analyze 

the small as region. As the enhancement of adsorption by the micropore field is observed 

below an as value of 0.5, the micropore filling mechanism should be examined by the 

high resolution as-plot. Kaneko extended Sing's method and showed that there are two 
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carbon fiber (ACF). 

upward swings from linearity of the as plot below saturation of micropores (as < 1). The 
upward swing ("filling swing") in the lower region (as < 0.3, here as = 0.3 corresponds to 
P/P0 = 0.001) originates from the monolayer adsorption enhanced by the micropore field, 
while another upward swing ("condensation swing") in the as region of 0.7 ( P/P0 = 0.13) 
to 1 comes from filling of molecules in the residual space between the monolayers on both 
micropore walls, which should be a kind of capillary condensation [21-23]. Probably the 

primary micropore filling and cooperative micropore filling correspond to the monolayer 

adsorption on each micropore wall and filling in the residual pore space. The latter filling 
process should be different from the representative capillary condensation, as suggested 
by Sing et al. [6]. It is preferable to use the term of cooperative filling proposed by Sing 
et al. [6] for the filling process in the residual space after monolayer completion. 

The as-plot of the high resolution N2 adsorption isotherm of ACF at 77 K is shown in 
Fig. 3. The as-plot was constructed on the basis of the standard N2 adsorption isotherm 
of nonporous carbon black of type II. The N2 adsorption isotherm is of type I, but there 

is a gradual increase in adsorption below P/P0 = 0.4. The as-plot has two upward swings 
of "filling" and "condensation" swings. We can observe a linear region ( 0.3 < as < 0.7) 
between two swings, which can be extrapolated to the origin. The measurement of the 
slope of the linear as-plot in 0.3 < as < 0.7 provides the definite surface area of rnicropo- 
rous carbons without ambiguity. This method of surface area determination is designated 
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a subtracting pore effect (PSE) method, because monolayer adsorption occurs even in the 

micropore and this method removes enhanced effects by the strong micropore field. 

4.2. Accelera ted  bilayer adsorp t ion  in mic ropore  filling of He 
There were active studies on He adsorption on the flat surface at 4.2 K about 40 years 

ago, showing the anomalous adsorption behaviour that the apparent BET monolayer 
capacity is two times of that expected from the real geometrical surface area. Steele took 

into account the fact that the energy of He atom in the second layer is appreciably larger 
than the energy of He atom in the liquid at 4. 2 K and proposed the modified BET 
equation including the first and second adsorbed layer binding strengths; the modified 

BET equation gave a reasonable monolayer capacity [24]. 
Kaneko et al. [25-28] have studied He adsorption of activated carbon at 4.2 K in order 

to develop a new characterization method for ultramicropores in stead of N2 adsorption. 
He adsorption almost finishes within 5 min in activated carbon samples having micropores 

of w > 0.7 nm regardless of the low temperature conditions. The He adsorption isotherm 
has a sharper uptake below P/P0 = 0.02, but the amount of He adsorption approaches 

to that of N2 adsorption with the increase of P/P0. The He adsorption isotherm has no 
hysteresis. Fig. 4 shows the wide pressure range adsorption isotherms of He at 4.2 K 
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Figure 4. Wide pressure range adsorption isotherms of He at 4.2 K and N2 at 77 K on ACF. 

and N2 at 77 K on ACF. Here, the amounts of adsorbed He and N2 are expressed by 
their volumes using the density (0.205 g/ml) of He adsorbed in the micropore and the 
liquid density (0.807 g/ml), respectively. The abscissa is expressed by the logarithm of 

P/P0. The adsorption amounts of He and N2 increase with log (P/P0). The amount of 
He adsorption becomes much greater than that of N2 adsorption with the decrease of 
P/P0. The significant adsorption difference between He and N2 should originate from 
the accessibility of He molecule by an ultramicropore and the accelerated He bilayer 

adsorption which is observed in adsorption on the nonporous solid. 
The He adsorption isotherm is described by the Dubinin-Radushkevich (DR) equation: 

W / W o -  exp [-(A/E)2], A - RTln(Po/P),  and E - / 3 E o  
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Here W is the amount of adsorption at P/P0, W0 the micropore volume, E0 the characte- 

ristic energy, and/3 the affinity coefficient. 13E0 can be associated with the isosteric heat 

of adsorption, q s t , r  , at the fractional filling r of 1/e using the heat of vapourization, 
AHv, at the boiling point: 

qst,r = AHv +/3E0 (6) 

The/3 for He was determined as 0.03. If we use the Dubinin-Stoeckli relation of E0 and the 

mean half pore-width X0 (x~0E0 = constant) [29], the micropore size distribution from He 

adsorption isotherm can be determined. The micropore size distribution of ACF from He 
adsorption is often different from that from N2. In the case of He adsorption, the second 

layer adsorption is accelerated even on the flat surface, as mentioned above. Consequently, 
the adsorption isotherm having a significant adsorption is observed even in an extremely 

low P/P0 region, which is phenomenologically similar to micropore filling of ordinary 

vapour molecules. The potential profile change of He in the graphitic slit-pore with the 

pore width was examined; the enhanced potential effect for He due to overlapping is less 
important compared with that for N2. Therefore, it was shown that even He adsorption 

in the slit-micropore at a low P/P0 region is described by the modified BET equation 
proposed by Steele. 

4.3. Pore  e n t r a n c e - e n r i c h e d  mic ropo re  filling of n - n o n a n e  

The surface of activated carbon is divided into the external surface and the pore surface 

(inner surface). The as plot for the N2 adsorption isotherm can determine each surface 
area. It is possible that chemical structures of both surfaces are separately modified. Here 
it is described that even the control of only the external surface can change dramatically 

the adsorptive property of activated carbon. Micropore filling is quite effective for adsorp- 
tion of vapours in general. Then activated carbon is an excellent adsorbent for ordinary 

organic vapours. However, the strong molecule-surface interaction often prevents com- 

pletion of filling in whole of micropores. That is, strongly adsorbed molecules near the 
entrance of micropores block further adsorption. In such a case, it is extremely difficult to 
attain the adsorption equilibrium, and then only a quasi-equilibrium adsorption isotherm 
controlled by micropore diffusion is observed. Consequently, elimination of the diffusion 
limitation is necessary for improvement of adsorption characteristics of microporous solids 

even in the case of a strongly interacting vapour-solid surface system such as an organic 

vapour/activated carbon system. 

As the micropore diffusion depends on the concentration of adsorptives near the en- 
trance of the micropore, control of the chemical environment of the micropore entrance 

should be effective for removal of the diffusion limitation in the micropore filling process. 
n-nonane has been used for evaluation of smaller micropores with the aid of irreversible 

adsorption, because a n-nonane molecule interacts so strongly with the graphitic surface 

that n-nonane molecules near the micropore entrance do not diffuse into the interior[30]. 

This fact is supported by the calculation result that the one-center Lennard-Jones inte- 
raction energy of a n-nonane molecule with the graphitic micropore of 1 nm in width is 
quite large (3300K). Hence, it is difficult to attain the adsorption equilibrium in the 

n-nonane/activated carbon system at an ambient temperature. The external surface 
modification with long alkyl groups leads to the rapid adsorption equilibrium for the 
n-nonane/ACF system [31]. 
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Dried ACF was immersed in a cyclohexane solution of titanium (isopropoxy)tristearate 

(TTS), (CH3)2CHOTi Ra (here R = OC(O)C17Has)for 3 h at 333 K. TTS reacts with 

surface hydroxyls of ACF and -TiRa group replaces with the surface hydroxyl. As the 

TTS molecule cannot enter the micropore due to a steric restriction, the coverage of the 

external surface with TiR3 is determined. As the micropores are partially blocked by 

TTS molecules, the total surface area decreased by about 30 % for the sample of the 

external surface coverage of 0.35. However, the micropore width did not change with the 

TTS-modification. 
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Figure 5. n-nonane adsorption isotherms on ACF (1) and TTS-modified ACF (2) at 303 K. 

Fig. 5 shows the low pressure adsorption isotherms of n-nonane by the micropore en- 

trance modified ACF and the pristine ACF. These adsorption isotherms were determined 

under the almost equilibrium conditions. A remarkable enhancement of n-nonane ad- 

sorption with the micropore entrance modification is observed in the low P/P0 region, 
although the adsorption amounts at high P/P0 region almost coincide with each other. 

The fractional filling of n-nonane at saturation is almost constant irrespective of the sur- 

face modification with TTS; the ratios of the saturation n-nonane adsorption W0(nonane) 
to the saturation N2 adsorption W0(N2) for the modified ACF and ACF were 0.72 and 
0.70, respectively. Thus, the low pressure uptake depends sensitively on the chemical state 

of the external surface, while the fractional filling at saturation does not change. Con- 
sequently, the slight uptake of the pristine ACF should be caused by the limitation of 

micropore diffusion. The diffusion limitation can be removed by application of n-nonane 

pressure of P/P0 > 0.1 according to the result shown in Fig. 5. Accordingly, a marked 
enhancement of low pressure adsorption by the micropore--entrance modification is asso- 

ciated with enrichment of n-nonane molecules at the entrance of the micropore due to 

favourable interaction of n-nonane with hydrocarbon chains of TTS. The amount of the 

n-nonane enrichment can be estimated from the comparison of both adsorption isotherms 
in Fig. 5. With the adsorption amount indicated by the horizontal broken line, the equal 
amount of adsorption for both samples is obtained at different relative pressures of 0.065 

(for ACF) and 0.02 (for TTS-modified ACF). That is, application of P/P0 = 0.065 is ne- 

cessary for the prescribed adsorption in the case of ACF, whereas the TTS-modified ACF 
does not need such a high P/P0. Application of P/P0 = 0.02 is sufficient for the adsorp- 
tion by the TTS-modified ACF. Thus, the TTS-modification increases the concentration 



582 

of n-nonane molecules at the micropore entrance, inducing the micropore diffusion. This 

principle can be widely applied to other vapours. 

4.4. Hydrophilicity or hydrophobicity controlled micropore filling 

4.4.1. Hydrated silica-coated activated carbon fiber 
The micropore of activated carbon is composed of micrographites, as mentioned be- 

fore. Basically activated carbon has a hydrophobic nature. Although activated carbon is 

an excellent adsorbent for organic vapours, it is not effective for adsorption of hydrophilic 

molecules. Silica gel and zeolite are representative adsorbents for H20. Silica gel, however, 

is a mesoporous solid and it is not effective for adsorption of low concentrated H20. On 

the other hand, zeolite has micropores which can be used for adsorption of H20 of very 

low concentration, but the adsorption capacity is not necessarily sufficient. The micro- 

porous adsorbent having the adsorption capacity greater than zeolite has been desired. 

The micropore walls coated with hydrated silica should provide modified activated car- 
bon available for adsorption of H20. The example of ACF modified with hydrated silica 

having a great adsorption capacity for H20 is given here [31]. 
The surface of ACF of w = 1.45 nm was modified with molecular adsorption-de- 

composition method using SIC14. SIC14 was adsorbed on the ACF and then hydrolyzed 

by introduction of H20 vapour at 298 K. Afterwards, residual SIC14 and produced HC1 
vapours were removed, and then the treated ACF was heated at 573 K. The amount of 
the produced hydrated silica was determined by the measurement of the weight change. 

The micropore structure of the silica-coated ACF was examined by N~ adsorption; the 
t-plot analysis of the N2 adsorption isotherm showed that the micropore width decreases 

with the silica coating by 0.2 nm; the silica coating decreased the micropore volume and 
surface area from 1.49 ml/g and 2280 m2/g to 0.68 rnl/g and 1100 m2/g, respectively. No 

spherical silica particles were observed on the external surface of the silica-coated ACF 
by scanning electron microscopy with a resolution of 10 nm. Therefore, hydrated silica 

should be deposited entirely on the micropore walls of the ACF. 
The remarkable changes due to the silica coating of the micropore walls were obse- 

rved in adsorptive properties for polar molecules such as H20 and NHa. Fig. 6 shows the 

adsorption isotherms of H20 on the silica-coated ACF and pristine ACF at 303 K. The 
adsorption isotherm of H~O on the pristine ACF shows typical type III character, which 
is characteristic of weak adsorbent-adsorbate interaction. The amount of H20 adsorp- 

tion increases steeply at P/P0 = 0.75. On the contrary, the H20 adsorption isotherm of 
the silica-coated ACF is of type IV. A marked enhancement of the H20 uptake in the 

low P/P0 region is observed, directly indicating that the surface of silica-coated ACF 

becomes hydrophilic. The adsorption isotherm of silica with the same surface area as the 

silica-coated ACF calculated using the adsorption data in the literature is also shown 
in Fig. 6 by a broken line. The calculated isotherm is similar to the observed one below 
P/P0 = 0.7, although the amount of adsorption of the calculated isotherm is considerably 
lower than observed one by 50 mg/g. The discrepancy becomes significant above P/P0 = 

0.8; the calculated isotherm extends even above P/P0 = 0.8, while the observed adsorp- 

tion is saturated above P/P0 = 0.6. Consequently hydrated silica is uniformly distributed 
on the ACF pore surface and the entire surface is available for H20 adsorption and the 
observed saturation arises from the constraint due to micropore filling. The enhancement 
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of H20 adsorptivity by the silica coating at the low pressure region compared with the 
calculated isotherm should be caused by the micropore filling effect. 
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Figure 6. Adsorption isotherms of H20 on 

silica-coated ACF and ACF at 303 K. 
Figure 7. Adsorption isotherms of H20 
(A) and C2HbOH (B)on fluorinated ACE 
(/k, �9 ) and ACF (o, o); open symbols-ad- 
sorption, solid symbols-desorption. 

Thus, hydrated silica-coating leads to the hydrophilic ACF which is superior to the 
bulk hydrated silica for adsorption of H20 at a low P/P0 range. 

4 .4 .2 .  F l u o r i n a t e d  a c t i v a t e d  c a r b o n  f iber  

Fluorination is quite effective for introduction of hydrophobicity to the solid surface. 
Touhara et al. [33] reported that ACF can be fluorinated even below 473 K and the fluorine 
content can be controlled by the reaction temperature. ACF is composed of rnicrographi- 
tes and the fluorination changes the unit structure of ACF from the rnicrographite to 
polycyclohexane frame. The predominant surface of ACF consists of the conjugated C=C 
bonds, whereas that of the fluorinated ACF is covered with the C-F bonds. Accordingly, 
the fluorinated ACF can offer the rnicropore having a perfect hydrophobicity. 

The fluorinated ACF was prepared by reaction between a gaseous fluorine of 101.3 kPa 
and ACF at 373 K after drying the ACF sample. The chemical composition of the fluori- 
nated ACF was C1.4F by the weight change. The as-plots of the N2 adsorption isotherm 
indicated that the rnicropores are preserved after fluorination. Fig. 7(A) shows the adsorp- 
tion isotherms of H20 on the fluorinated ACF and pristine ACF at 303 K. The ordinate 
is expressed by the amount of adsorption per unit pore volume. The n 2 0  adsorption 
isotherm of ACF is of type V and has a marked hysteresis. This ACF, therefore, is hydro- 
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phobic. The H20 adsorption isotherm of the fluorinated ACF is unusual; the adsorption 
is nil until P/P0 = 0.7 and only 33.0 mg/ml even at P/P0 = 0.9, which is negligibly small 
compared with that of ACF. The remarkable depression of H20 adsorption is caused by 
the very weak interaction with H20 molecules. Thus, fluorination can introduce a perfect 
hydrophobicity to ACF regardless of presence of micropores. The adsorption isotherms 
of C2HsOH on the fluorinated ACF and ACF at 301 K are shown in Fig. 7(B). The ad- 
sorption isotherm of C2HsOH on ACF is of typical type I, indicating a strong interaction 
of an ethanol molecule with the carbon surface. Nevertheless, the adsorption isotherm of 
C2HsOH on the fluorinated ACF is still close to type III in the low P/P0 region, tho- 
ugh the adsorption saturates at P/P0 = 0.2. The bE0 (4.85 kJ/mol) determined from 
the DR plot for is much smaller than that (10.62 kJ/mol) for ACF, suggesting the weak 
interaction of an ethanol molecule with the fluorinated microporous surface. Thus, the 

fluorination of the micropore walls enhances the hydrophobicity. 

4 .5 .  Clus t e r -med ia t ed  micropore  filling 

4.5.1. Organized molecular  assembly format ion  upon H20 adsorpt ion  
Even if the interaction of an admolecule with the micropore wall is too small to induce 

micropore filling, it is possible that the interaction energy of a cluster of admolecules with 
the micropore wall is sufficiently bigger than thermal energy. In such a case the cluster 
of admolecules can be adsorbed by micropores. This type of micropore filling should 
be called cluster-mediated micropore filling which can be valid for both vapours and 
supercritical gases. In particular, the concept of the cluster-mediated micropore filling is 
often helpful to enhance adsorption ability for a supercritical gas. The fact that a strong 
micropore filed leads to micropore filling of a supercritical gas through enhancement of an 
intermolecular interaction between admolecules will be described later. Here, it is shown 
that the cluster-mediated micropore filling is useful in controlling the adsorptivity even for 
vapour molecules. As this cluster-mediated micropore filling does not give a predominant 
adsorption at low pressure region, this is not a typical micropore filling. 

The adsorption isotherm of H20 on activated carbon is of type V due to a weak inte- 
raction of a H20 molecule with the graphitic surface, as mentioned in subsection of 4.4. 
The reason why a remarkable adsorption begins at a medium relative pressure was expla- 
ined by Dubinin, Zaverina and Serpinsky [34] using the assumption of cluster formation 
of H20 molecules at a hydrophilic site without the direct evidence. They proposed an 
empirical adsorption equation which is helpful to analyze adsorption isotherms of H20 on 
activated carbon. However, the study on the mechanism of H20 adsorption is completely 
insufficient. The intermolecular interaction of H20 is quite strong (20 k J/tool) compared 
with other molecules. The main interaction is caused by the long-range Coulombic in- 
teraction and the contribution by the Lennard-Jones interaction is only 24 % [35]. We 
cannot approximate the interaction potential of a H20 molecule with the graphitic micro- 
pore by the Lennard-Jones potential. It is assumed that H20 molecules prefer the mutual 
cluster formation in the gas phase at a low P/P0 region, and thereby H20 molecules are 
not adsorbed in carbon micropores. When the cluster grows with the increase of the H20 
pressure and the interaction energy of the cluster with the micropore becomes enough 
great to be adsorbed compared with thermal energy, an observable H~O adsorption in 
the micropore should begin. An in situ X-ray diffraction of H20 adsorbed in carbonous 
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micropores can elucidate the adsorption mechanism clearly. 

The H20 adsorption on superhigh surface area carbon was studied by the in situ 

X-ray diffraction technique [36]. The surface area, micropore volume, and pore width of 

superhigh surface area carbon were 2670 m2/g, 0.97 ml/g, and 1.3 nm, respectively. The 

H20 adsorption isotherm determined at 303 K was of typical type V. The H20 molecules 

were not adsorbed below P/P0 = 0.6 and then they were abundantly adsorbed above 

P/P0 = 0.6. Fig. 8 shows the X-ray diffraction patterns of adsorbed H20 as a function of 
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Figure 8. X-ray diffraction patterns of adsor- 
bed H20 (solid lines) and bulk liquid H20 
(dotted line) at 303 K. 

Figure 9. Radial distribution functions of ad- 
sorbed H20 (r = 1) and bulk liquid H20 
(solid and dotted lines, respectively). 

r The X-ray diffraction pattern of bulk liquid H20 at 303 K is also shown for comparison. 

Here the abscissa is expressed by the scattering parameter S = 4Ir sin 0/~. Although the 

diffraction pattern of adsorbed H~O has an apparent similarity with that of bulk liquid 

water, a significant low angle-shift of the highest peak is observed and the shift decreases 

with r The diffraction patterns were analyzed by the electron radial distribution, as 

shown in Fig. 9. A distinct difference between adsorbed H20 and bulk liquid H20 is 

observed in the peak structure of 0.3 - 0.5 nm. Although bulk water has the highest peak 

at 0.3 nm and another peak at 0.45 nm, the highest peak of the adsorbed H20 is at 0.45 

nm and the adsorbed H20 has a shoulder around 0.35 nm. The shoulder position shifts 

to a greater value with r The structure such as peak or shoulder at 0.35-0.4 nm should 

be attributed to the nearest neighbour molecules, whereas the peak at 0.45 nm is due 

to the second neighbours. As bulk liquid water has interstitial molecules at the nearest 

neighbour positions due to the dynamic nature, the nearest neighbour peak is higher than 

the second neighbour peak[37]. Consequently, the information on the short range order 

in the 0.3-0.5 nm range directly supports formation of clusters or more ordered assembly 

of H20 molecules in micropores. Furthermore, the distribution of adsorbed H20 in the 

range above 0.6 nm is different from that of bulk liquid, suggesting the presence of long 

range order in the adsorbed H20. 

Thus, in situ X-ray diffraction examination shows explicitly that H20 adsorption in 

graphitic micropores is accompanied by formation of the ordered molecular assembly. The 

surface oxidation of activated carbon accelerates the cluster formation on the surface and 

thereby H20 adsorption isotherm has an uptake in the low relative pressure. 
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4 .5 .2 .  T r i m e r - m e d i a t e d  m i c r o p o r e  f i l l ing  o f  a c e t a l d e h y d e  

There is no good carbonous adsorbent for aldehyde molecules. It is well-known that 

acetaldehyde molecules associate to form trimer (paraldehyde) in the presence of H2SO4: 

3CHaCHO ~ (CH3CHO)3 

The boiling point of the monomer is 293.8 K, whereas paraldehyde has a cyclic structure 
and its boiling temperature is 397 K. As paraldehyde is more condensable, paraldehyde 
molecules can be adsorbed even on the surface where monomer cannot be adsorbed. 

Therefore, introduction of strong acid sites on the microporous carbon should enhance 

the amount of adsorption due to paraldehyde formation. 
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Figure 10. Adsorption isotherms of acetaldehyde by H2SO4-treated ACF and ACF at 303 K. 

ACF was treated with a dilute H2804 solution. The microporosity change was exami- 
ned by N2 adsorption at 77 K. Fig. 10 shows adsorption isotherms of acetaldehyde on 

H2SO4-treated ACF and pristine ACF at 303 K. The adsorption at low pressure region 
increases markedly with the acid treatment. The amount of adsorption by H2SO4-treated 
ACF is more than five times of that of ACF. The fractional filling of H2SO4-treated ACF 
is more than 1 even at P/P0 = 0.4. This remarkable enhancement should be ascribed to 
trimer formation at the acid site on the surface[38]. Thus, adsorption of acetaldehyde on 
H2SO4-treated ACF is a good example of the cluster-mediated micropore filling. 

4.5.3. P e r m a n e n t  d i p o l e - i n d u c e d  d i p o l e  i n t e r a c t i o n  m e d i a t e d  m i c r o p o r e  filling 

of 
SO2 has a great permanent dipole moment and the molecular diameter from the visco- 

sity experiment is 0.54 nm. Micropore filling of polar molecules by carbonous micropores 
is not actively studied [39]. The interaction of SO2 with the graphitic slit pore is descri- 
bed by the Lennard-Jones interaction and dipolar interaction. In particular, an organized 
structure due to a strong intermolecular interaction can be expected for a polar molecule 

such as SO2 in the micropore. 
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Figure 11. Potential profile of SOs with graphitic slitlike pore of 0.75 nm width (solid symbols). 
Open symbol denotes the flat surface. 

The adsorption isotherm of SO2 and the heat of SO2 adsorption on ACF of the pore 
width of 0.75 nm were measured at 303 K as a function of the fractional filling 05. The 

SOs adsorption isotherm and heat of SOs adsorption of nonporous carbon black were 

also determined for comparison. The interaction potential of SOs with the graphitic sli- 

tlike pore is composed of nonpolar and polar terms. The nonpolar term is described 

by the Steele function and the polar interaction is approximated by the image poten- 

tial. The Lennard-Jones parameters of ~CM = 0.385 nm and eCM = 84 K from the 
Lorentz-Berthelot rules were used for calculation. Here the subscripts of C and M deno- 
tes the carbon atom and SOs molecule, respectively. Fig. 11 shows the potential profiles 

of SOs in the slitlike pore of 0.75 nm in width. The solid symbols denote the whole 

molecule-pore interaction potential profile including the interaction of the permanent di- 

pole with the induced dipole in the graphitic micropore wall with the aid of the image 
potential [40]. The introduction of the image potential deepens the potential bottom and 
gives a significant contribution of 23 % to the whole molecule-pore interaction potential 

~s- This great permanent dipole-induced dipole interaction leads to the two-dimensional 

orientation of SOs molecules in the micropore. Furthermore, the lateral interaction of ad- 

sorbed SOs molecules becomes important at a higher qS. The lateral interaction ~L of SOs 

is given by the Lennard-Jones interaction and the permanent dipole-permanent dipole 

interaction using the Sockmayer potential ~st: 

~Pst- 4css [(oss/r) 12- (o'ss/r) 6] - (#2/r3)  (7) 

Here ess = 252 K and erss= 0.429 nm are the Lennard-Jones parameters for SO2, # = 

1.61 D is the permanent dipole moment, and g(01, 02, r  r is the angle-dependence 
of the dipole-dipole interaction. We presumed that the dipole moment is normal to the 

graphitic pore wall (01 = 0s = re/2) and the mutual orientation is parallel ( r  q51 = 0) 
or antiparallel (r - 4>1 = re). Total potential kI/total of an adsorbed SO2 can be given by 
Os + ~L- The calculated total potential as a function of the fractional filling is compared 

with the observed behaviour of heat of adsorption below. 
The adsorption isotherm of SOs on nonporous carbon black was of type III. On the 

other hand, that on ACF was of type I, suggesting presence of the micropore filling 
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Figure 12. The change in the differential heat of SOs adsorption, qd, for ACF. 

process regardless of very weak interaction of SO2 with a single graphitic surface. The 
SO2 adsorption isotherm of ACF was well described by the DR equation. However, the 
DR plot bends downward at the fractional filling of 0.6 with increasing P/P0, indicating 
some change in the adsorption process. Fig. 12 shows the change in the differential heat 
of SO2 adsorption, qd, on ACF. The abscissa 05 is the fractional filling which is the ratio 
of the volume occupied by adsorbed SOs to the pore volume by N2 adsorption at 77 K. 
The change is divided into three regions: stage A (r < 0.2), stage B (0.2 < r < 0.6), 
and stage C (r > 0.6). The high qd value at the stage A is ascribed to the interaction 
of the SO2 dipole with the local electric field due to the surface functional group. In the 
stage B, qd is almost constant, being greater than the heat of condensation AHv = 24.9 
kJ/mol by about 10 kJ/mol. In the case of SOs adsorption on nonporous carbon black, 
the qd value almost agreed with AHv. Consequently, the great qd value at the B stage 
comes from the strong SO2 molecule-slitlike pore interaction. The ratio of qa of the B 
stage for ACF to that for nonporous carbon black was 1.4, which equals to the theoretical 
ratio of the SOs molecule-pore interaction to the SOs-single graphite surface interaction 
(1.40). Therefore, the stage B corresponds to the adsorption enhanced by the micropore 
field. As the parallel arrangement of SO2 dipoles gives the excess stabilization due to the 
permanent dipole-induced dipole interaction, SO2 molecules should form two-dimensional 
layer structure of the parallel dipoles in the micropore. Both of the great permanent 
dipole-induced dipole interaction and the permanent dipole-local electric field interaction 
are the cause for the observed predominant uptake of SO2 at low pressure region(stage A). 
Further adsorption of SO2 reduces the intermolecular distance, increasing the repulsive 
energy between the parallel dipoles. The calculated total molecular potential ~I/tota I VS. 

curves for parallel and antiparallel dipole orientations intersected at r = 0.6. The parallel 
orientation is preferable below r = 0.6. According to the potential consideration, the 
antiparallel orientation becomes predominant above r = 0.6. The change of the stage 
B to C just, corresponds to this prediction. Also the bending point of the DR plot of 
SO2 adsorption isotherm agrees with r = 0.6. Therefore, micropore filling of polar SO2 
should accompany a two-dimensional phase transition of the parallel to antiparallel dipole 
orientation with the fractional filling. The dipole-oriented structure of SO2 molecules can 
be regarded as a great ordered cluster. The formation of the ordered molecular structure 
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is mediated by the interaction of the permanent dipole with the induced dipole in the 
graphitic wall, inducing the marked uptake of SO2 in the low pressure region [411. 

5. A N A L Y S I S  A N D  C O N T R O L  OF M I C R O P O R E  FILLING OF 
A S U P  E R C R I T I C A L  GAS 

5.1. Quasivapour state  of a supercrit ical  gas confined in micropores  
It is presumed that supercritical gaseous molecules are concentrated in the micropore 

space by affection of the strong molecule-pore interaction to induce an enhanced inter- 

molecular interaction and the supercritical gas is transformed into a quasivapour. The 
quasivapour states depend strongly on the micropore width, because the micropore field 
strength is governed by the pore width. Each quasivapour has its inherent micropore 
volume WL which is governed mainly by the molecule-pore interaction. Hence, the DR 
equation can be extended to the quasivapour of the supercritical gas, as follows[42,43]: 

[In ( W L / W o ) ]  1/2 -- (RT/3Eo)(ln Poq - lnP) (8) 

Here, WE is the inherent micropore volume and P0q is the saturated vapour pressure of 
a quasivapourized supercritical gas. The plot of [ln(WL/W0)] 1/2 vs. in P leads to both 
values of P0q of the supercritical gas in the quasivapour state under the micropore field 
and 3E0, that is, qst,r Thus, this extended DR plot is quite useful to obtain the 
important information on adsorption of a supercritical gas. This extended DR equation 

can describe the adsorption isotherm of the supercritical gas using the concepts of P0q and 

WL which are experimentally estimated by the Langmuir plot of the adsorption isotherm. 
P0q and WL can be related to the intermolecular interaction of supercritical gas in the 
quasivapourized state and the molecule-pore interaction, respectively. Then, we can define 
the quasirelative pressure of P/P0q and express the adsorption isotherm of a supercritical 
gas, as if it was a vapour. 

5.2. Intrapore field induced micropore  filling of supercrit ical  N2 and CH4 
The thermodynamic description of the adsorption isotherm of a supercritical gas was 

shown in the above subsection. The thermodynamic approach cannot explain a more 
physical meaning of WL. The molecular potential theory treats the interaction between 
an admolecule and the pore surface as a function of the distance, as mentioned before. If 
we use the model of the two parallel semi-infinite slabs of graphite as the micropore walls 
of activated carbon, the additive form Ogr(Z) of the 9-3 potentials from both graphite 
slabs is obtained[43]: 

Ogr(Z)- (3/10 -1/2) egr {(2/15)[(~rsf/(d + z)) 9 + (~rsf/(d - z ) )  9] 

--[(O'sf/(d -n t- g)) 3 -[-(Crsf/(d- -z))3] } (9) 

Here agr is the minimum interaction energy between the graphite slab and a molecule, 
2d = H is the internuclear distance of two parallel graphite surfaces, and z is a vertical 

distance from the central plane of two surfaces. The ratio of the energy minimum at the 



590 

midpoint between the two surfaces (at z = 0) to the energy minimum for a single surface 

can be approximated by Eq. (10): 

Og~(0)/Cg~ = (6/10 -'/~) (a~,/d) a (10) 

Furthermore, d can be approximated by w/2 + rc (radius of a carbon atom). On the other 
hand, the adsorption potential of an adsorbed molecule was associated with the potential 
energy of an admolecule with the flat surface by Hill [45]. Horvath and Kawazoe [46] 
used this approximation and derived the following relationship between the adsorption 

potential and the molecular potential: 

- A  = RT ln(P/P0)= NAOg~(Z)+ U c~ (11) 

Here U c~ is the additional potential energy due to molecules already adsorbed. For 
simplicity, we assume that only adsorptives with the strong potential (I)g~(0) can be adsor- 
bed in the micropore according to the Boltzmann distribution. The next intrapore-field 

dependent micropore filling equation can be obtained: 

RT ln(WL/W0)= (6/10 -1/2) NAegr [2asf/(w + 2re)] a + U c~ (12) 

This equation correlates the inherent micropore volume for a supercritical gas with the 
micropore width. The linearity of intrapore-field dependent micropore filling (IFMF) plot 
can give the effectiveness of this analysis and both values of eg~ and U c~ [47]. 

The adsorption isotherms of supercritical N2 and CH4 on ACFs were determined at 
303 K over the pressure range up to 10MPa. Five kinds of ACFs of different micropore 
widths were used (P5 : 0.75 nm, P10:0.79 nm, P15:1.01 nm, P20: 1.13nm, and P25: 
1.45 nm). The high pressure adsorption isotherms of N2 on ACFs at 303 K are shown in 
Fig. 13. The ordinate in Fig. 13 is expressed by the ratio of the amount of high pressure 
adsorption in ml/g to the micropore volume W0 determined by the low pressure N2 
adsorption at 77 K. Here the amount of the supercritical N2 adsorption was obtained 
using the density of liquid N2 (0.808 g/ml). The fractional filling of each ACF depends 
on the micropore width. The smaller the pore width, the greater the fractional filling. 
All adsorption isotherms can be approximated by the Langmuir equation. The inherent 

micropore volume WL was determined by the Langmuir plot. The ratio of WL to W0 is 
0.26 to 0.43; the ratio increases with the decrease of the average micropore width. 

Each ACF sample has the different WL value, indicating the presence of the micropores 
where supercritical N2 can be transformed into quasivapour N:. The quasivapour state 
can be supported by the extended DR plot. Fig. 14 shows the extended DR plots for 
the N2 high pressure adsorption isotherms. All the plots are linear in the wide range, 
suggesting the basic idea given in the above subsection. The deviation from the linearity 
at the lower pressure region should come from the very low fractional filling of < 0.1%, 
where the potential theory should be inappropriate. The intercept and slope of the linear 
plot provides the P0q and /3E0 (or qst,r The P0q and qst,r values are collected 
in Table 1. The P0q for ACF samples is near 50 MPa and depends on the micropore 
width; the smaller the micropore width, the smaller the P0q. The determined qst,r for 

supercritical N2 at 303 K is compared with that for N2 vapour at 77 K in Table 1. The 
important thing is that those values are close to each other, qst,r of supercritical N2 
is slightly greater than that of vapour N2 by only 1-3 kJ/mol. Therefore, the adsorbed 
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Figure 13. High pressure adsorption iso- 
therms of supercritical N2 at 303 K as a func- 
tion of pore width w. 
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Figure 14. The extended DR plots of the high 
pressure adsorption isotherms of supercritical 

N2 on ACF. 

state of supercritical N2 is essentially the same as that  of the N2 vapour in the micropore 

at 77 K. As only micropores having higher intrapore field can be available for inherent 

micropores for supercritical N2, qst,O=l/e for supercritical N~ is slightly greater than that 
for vapour N2. 

Table 1 
Inherent micropore volume WL, saturated vapour pressure P0q and isosteric heat of adsorption 
qst,r for supercriticM N2 and isosteric heat of adsorption qst,r (77 K) for N2 vapour 

WL P0q qst,r qst,r (77 K) 

(ml.g -1 ) (MPa) (k J- mo1-1 ) (k J. mo1-1 ) 

P5 0.14 23.4 14.2 12.8 

PIO 0.20 38.6 14.4 11.8 

P15 0.23 50.7 14.2 12.3 

P20 0.28 57.0 13.8 11.4 

P25 0.35 63.6 14.1 10.8 

The thermodynamic description of micropore filling of a supercritical gas introduces 

the difference in the micropore field strength into the WL and P0q values. Consequently, if 

we express the amount of high pressure adsorption per WL and the equilibrium pressure 

per Poq, the obtained adsorption isotherms must coincide with each other. Fig. 15 shows 

the reduced adsorption isotherm. Although the abscissa is 0.5 at best, the isotherm has 

the type I character. This reduced adsorption isotherm is described by the reduced DR 
equation: 

W - WL exp [ - (RT/3E0) ln(P0q/P)]  2 (15) 
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Figure 15. The reduced adsorption isotherm 
of supercritical N2 on ACF. 
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Figure 16. Intrapore field-induced micropore 
filling plots for supercritical N2 and CH4. 

Here, /3E0 = 8.75 kJ/mol, which was obtained from the best fit conditions. This /3E0 
agrees with that for micropore filling of vapour N2 at, 77 K (7.5-9.3 kJ/mol). This fact, also 

indicates that high pressure adsorption process of supercritical N2 is essentially identical 
to micropore filling of vapour N2 at 77 K. 

This idea was applied to high pressure CH4 adsorption by ACF at 303 K. The high 
pressure CH4 adsorption isotherms of five ACF samples (P5-P25) were measured. The 
adsorption tendency was similar to that of supercritical N2; the smaller the micropore 

width, the greater the CH4 adsorption. These high pressure CH4 adsorption isotherms 

were also described by the reduced adsorption isotherm, although the deviation of the 

reduce adsorption data was greater compared with that for N2. Hence, this quasivapour 

model should be widely applied to adsorption of other supercritical gases on activated 
carbon. 

It will be shown that the concept of the inherent micropore volume WL is associated 
with the intrapore field strength with the aid of Eq.(14). The IFMF plots for the super- 

critical N2 and CH4 are shown in Fig. 16. The plots are almost linear, which supports the 

intrapore-field induced micropore filling of the supercritical gas. The slope and intercept 

provide the interaction energy of an adsorbed molecule with the micrographitic surface 
and the cooperative adsorption energy, cg~ and U r176 values for N2 are 630 K and 4.0 
kJ/mol, respectively; c~ and U c~ values for CH4 are 315 K and 2.8 kJ/mol, respectively. 

Therefore, the interaction of CH4 having no quadrupole moment is weaker than that of N2 
with the quadrupole moment. The interaction energy of an adsorbed N2 with graphite is 

in the range of 880 to 1130 K[48,49]. The literature values were obtained as to the infinite 

graphite surface. The interaction energy with a micrographite surface should be less than 
that with the infinite graphite surface. In the gas phase at 77 K, stable N2 dimers have 

been observed by IR spectroscopy and the quantum chemical calculation showed the sta- 
bilization of the N2 dimer is 1.5 kJ/mol [50]. The obtained U c~ of 4 kJ/mol is close to the 
dimerization energy, suggesting that N2 molecules are dimerized in the micropores even at 
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supercritical conditions. So far we have no spectroscopic evidences on the van der Waals 
molecules stabilized by the strong micropore field. The micropore filling of supercritical 

gas should be associated with the van der Waals formation. 

5.3 .  C h e m i s o r p t i o n - a s s i s t e d  m i c r o p o r e  filling of superc r i t i ca l  NO and  CH4 
As micropore filling is governed by both geometry of pores and chemical structure of 

the micropore wall, we can control it with chemical modification of the micropore walls. 

The chemical modification with substances having a chemisorptive activity for molecules 

is effective for enhancement of micropore filling of a supercritical gas, in particular. Here, 
an marked enhancement of micropore filling of supercritical NO and CH4 with the che- 
mical modification is described. As supercritical molecules are associated with each other 
through a chemisorptive affection of the surface, the chemisorption-assisted micropore 

filling is akin to the cluster- mediated micropore filling. 

5.3.1. I ron oxide d i s p e r s i o n - i n d u c e d  m i c r o p o r e  filling of superc r i t i ca l  NO 
The critical temperature of NO is 180 K and NO is a supercritical gas at ambient 

conditions. Almost all microporous adsorbents cannot sufficiently adsorb supercritical 
NO, although NO of the representative atmospheric pollutant is desired to be removed 
with the good adsorbent. A NO molecule has an unpaired electron and gaseous NO 
shows paramagnetism. It is well- known that NO molecules are dimerized and show 

diamagnetism at the condensed phase[51]. 
Iron oxide dispersed-ACF (Fe-ACF) can adsorb great amount of NO (maximum: 320 

mg/g adsorbent) in the dimer form at 303 K[17,42,43,52-55]. Figure 17 shows the ad- 
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Figure 17. Adsorption isotherms of NO on iron oxide dispersed-ACF and ACF at 303 K. 

sorption isotherm of NO on Fe-ACF at 303 K. Dispersion of ultrafine iron oxide particles 
enhances markedly NO adsorption. This isotherm indicates a remarkable hysteresis; the 

adsorbed NO cannot be removed by evacuation with a rotary pump at 303 K. This ir- 
reversibility arises from dimeriza, tion of NO in micropores through sharing the unpaired 
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electrons. The N2 adsorption isotherm of the NO-preadsorbed ACF at 77 K showed mi- 
cropore filling of NO explicitly. The NO adsorbed-ACF exhibits diamagnetism, although 
the calculated magnetic susceptibilities of ACF and NO gas corresponding to the adsor- 
bed amount indicates paramagnetism. The diamagnetic susceptibility increased gradually 
with increasing temperature, which is caused by dissociation of the NO dimer. The frac- 
tion of the dimer was determined from the amount of NO adsorption and the magnetic 
susceptibility. The fraction of the dimer was 0.99 at 298 K, gradually decreasing to 0.95 at 
373 K. The van't Hoff plot of the dissociation constant of the dimer gave the dissociation 
enthalpy of 22-24 kJ/mol, which is greater than that of the condensed phase by about 
14 kJ/mol. Therefore, the micropore field enhances the inter-NO molecular interaction 
to produce the NO dimer and stabilize them by 14 kJ/mol. As NO dimer is vapour at 
an ambient temperature, supercritical NO can be adsorbed by micropores through the 
dimerization with the aid of the magnetic perturbation due to the high spin Fe 3+ ions in 
the dispersed oxide. Not only the magnetic perturbation but also a weak chemisorptive 
mechanism should be associated with the enhancement of the NO micropore filling. The 
mixed valence formation in the dispersed iron oxides with doping of Ti 4+ enhanced the 
micropore filling of NO and the adsorption isotherms were analyzed by the extended DR 
plot. The several NO adsorption isotherms can be expressed by a single reduced adsorp- 
tion isotherm using P0q and WL [45]. Hence, even micropore filling by chemically modified 
micropores can be described by the quasi-vapour approach. The dispersion of the hydro- 
xides of Cu or Mn was also effective for the enhancement of NO micropore filling in the 

oxides of Ti, V, Cr, Mn, Co, and Cu [56]. 
The micropore space can work as the high pressure field, as suggested in section 3. 

If this assumption is correct, we can observe a macroscopic high pressure effect in the 

micropore. The disproportionation reaction of (NO)~ given by Eq. (16): 

3(N0)2 ~ (NO2)2 + 2N20 (16) 

is known as the high pressure gas phase reaction above 20 MPa[57]. NO molecules dime- 
rized in the micropore of ACF at a subatmospheric pressure of NO gives rise to the high 
pressure disproportionation reaction of the NO dimer in the micropores. Furthermore, 
the produced N20 is reduced to N2 at 423 K with the aid of dispersed transition metal 

oxides[58]. 
Thus, the enhancement effect for NO micropore filling is also associated with a special 

catalytic activity for NO. 

5.3.2. Basic oxide-dispers ion  induced enhancemen t  of micropore  filling of CH4 
Methane is the main constituent of natural gas. Adsorption of methane at ambient tem- 

perature has been studied with a special relevance to methane storage. However, methane 
is a spherical molecule and the intermolecular interaction is quite weak. Furthermore, 
the bulk critical temperature is 191 K. It is quite difficult to adsorb methane sufficiently 
at ambient conditions. The adsorption conditions of CH4 by activated carbon have been 
studied with molecular simulations[59,60]. The chemisorption-assisted micropore filling 
concept was applied to adsorption of supercritical CH4. As the intermolecular interaction 
of CH4 is quite weak compared with that of NO, CH4 adsorption must be examined at 
high pressure region. As basic metal oxides such as MgO, CaO, A1203, NiO, and Cr2Oa 
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have a catalytic effect on CH4 at high temperature, they and their hydroxides were disper- 
sed on ACF of 0.8 nm in the pore width in order to improve adsorptivity for supercritical 

CH4. The microporosity of these oxide-dispersed ACFs was not seriously changed[61,62]. 
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Figure 18. Adsorption isotherms of CH4 on oxide dispersed-ACFs at 303 K. 
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Fig. 18 shows high pressure CH4 adsorption isotherms of metal oxide dispersed-ACF 

at 303 K. All the adsorption isotherms are Langmuirian, indicating the presence of micro- 
pores in which supercritical CH4 can be filled. The oxide dispersion enhances remarkably 
the amount of CH4 adsorption. The dispersion of NiO fine particles is the most effective 
for improvement of CH4 adsorptivity. The WL value of NiO-dispersed ACF is greater 
than that of ACF by 50 %. These high pressure adsorption isotherms were analyzed 
by the quasivapour theory using the extended DR equation: all extended DR plots sho- 

wed a good linearity, providing P0q and qst,r values with AHv = 8.17 kJ/mol. The 
metal oxide dispersion increases P0q, while qst,r is almost constant regardless of the 
dispersion. Although the enhancement effect is remarkable, the mechanism is not fully 
understood yet. 

In this chapter good examples are shown that the adsorptivity of activated carbon for 
supercritical gas can be remarkably improved by the controlling of the pore geometry 
and chemical nature of the pore walls. Recently, clathrate formation of H20 and NO in 
micropores of iron oxide dispersed-ACF without application of high pressure was reported 
[63]. This clathrate formation can be applied to induced micropore filling of a supercritical 
gas. The magnetic susceptibility measurement of 02 molecules adsorbed in the carbon 
slit-shaped micropores was measured at the low temperature range of 1.7 to 60 K. The 

02 molecules in the micropore at low fractional filling are isolated each other and they 
become to form their cluster with the increase of the fractional filling [64,65] to exhibit 

random magnetism. The magnetic susceptibility measurement suggested that superhigh 
surface area carbon shows an unusual ferromagnetism [66]. An electronic interaction of 
a molecule with the carbon surface of activated carbon should be taken into account in 
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some physisorption aspects regardless of no predominant interaction [67-69]. The study 
on the physical properties both of molecules confined in the micropores and micropore 
walls should be helpful to elucidate the micropore filling mechanism. 
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C h a p t e r  2.11 

P h a s e  t r a n s i t i o n s  in a d s o r b e d  l ayers  

A. Patrykiejew 

Department of Chemical Physics, Faculty of Chemistry, 
MCS University, 20031 Lublin, Poland 

Results of recent theoretical and computer simulation studies of phase transitions in 
monolayer films of Lennard-Jones particles deposited on crystalline solids are discussed. 

Different approaches based on lattice gas and continuous space models of adsorbed films 

are considered. Some new results of Monte Carlo simulation study for melting and ordering 
in monolayer films formed on the (100) face of an fcc crystal are presented and confronted 
with theoretical predictions. In particular, it is demonstrated that the inner structure of 

solid films and the mechanism of melting transition depend strongly on the effects due to 

the periodic variation of the gas - solid potential. 

1. I N T R O D U C T I O N  

The study of phase transitions in adsorbed films has a rather short history but extre- 
mely abundant literature and quite impressing achievements. The first observations of 

phase transitions in adsorbed films were reported over 40 years ago [1 - 8]. Theoretical 

interpretation of those early findings was usually based on the predictions of either the 

two-dimensional version of the van der Waals equation of state [9] or on the mean-field so- 
lutions of the two-dimensional lattice gas model [10]. Until the late sixties, however, studies 
of phase transitions in adsorbed layers did not show any remarkable progress. A real bre- 
akthrough came when Tomy and Duval published a series of papers [11 -15] dealing with 

the volumetric measurements of adsorption of simple gases (argon, krypton, xenon and 

methane) on the exfoliated graphite surface. They showed that monolayer films may exhi- 
bit different phases, resembling the ordinary bulk gases, liquids and solids. The pioneering 

work of Tomy and Duval had a great impact and triggered intensive experimental studies 
of low temperature adsorption on highly uniform substrates. The field of research started 

to broaden rapidly due to the development of technologies for preparation of other sub- 

strates characterized by highly homogeneous surfaces [16 - 30]. Using different methods, 

such as classical volumetry [12 - 14], calorimetry [31 - 36], LEED [37 - 41], neutron 
diffraction and scattering [42 - 46], X-ray scattering [47 - 49] , Mgssbauer spectroscopy 

[50- 54], elipsometry [55,56] and NMR [57- 60], experimentalists have collected a vast 
body of data. These results enabled to construct phase diagrams for a variety of systems 
and provided very precise information concerning the inner structure of different phases. 
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Experimental studies have been followed by intensive theoretical studies aiming at the 

development of models enabling better understanding of the observed phenomena and 

allowing to extract the most important factors determining the behaviour of real systems 

[61 - 70]. A remarkable progress has been also achieved due to the application of com- 

puter simulation methods [71 - 80]. These methods are particularly important for the 

problems of phase transitions in adsorbed films. The effects of statistical fluctuations in 

two-dimensional systems are much stronger than in the bulk three-dimensional systems 

and hence the predictions of simple closed-form approximate theories are bound to be 

incorrect. Computer simulations can provide exact solutions for any specified model of 
statistical mechanics, at least in principle. By confronting the results of simulations with 
the predictions of analytic theories one gets a unique opportunity to test the assumptions 
and approximations entering the latter. A direct comparison of simulation results with 

experimental data provides also a chance to verify the adequacy of the developed micro- 

scopic models. Finally, computer simulation gives insight into the system structure at a 

truly microscopic level, usually not accessible experimentally. 

Phase transitions in monolayer films formed on single planes of crystalline solids have 
been attracting great interest for many years. Experimental studies have been carried out 
for adsorption of simple molecules on graphite [15], boron nitride [81,82], lamellar diha- 

lides of the general formula MeX2 [16 - 18], oxides [24,25], alkali halides [20 - 23] and 

metals [26 - 30,83 - 86]. A common feature of all those systems is the lateral periodicity 

of the gas - solid interaction potential [87,88]. In real systems, a competition between 

this periodic potential and lateral admolecule- admolecule interaction may lead to the 
formation of complex film structures as well as trigger various phase transitions. At suf- 
ficiently low temperatures, when the adsorbed film is a solid and thermal excitations as 
well as entropic effects do not play an important role, these energetic factors dominate 

the behaviour of adsorbed layers. Lateral interaction between adsorbed atoms favours the 

hexagonal close-packed structure, while the surface potential always favours the structure 

of the symmetry of the underlying adsorbing surface. Even in the case of triangular and 
honeycomb substrate lattices, density modulations due to substrate potential may lead 

to the appearance of complicated networks of misfit dislocations, separating regions of 
commensurate phase [89-  91], orientational ordering of incommensurate phases [92,93] 

as well as to the formation of uniaxially registered phases [94]. The situation becomes still 
more complex in the case of adsorption on square and rectangular lattices [95 - 97]. 

In this chapter I do not attempt to give an exhaustive review of experimental and 
theoretical studies of phase transitions in adsorbed films, but rather focus on few selected 
topics. In particular, I concentrate on the problems of ordering in monolayer films formed 
on crystalline surfaces of different geometry and characterized by different relative size of 

adsorbed atoms and the unit cell of the surface lattice. The discussion concentrates on the 

results of computer simulation studies carried out for a special class of systems with the 

interaction between the adsorbed particles represented by the Lennard-Jones potential. 

The organization of this chapter is as follows. The following Section 2 presents the 
discussion of some recent results concerning phase transitions in monolayer films de- 
scribed in the framework of lattice gas models. Then, the next section 3 is devoted to 

the problems of ordering in monolayer films formed on surfaces exhibiting finite lateral 
periodic variation of the gas - solid potential. Here, the conditions for the formation 
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of registered structures on crystals characterized by different symmetry of the surface, 

the commensurate-incommensurate phase transition and melting phenomena will be con- 

sidered. 

2. L A T T I C E  GAS M O D E L S  

When the modulation of the gas - solid potential is strong enough, the positions of 

adsorbed particles are confined to a close vicinity of the surface potential minima (adsorp- 

tion sites) even at quite high temperatures. Under such conditions the ordered adsorbed 

phases are commensurate with the substrate surface lattice. These ordered phases may 

undergo various phase transitions when the density of the film or the temperature changes. 
Theoretical modelling of such systems is usually based on various lattice gas models 

[75 - 77,98-  104] and in many cases a remarkable agreement between theoretical pre- 
dictions and experiment has been found. Wide popularity of lattice gas models results 

also from their flexibility and simplicity. By changing the parameters describing various 

interactions in the system, one can determine how they influence the structure of the 

ordered states, regions of their stability, and thermodynamic properties. In general, howe- 
ver, exact solutions of these models are not available and various approximations must be 
used. Apart from the mean-field type theories that can provide only very crude and often 

qualitatively incorrect results [99,105,106], the transfer matrix method [76,107 - 109], the 
renormalization group method [65,110 - 112] and the coherent anomaly method [113 - 

117] have been applied. Particularly important results have been obtained with the help 

of computer simulation methods, however [76,77,105,106,118 - 120]. Lattice gas models 
are particularly well suited for the efficient use of Monte Carlo simulation method due to 

relatively streightforward vectorization or parallelization of the codes. 
Here we concentrate on the results of studies carried out for two-dimensional lattice 

gas systems of particles interacting via the truncated Lennard- Jones (12,6) potential 

{ 4c[(cr/r) 12-  (~r/r)6], for r < r m ~  (1) 
u(r )  -- 0, for r > rm~ 

where a measures the size of adsorbed atoms, e determines the strength of molecular 

interaction and rm~ is the assumed cut-off distance. 
In principle, the properties of such lattice gas systems can be derived from the grand 

canonical potential 

1 (2) 

i , j  i 
i C j  

where rij is the distance between the sites i and j ,  ni is the occupation variable assigned 

to the ith site, n~ = 0 (1) when the site is empty (occupied), v is the gas - solid binding 

energy and # is the chemical potential in the system. In general, the surface lattice unit 

cell is characterized by the vectors a and b of the length a and b, respectively. Denoting 

the angle between the vectors a and b by 3/, the distances between different pairs of 

neighbours, rkt, are given by 

rkl = X/~k2a 2 + 12b 2 -~ 2klabcos'~] (3) 



602 

where k and l are integers. Depending on the assumed values of the ratio a/b and the 

angle 3', one can consider lattices of different symmetry. In particular, a = b and 3' = 7r/2 

represents the square lattice, while a = b and 3' = 7r/3 corresponds to the triangular 

lattice. The possible ordered superstructures formed by the adsorbed particles depend on 

the symmetry of the surface lattice, the relative size of the lattice unit cell and the adsorbed 

particles (given by a/a), the chemical potential and the temperature. It is convenient to 

introduce the reduced quantities and express all the distances in units of a (the length 

of the surface unit vector a) and all the energy-like parameters and the temperature 

in units of e. Besides, the gas - solid interaction energy v is irrelevant in the lattice 

gas models, since it does not influence the inner structure of the system, the regions of 
stability of different phases as well as the locations of possible phase transitions in the 

system. Therefore this quantity is absorbed into the definition of the reduced chemical 

potential 

# * - - ( # - v ) / c  (4) 

It is of interest to consider the ground state (temperature T = 0) behaviour of this 
model [121] prior to the discussion of its properties at finite temperatures. The adsorbed 

layer unit cell, corresponding to the given superstructure, labelled by m, is characterized 

by the unit vectors e~ and e~ and 

e'~ - m k , l a  + mk,2b (5) 

where mk,l (k,l = 1,2) are integers. 
At the ground state (T* = kT/c  = 0) the stable states correspond to the minimum 

of the system energy, and the transition between different superstructures m (of lower 

density) and n (of higher density) occurs at the reduced chemical potential value given by: 

#,*~(m, n) = pnE~ - pmE~ (6) 
pn - pm 

where pk is the density and ET, is the energy (per particle) resulting from the mutual inte- 

raction between adsorbed particles in the kth phase. The density, or the surface coverage, 
is defined by the ratio of the number of adsorbed particles to the total number of lattice 

sites and the energy is given by 

1 
E7r - ~ ~ u(rij) (7) 

J 
(J # ~) 

where the summation runs over all sites occupied by the adsorbed particles in the k-th 

ordered state. Apart from the different ordered states, the dilute (lattice) gas phase, with 

all sites empty (Pc - 0) in the ground state, and hence with the energy E~ - 0, must be 

also taken into account. 
The results of systematic study of the ground state properties for systems characterized 

by different symmetry of the surface lattice and different size of the adsorbed particles 
have been presented in Ref. [121]. The obtained ground state phase diagrams have demon- 

strated that the structure of the ordered state is very sensitive to the system geometry as 
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well as to the external thermodynamic conditions (entirely determined by the chemical 

potential value #* at T* - 0 ) .  
The finite temperature studies of Lennard-Jones lattice gas systems have been per- 

formed for the square [105,116], rectangular [106] and triangular [100,111,112] lattices 

using different approaches, including the simple mean-field theory, the renormalization 

group method, Monte Carlo simulation and Monte Carlo version of the coherent anomaly 

method. 
In the case of a square lattice, the systems exhibiting the 1 x 1 and v~  x v ~  ordered 

states have been considered. From the ground state calculations it follows that the systems 
characterized by or* - o/a <_ 1.0033 exhibit only two different phases; the dilute gas phase 
and the dense 1 x 1 phase. The transition between these phases is of the first order and 
terminates at the critical point, T~*. For a* slightly exceeding this limiting value the 
situation becomes a little more complex. Apart from the dilute gas phase, the film may 

form two different ordered phases; the low density v ~  x x/~ phase and the high density 
1 x 1 phase, depending on the magnitude of the chemical potential. Due to the symmetry 
properties of the hamiltonian for such systems, the transition between the gas phase and 
the ~ x x/~ ordered phase appears to be exactly the same as the between the high density 

1 x 1 phase and the low density v/2 x v/2 phase. The transition between these ordered 
phases may be discontinuous (first-order)or continuous (higher order) depending on the 
temperature. These two regimes meet at the tricritical point, T~; c. Thus, the first-order 

transition occurs at temperatures lower than T~;c, while the higher-order transition occurs 
at temperatures above T~: c. Figure 1 presents examples of phase diagrams for the systems 
with a m - 1.0 and 1.02, constructed from the Monte Carlo simulation data [105], and 

belonging to the aforementioned different regimes. 
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Figure 1. Examples of phase diagrams for the two-dimensional square lattice gas of 
Lennard-Jones particles of a* - 1.0 (part a) and 1.02 (part b) obtained from Monte Carlo 
simulation [105]. 
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In the discussed here case of monolayer films formed on a square lattice, the observed 

phase transitions belong to the same universality class as the two-dimensional Ising model 

[122] and hence are characterized by the following values of the critical exponents: 

= 0.125 a = O(log), 7 = 1.75 and u = 1.0 (8) 

where/3, a, 7 and u describe the behaviour of the order parameter, the heat capacity, the 

compressibility and the correlation length near the critical point, respectively. 
Critical properties of the two-dimensional lattice gas of Lennard-Jones particles on 

a square lattice have been studied by Patrykiejew and Borowski [116] with the help of 
Monte Carlo version of the coherent anomaly method (CAM) developed by Suzuki and 

coworkers [115], as well as by the conventional Monte Carlo simulation [105]. The detailed 

presentation of the coherent anomaly method is well beyond the scope of this chapter. 

Therefore, here I confine myself to a brief description of its foundations and then present 

the results relevant to the considered problems. 
The basic idea of the applied version of the coherent anomaly method is to consider a 

series of molecular clusters of increasing size. The properties of such finite clusters are then 
evaluated exactly, assuming that the particles located at the cluster boundary are subject 
to the local self-consistent fields (mean fields) exerted by outer particles (not belonging 

to the considered cluster), and then to extrapolate the results to the infinite cluster. In 
this way one hopes to extract information about the properties of macroscopic systems. 

The first step in CAM is to define a series of clusters, built around a chosen central 
particle no. This is done by defining a series of circles of different radius Lk. All sites of 
the lattice encompassed by a given circle form a cluster 9t(Lk). Next, the boundary region 
of the cluster Ofl(Lk) is defined. This is done by assigning any given particle to the region 

Ofl(Lk) if there is at least one site outside the cluster ~(Lk) at the range of interaction, i.e, 
at the distance not exceeding the cut-off distance of the potential (1) given by rma z. Then, 

the hamiltonian for the cluster (which includes the effects due to local self-consistent fields 
located outside of the cluster) is splitted into two parts as follows: 

~(Lk) = ~ - L I ( ~ ( L k ) ) +  ~-~2(Of~(Lk)) (9) 

where the first term depends entirely on the mutual interaction between particles forming 

the cluster and is given by 

7 - / , ( f l ( L k ) )  --  E u*(rij)ninj ( 1 0 )  

<ij>Eft(Lk) 

while the second term in the above equation (9), ~2(0a(Lk)),  includes the chemical 

potential term as well as the terms representing the effects due to the local self-consistent 
fields and it has the following form: 

I < > _ # .  
7-t2(Ofl(Lk))- E u(r,) E npzp n E n i  (11) 

l peOf~(Lk) ief~(Lk) 

In the above equation, the double subscripts ij at the distances rij have been replaced by 

a single subscript l, assuming that the sites i and j are the lth nearest neighbours, and zf 



605 

is the number of/-type bonds connecting any given particle p belonging to OFI(Lk) with 

the outer particles. The critical temperature of the finite cluster T~(Lk) is then defined in 
terms of the so-called "feedback" function: 

.T'(T, Lk ) -  1 kT ~@<nonp>T,a(L~) (12) 
peOf~(ik) 

where 

Cp - E 4 u(rl) (13) 
l 

and < X >r,a(Lk) denotes the average value of the quantity X taken over the cluster, and 
defined by the following expression: 

TrX exp[7tl(f~(Lk))/kT] (14) 
< X >T,a(g~)-- Trexp[7-tl(fl(Lk))/kT] 

The coherent anomaly method implies that the cluster critical temperature corresponds 
to the condition 

.T'(T~(Lk),Lk) = 1.0 (15) 

and can be found from the temperature changes of the function .T(T, Lk). Next, from CAM 
it also follows [115] that when the cluster size increases, the cluster critical temperature, 

Tc(Lk), converges to the critical temperature of the macroscopic system, To(co), i.e., the 
following relation holds: 

lim T~(Lk)= T~(ec) (16) 
Lk  ----~c~ 

Besides, the following scaling relation should be satisfied: 

T c ( i k )  "-' Tc((:x:)) -lt- e i ;  1/~' (17) 

with u being the usual critical exponent associated with the correlation length and c is 

a constant. The above relation can be used to estimate the value of the critical expo- 

nent u. CAM allows also to derive equations describing the behaviour of various ther- 
modynamic quantities at the cluster critical point, in terms of the multi-particle cor- 
relations < noni...nj > [114-117], which can then be used to determine other critical 
exponents. For instance, the calculation of the compressibility requires the evaluation of 

the four-particle correlations, and this can be readily done with the help of Monte Carlo 
method. Studying the changes of such quantities with the cluster size one can estimate 

the values of other critical exponents. 

In the case of simple lattice gas models with the interactions involving only the first 
nearest neighbours (e.g. in the case of the Ising model), it is possible to evaluate the 

appropriate averages for small clusters exactly, by a direct summation over all possible 

configurations of the system [115]. For systems involving long-ranged interactions it is 

necessary, however, to use larger clusters in order to obtain reliable results and the amount 
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of numerical calculations involved becomes prohibitely large. A possible way around those 

technical difficulties has been proposed by Katori and Suzuki [115] in the form of a 

Monte Carlo version of CAM (MCCAM). This method has been used by Patrykiejew 

and Borowski [116] to estimate critical properties of a series of systems with different size 

of adsorbed atoms (a*) ranging from 0.8 to 1.0. 

Figure 2 presents a comparison of the critical temperatures for the square lattice 

gas model of Lennard-Jones particles obtained from MCCAM, with the results of the 

1.2 
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0.4 
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I I 
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Figure 2. The critical temperatures vs a* for the two-dimensional Lennard-Jones systems on a 
square lattice obtained from MCCAM (o), mean-field (.) and conventional MC (*) calculations. 

mean-field theory and with the results obtained from the conventional Monte Carlo si- 

mulation [105]. The obtained agreement between the MCCAM and MC results is quite 

good, while the results of mean-field calculations considerably overestimate the critical 
temperatures. 

Attempts to estimate the values of the critical exponents 7 and u from the MCCAM 
calculations have not been very successful, however. In general, the values of 3' has been 
found to exhibit systematic deviations towards the mean-field value (TMF = 1.0), while 

the exponent u exhibited rather high positive deviations from the exact value. The applied 

version of CAM uses extremely simple mean-field theory (Bragg-Williams approximation) 

to calculate the self-consistent fields representing the effects of long range fluctuations, and 

requires considerably larger clusters for the successful application of the finite size scaling 
theory [123 - 126]. It is possible, that the application of other versions of CAM [117] 
would lead to a better estimation of the critical exponents. More convincing information 

concerning the values of critical exponents for the considered here systems have been 
obtained from the conventional Monte Carlo simulations [105]. The results confirmed the 
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expectation that all of them belong to the universality class of the two-dimensional Ising 
model. 

From the scaling theory of critical phenomena for the macroscopic system it follows 

[122] that the behaviour of the density difference between the coexisting dense (1) and 

dilute (g) phases near the critical point is described by the following relationship 

(p~- pg) c< ( I T -  T~l) z , T < T~ (18) 

The value of the critical exponent ~ can be estimated from the slope of the log - log plot 

of ( p l -  pg) versus I T -  T~I, providing that the value of the critical temperature is known 
and that the finite size effects can be neglected. Figure 3 shows that the above relation is 

quite nicely satisfied already for finite systems of the size (30 x 30) used in Monte Carlo 

simulation and the results are consistent with the known exact value of/3 equal to 0.125. 
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Figure 3. The dependences of Pl - Pg versus I T -  Tel for the two-dimensional Lennard-Jones 
lattice gas of a* - 1.0 and 1.01 on a square lattice. 

The results for the film heat capacity and the compressibility have been also found 
to be consistent with the values of the critical exponents 3' and a corresponding to the 
universality class of the two-dimensional Ising model (cf. eqn. (8)). It is noteworthy that 

the results presented in Fig. 2 are in a good qualitative agreement with experimentally 

observed dependences between the critical point temperatures for monolayer films and 

the dimensional incompatibility between adsorbent and adsorbate [17], defined by 

I - ( a  - d(111)) ( 1 9 )  

d ( l l l )  

where a is the surface lattice constant and d ( l l l  ) is the intermolecular spacing in the (111) 

plane of the adsorbate's bulk solid lattice and d(111) o( a. 
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The extensive study of adsorption of various gases (argon, krypton, xenon and metha- 

ne) on lamellar dihalides [127] have provided a rather unique opportunity to find correla- 

tions between the properties of the adsorbed films and the basic geometrical parameters 

characterizing the surface lattice. 

Structure of the predominantly exposed crystal plane of lamellar dihalides is composed 

of halide ions only and these ions are arranged in such a way that the potential wells 

form a honeycomb lattice. Taking into account the results of theoretical calculations [88], 

which show that the effects of the gas - solid potential corrugation are mostly due to the 
uppermost layer of surface atoms (ions), we can expect that sorbents with the same halide 
ions should exhibit similar barriers for surface diffusion. Although no reliable estimations 

of these potential barriers for such systems are available, but the calculations based on the 

simple mean-field model of partially localized adsorption [130] have given the values of the 

order of 20 - 50 K for methane, argon and krypton adsorption. One should note that the 

magnitudes of these potential barriers are quite small as compared with the magnitudes 
of the gas - gas interaction energies. Nonetheless, even such a weak corrugation of the 

gas - solid interaction potential may be quite sufficient to stabilize the registered phase. 

One should note that in the considered here systems the symmetry of the self-organized 
close-packed phase is the same as that of the registered state. Thus, for small values 

of dimensional incompatibility even a weakly corrugated field may strongly stabilize the 
registered state. In general, one expects that the approaches based on lattice gas models 

are much better suited to describe the formation of adsorbed films on sorbents with 
surface lattices of hexagonal symmetry than on lattices of lower symmetry (e.g., on a 
square lattice). 

Figure 4 presents a collection of experimentally determined critical temperatures for 
monolayer films formed on lamellar dihalides, plotted against the dimensional incompa- 

tibility between adsorbate and adsorbent. Comparing these results with the results for a 

square lattice (see Figure 2) we find that the qualitative picture is very similar. In both 

cases the critical temperature reaches maximum for the value of I close to zero. 
The results shown in Figures 2 and 4 are intuitively obvious, and reflect the well 

known fact that the critical temperature in the system depends primarily on the strength 
of molecular interactions. In particular, in the lattice gas models the maximum of Tc 
is reached for the system of particles characterized by a* corresponding to the highest 

interaction between adsorbed particles. This can be readily demonstrated by considering 

the prediction of a very simple mean-field theory in the Bragg-Williams approximation. 

In this case the critical temperature for a simple two-dimensional lattice gas with the 

first nearest neighbour interaction is given by: 

TMF = zunn 
4k (20) 

where z is the number of nearest neighbours (z = 4 for the square lattice) and u,,~ is the 
energy of interaction between a pair of neighbouring particles. Thus, the ratio TMF/unn is 

constant for a given lattice and when u,,~ increases the critical temperature must increase 
as well. In the case of lattice gas models involving long ranged lateral interactions between 

adsorbed particles one can define the following parameter Us~,m 

U~u.~ = - 0 . 5  E u(rij) (21) 
/(/r 
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Figure 4. Ratio of two-dimensionM critical temperature to its bulk (three-dimensional) value 
for various adsorbates on lamellar dihalides. 

which measures the total energy of interaction between a given particle and all its neigh- 

bours found within the range of interaction (given by r~x) .  
In the case of a square lattice and for systems with the lateral interaction represented 

by the truncated Lennard-Jones pair potential with r~a x = 2.5r the dependence of U ~  

upon a* is represented by the following equation 

gsum- - S g  r' '[U12~*12 __ 6 , 6 0 . , 6 ]  (22) 

where 

C12-  1.015997141 and 6 ' 6 -  1.156625 (23) 

Therefore, we can expect that the critical temperature should be proportional to U, um. 

The maximum of/-/sum corresponds to er* ~ 0.91 and hence the critical temperature is also 

expected to reach maximum for this value of e*. Figure 5 shows the plots of the critical 

temperature against U~m for a series of systems and determined with the help of Monte 

Carlo CAM method as well as resulting from the simple mean-field theory. 

The observed changes in the experimentally determined critical temperatures with the 

dimensional incompatibility between adsorbate and adsorbent provide a direct evidence 

that the corrugation of the g a s -  solid interaction potential plays a very important role 

in determining the properties of adsorbed films. These findings support also the view 

that theoretical approaches based on the lattice gas models can appropriately represent 

adsorption of simple gases on crystals at low temperatures. 
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In the case of rectangular lattices, the systems with different ratio of the lattice con- 

stants b/a = 1.1 and 1.2 and exhibiting different ordered states have been studied with the 

help of Monte Carlo simulation. From the ground state calculations it follows [121] that  

by changing the ratio b/a and the size of adsorbed particles a*, the systems with different 

ordered states are obtained. Besides, by changing the chemical potential in the system, 

various phase transitions between different ordered states may appear. For sufficiently 

small a* we find the 1 • 1 phase, while for a* slightly exceeding unity, we expect to find 

either the 1 • 2 or the v/2 • v ~  ordered state. These two phases are characterized by the 

same density and for a given a* the transition between them never occurs at T* = 0. The 

situation changes at finite temperatures.  Thermal excitations and entropic effects may 

considerably influence the structure of the ordered phase, leading to the development of 

domains corresponding to the 1 • 2 and to the V~ • v ~  structures. 

The systems exhibiting the 1 • 2 structure are then also expected to show commensu- 

rate and incommensurate phases, quite similar to those observed for the ANNNI model 

[75]. In the lattice gas systems the presence of incommensurate phases is restricted to the 

situations in which the substrate lattice can be divided into a certain number of equivalent 

interpenetrating sublattices and the ordered state corresponds to the preferential occu- 

pation of one of those sublattices. Incommensurability is manifested by the presence of 

regions with different occupied sublattices and the formation of walls between the domains 

of commensurate phase. In the case of the discussed here systems exhibiting 1 x 2 orde- 

red phase we have two sublattices, since particles occupy alternate rows. Figure 6 shows 

examples of equilibrium configurations demonstrat ing the formation of incommensurate 

structure when the ordered 1 • 2 phase is heated up. 
Another interesting prediction concerning the behaviour of lattice systems with aniso- 

tropic interactions in the x and y directions is that  the transition between the 1 • 2 ordered 

phase and the disordered phase often shows nonuniversal behaviour [75,76,129,130]. This 
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Figure 6. Equilibrium configurations for the two-dimensional Lennard-Jones lattice gas system 
with b / a  - 1.1 and a* - 1.03 at T* = 0.20 (part a) and 0.23 (part b). 

implies that the values of critical exponents change with the magnitudes of interaction e- 

nergies for different pairs of adsorbed particles. This was clearly demonstrated by Landau 

and Binder [130] for the Ising model with the antiferromagnetic nearest neighbour interac- 

tion and with added second- and third-nearest neighbour interactions, by the finite-size 

scaling calculations of Grynberg and Ceva [129] performed for the two-dimensional ANN- 

NI model as well as by Dfinweg e t  al. [76] for the centered rectangular lattice gas model 

applid to represent adsorption of atomic oxygen on the Mo(l l0)  surface. 

Determination of the critical exponents by Monte Carlo simulation is usually based on 

the aforementioned finite size scaling theory [123 - 126,131 - 134]. A detailed presentation 

of this theory is well beyond the scope of this chapter. Moreover, several excellent reviews 

concerning this theory are available [133,134]. Therefore, I confine the discussion to some 

basic facts showing that it is possible to obtain reliable information about the properties 

of macroscopic systems from the results obtained from computer simulations performed 

for finite systems. In a macroscopic system near the critical point the correlation length 

~r diverges to infinity and the following relationship is satisfied: 

( cx I T -  T~I-" (24) 

On the other hand, in a finite system of the size L x L the extent of correlations is limited 
and we have 

o, L (25) 

In the consequence any continuous phase transition appears to be smeared over a cer- 

tain temperature region & T ( L )  around a shifted transition temperature T o ( L ) .  Similar 

smearing occurs for the first-order phase transitions. A direct consequence of the system 

finitness is that the specific heat and the compressibility do not diverge at the critical 

temperature but exhibit finite maxima of the height depending on the system size L and 

(26) 
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In general, the temperatures at which the heat capacity and the compressibility reach 

their respective maxima in finite systems are different. From the finite size scaling theory 

it follows that in the case of a second-order phase transition (e.g. at the critical point) 

c~m = c~/u and ~/,~ = ~//u, while for any first-order phase transition c~m = 3'm = d, where d 

is the dimensionality of the system. The above predictions are often used to determine the 

nature of phase transitions studied by computer simulation methods [77]. The finite size 

scaling theory implies also that near the critical point the system free energy is given by 

F(L, T) - L(~'-2)/~'F-'(eL l#') (27) 

where ~ - ( T -  T~)/T~ and F(c/1/~') is a scaling function of the product ~i 1#' only. Now, 

it can be readily shown that the heat capacity and the compressibility for a finite system 
are given by 

C(L, T) = i~ (28) 

and 

kTx(L ,  T) L'Y/~(eL~/~') (29) 

Thus, it is possible to estimate the value of the critical temperature and the values of 
critical exponents a, 7 and u by using the simulation results obtained for systems of 
different linear dimensions. Namely, if the values of T~ and the critical exponents are 
chosen properly, the plots of CL -~#' and xL -~/~' against eL 1/~ for systems of different 
size should collapse onto a single curve, representing the appropriate scaling function. 

The application of the finite size scaling analysis to the Monte Carlo simulation data 

for compressibility (performed for the two-dimensional Lennard-Lones lattice systems 

exhibiting the 1 • 2 ordered state) has shown [106] (see figure 7) that in the considered 
systems the order-disorder transition belongs to the universality class of two-dimensional 
Ising model with the critical exponents 7 - 1.75 and u - 1.0. 
It seems possible that the relative magnitudes of the interaction energies for different 

pairs, resulting from the assumed form of the pair potential (1), do not fall into the region 
in which the nonuniversal behaviour sets in. 

The case of triangular lattice is particularly interesting since it corresponds to adsorp- 

tion on graphite and on the (111) plane of several fcc metal crystals [15,102,103,135]. The 
distance between adjacent potential minima for the graphite basal plane is equal to 2.46/~ 
and hence is too small to allow for their mutual occupation by even very small atoms of 

light noble gases. The same is true for adsorption on metals. Experimental studies have 

demonstrated that for rare gas atoms and simple molecules adsorbed on the graphite basal 

plane as well as on the (111) faces of fcc crystals the ordered state corresponds to either 

the ~ x ~ [102] or to the 2 x 2 phase [103,136,137] shown in Fig. 8. 
The systems exhibiting the ~ x x/~ ordered state are expected to belong to the 

universality class of the three-state Potts model, while those forming the 2 x 2 ordered 

state to the four-state Potts model [138- 140]. These predictions have been confirmed by 

theoretical calculations as well as by experiment [103,136,137]. 

A series of model systems of Lennard-Jones particles adsorbed on triangular lattice 
have been studied by Berker and coworkers [111,112,141,142] with the help of renor- 
malization group (RG) method and by Patrykiejew [100] with the help of Monte Carlo 
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Figure 8. Unit cells of two stable solid phases formed on a triangular lattice: (a) 2 x 2 phase; 

(b) v/3 x v/3 phase. 
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simulation. The main goal of the RG calculations has been to determine how the size of 
adsorbed atoms determines the structure of the ordered states and influences the phase 
diagrams of monolayer films. In particular, in the considered range of or*, between 1.63 and 
1.70, quite different types of ordering and phase transitions have been found. Thus, for 

a* - 1.63 and 1.6455 the systems exhibit only two different phases; the ordered v~  • v ~  
phase, belonging to the universality class of the 3-state Ports model, and the disordered 
fluid phase. The transition between these phases is of first-order at low temperatures and 
continuous (higher-order) at higher temperatures above the tricritical point. For slightly 
greater or* equal to 1.6460 a new liquid phase appears above the triple point temperature 
and its region of stability terminates at the critical temperature. Then, for systems with 
or* > 1.6465 the ordered 2 • 2 phase, which belongs to the universality class of the 4-state 
Potts model, is formed at low densities. Similar results have been obtained by Monte 
Carlo simulation [100], though a systematic shift of the phase boundaries towards higher 
temperatures was observed for all systems. This may be attributed to the approximate 
Migdal-  Kadanoff renormalization method [143] used by Ostlund and Berker [112]. The 
same authors have then extended the renormalization group calculations, by taking into 

account the effects due to the finite size of crystallites and the temperature nonuniformi- 
ties, that are present in real experimental situation [141]. They have obtained excellent 

quantitative agreement with experimental data for krypton and nitrogen adsorbed on 
graphite. 

3. S U R F A C E S  W I T H  T H E  F I N I T E  C O R R U G A T I O N  OF S U R F A C E  

P O T E N T I A L  

A serious drawback of lattice gas models is their inadequacy to describe properly 
the commensurate-  incommensurate phase transitions, often observed in real systems 
[144 - 150]. The possibility of the formation of incommensurate phases results directly 
from the finitness of potential berriers between adjacent potential minima and from the 
off-lattice motion of adsorbed particles. Although attempts have been made to extend 
the lattice-gas models and include the possibility of the formation of incommensurate 
solid phases [151,152], but it is commonly accepted (and intuitively obvious) that the 
continuous-space theories are much better suited to describe behaviour of adsorbed films 
exhibiting incommensurate phases. Theoretical calculations of the gas - solid potential for 

a variety of systems [88] have shown that, in most cases, the lateral corrugation is rather 
low. Nevertheless, it appears to have a very big influence on the behaviour of adsorbed 
layers. 

The problem of the gas - solid corrugation on the ordering and melting of dense mono- 
layer films have been studied theoretically [153 - 157], and a remarkable progress has been 
also achieved owing to the availability of computer simulations. Large scale simulations 
for two-dimensional films on graphite have been performed by Abraham [158,159]. Kim 
and Steele [160] have used molecular dynamics to study melting of methane on graphite, 
assuming different corrugation of the me thane-  graphite potential. Since the properties 
of the adsorbed layers formed on the graphite basal plane have been intensively studied 
and there already exist excellent reviews in which various aspects of phase transitions in 
such systems are discussed in detail [15,33,73], we exclude them from the presentation. 
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Adsorption on substrates of different than hexagonal symmetry and assuming the finite 
corrugation of the gas - solid potential has been recently studied by many authors. Bruch 
and Venables [85] have considered the effects of the substrate surface lattice geometry and 
the corrugation of the gas - solid potential on the geometry of two-dimensional adsorbed 
films formed on the low index faces of fcc and bcc crystals. In particular, they have 
discussed the conditions for the formation of registered, uniaxially ordered and triangular 
adlayers on surfaces with rectangular ((110) fcc and bcc) and square ((100)fcc)symmetry. 
Bruch [96] has performed calculations of the ground state properties for two-dimensional 
Krypton and Xenon films on the (110) face of an fcc crystal. 

The nature of melting transition in two-dimensional systems has been a matter of hot 
controversy for a long time. The theory of dislocation-mediated melting [153,154], based on 
the ideas of Kosterlitz and Thouless [161], predicts that the mechanism of this transition 
in two-dimensions may be quite different from that found in ordinary three-dimensional 
systems. In particular this theory predicts that the melting transition may be continu- 
ous and accompanied by the formation of the so called hexatic phase [154], bearing close 
resemblence to the nemetic liquid crystal, prior to the formation of ordinary liquid pha- 
se. The main difference between the solid, hexatic and liquid phases in two dimensional 
systems results from the properties of positional and orientational correlation functions. 
The solid phase is characterized by the quasi-long-range positional and the long ran- 
ge orientational correlations. In the hexatic phase, the positional correlations become 
short-ranged (exponential decay) while the orientational correlations exhibit slow alge- 
braic decay (quasi-long-range order). In the fluid phase, both positional and orientational 
correlations are short-ranged. The relevance of this picture to monolayer films deposited 
on graphite has been reviewed by Strandburg [162]. Some of the presented examples seem 
to support the dislocation-mediated melting, but other clearly show that melting occurs 
via the first-order transition. The complexity of the behaviour of adsorbed layers formed 
on corrugated surfaces arizes also from the formation of incommensurate phases and the 
possibility of an "orientational epitaxy" in such phases, predicted by the theory of Novaco 
and McTague [92,93]. Depending on the system properties and the external conditions 
different incommensurate phases can appear. In many systems, the transitions betwe- 
en incommensurate and commensurate (IC transition) have been observed. Theoretical 
description of IC transitions is usually based on the concept of fluctuating domain walls 
[145,146,150]. Beautiful demonstration of the formation of domain walls has resulted from 
the computer simulation study of simple gases on graphite performed by Abraham [91]. 

Effects of the gas - solid potential corrugation on the behaviour of monolayers formed 
on the (100) face of an fcc crystal at finite temperatures have been recently studied by 
Patrykiejew et al. [163] with the help of Monte Carlo method. They have considered 
three-dimensional systems of constant volume and containing fixed number of particles 
interacting via the Lennard-Jones potential (1). The gas - solid interaction potential has 

been assumed to be represented by the two-fold Fourier series [88] 

v(r)  = Vo(Z) + Vb ~ vg(z)exp(ig.v) (30) 

g 

where the summation runs over all non-zero two-dimensional reciprocal lattice vectors of 
the substrate surface lattice (g), z is the distance from the surface, ~- is the two-dimensional 
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vector representing the position of an atom over the surface plane, relative to the surface 

lattice unit cell and Vb is the adjustable parameter which controls the effects of the gas 

- so l id  potential corrugation. The expression (15) (with Vb -- 1.0) has been developed 

by Steele [88] who also demonstrated that in the case of (100) fcc surface it is sufficient 

to take into account only the first five non-zero reciprocal vectors g to obtain a good 
agreement with the summed potential. 

The calculations have been carried out for a series of systems characterized by different 

size of adsorbed atoms (relative to the size of the surface lattice unit cell) and assuming 

different values of the parameter Vb, ranging from zero to unity. In the case of Vb -- 0, 

one expects that at sufficiently low temperatures the properties of such systems should 
be essentially the same as the properties of strictly two-dimensional uniform systems. 

The behaviour of two-dimensional Lennard-Jones systems has been intensively studied 

[164 - 169] with the help of computer simulation methods and density functional theory. 

Although the mechanism of the melting transition is still not clear, but the phase diagram 

is now fairly well known. In particular, the triple point temperature is located at T~; = 

0.40 + 0.01 and the triple point density is equal to about Pt*~ - -  P ~ ~ 0.79 [167]. A little 

more controversial is the location of the critical point. Barker et  al. [165] have obtained 

T~* ~ 0.56, while more recent Monte Carlo simulation [169] has given a somewhat lower 

value of 0.50+0.02. The differences in the values of the critical point temperature obtained 

by different authors are not surprizing, however. The recent Monte Carlo simulations in the 
Gibbs ensemble [170,171] have clearly demonstrated that the way one cuts the interaction 

potential considerably influences the estimated critical temperature. It appears that the 
tail of the interaction potential (beyond the assumed cut-off distance) has a big influence 
on the obtained results. 

Figure 9 presents the heat capacities v e r s u s  temperature for the Lennard-Jones mono- 

layers of different sigma and density adsorbed on the noncorrugated (flat) surface. 

These results are in a good agreement with earlier findings. For the systems of the den- 

sity lower then the triple point density Pt*~ we observe very sharp heat capacity maxima at 
the temperature of 0.38 -t- 0.01. Although this value is slightly lower than the temperature 
of the triple point found in other works [160,166], but this can be attributed to the effects 
due to rather small cut-off distance of the potential (1) set at r,~x - 2.5a*. Besides, 

finite size effects as well as the out-of-plane motion may contribute to the observed shift 

in the location of the melting point. The results obtained for the density exceeding the 

triple-point density do not show any trace of the melting transition. The heat capacity 

changes smoothly and exhibits only a broad maximum at high temperatures, similarly as 
in the case of films with lower density. These broad maxima are associated with desorption 

and transfer of adsorbed particles to the second layer as confirmed by the density profiles 
calculated at different temperatures. The desorption process starts at considerably lower 

temperatures for the system with the density exceeding pt*~ than in other systems. There- 

fore, it is possible that the melting transition is accompanied by the transfer of adsorbed 

atoms to the second layer and hence no sharp heat capacity maximum is observed. 

In the case when the gas - solid potential exhibits periodic variations, a competition 
between the surface potential corrugation and the gas - gas interaction becomes a major 
factor determining the structure of the film. From the calculations of the heat capacity for 
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Figure 9. Heat capacities for the Lennard-Jones systems adsorbed on the planar surface obta- 
ined from the canonical ensemble Monte Carlo simulation [163]. 

isolated atoms adsorbed on lattices characterized by different symmetry and size [172,173] 

it follows that there is a gradual transition between localized and mobile states, leading 

to the appearance of broad peaks with the maximum located at the temperature  T* = 

(0.21 4-0.01)Vt* , where Vt* is the height of potential barrier for translation, defined as 

~ * -  V~*p- V~ (31) 

In the above, V~p and V~ represent the minima of the gas - solid interaction potential 

corresponding to the saddle point and the center of the surface unit cell, respectively. 

Of course, one should not expect to observe such localized-to-mobile transition in dense 

films. An isolated atom adsorbed on a surface with non-zero corrugation effects always 

exhibits full localization in the ground state, while dense films may exhibit different struc- 

ture depending on the height of the potential barrier between adjacent potential minima. 

In particular, in the case of adsorption on the (100) face of fcc crystal the film may form 

the hexagonal close-packed (incommensurate) phase, the uniaxially ordered phase or the 

registered phase of a square symmetry. Regions of stability of the hexagonal close packed 

(hcp) and the registered phases for monolayers formed on the (100) fcc surface at T* = 0.0 

are shown in Fig. 10. Although the results presented in figure 10 do not include uniaxally 

ordered states, but one can speculate that  such structures are most likely to appear for the 

systems with the surface potential corrugation close to the values delimiting the regions 

of stability for the hexagonal close packed and the registered phases. Indeed, the results 
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Figure 10. The regions of stability for the hexagonal close packed and the registered phases at 
T* = 0 for monolayer films formed on the (100) face of an fcc crystal. 

of Monte Carlo simulations have shown that uniaxial ordering develops in such systems 

at temperatures below the melting point�9 The transition between the low temperature 

ordinary hexagonal close packed phase and the uniaxially ordered phase appears to be 

smeared over a wide temperature range in the studied systems�9 Also, this transition appe- 

ars to be reversible with respect to the direction of the temeprature changes. In order to 

detect the formation of the uniaxially ordered phase one can use the distribution function 

of particles over the surface nz(z, y), reduced to a single unit lattice cell and calculated 

at different distances from the surface as well as examine the snap-shots of equilibrium 

configurations generated during the simulation as shown in Figure 11. 

Monte Carlo simulation performed for a series of systems characterized by different 

corrugation of the gas - solid potential and for particles of different size have shown that 

the mechanism of melting and disordering in monolayer films depends strongly on the gas 

- solid potential corrugation. In monolayers being a subject to only weakly corrugated 

potential and exhibiting the hexagonal close packed structure at the ground state, mel- 

ting occurs at different temperatures depending on the gas - solid potential corrugation 

parameter Vb. Figure 12 shows the low temperature behaviour of the gas - gas and the 

gas - solid interaction energies for a series of systems with or* = 0.8 being a subject to 

the surface potential of different corrugation. In all cases we find clear indication of the 

phase transition. The location of this transition changes gradually towards lower tempe- 

ratures with the corrugation of the gas - solid potential and seems to converge to zero for 

the corrugation at which the hexagonal close packed phase looses stability at the ground 

state (see Fig. 13). It should be noted that in the case of methane monolayer on graphite, 

studied by Kim and Steele [160], an opposite effect has been observed, i.e., the increase in 
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Figure 11. Equilibrium configuration for the system with ~r* = 0.8 and Vb = 0.5 at T* = 0.25 
and 0.30. 

the gas - solid potential modulation has led to the increase of the melting temperature. 

For the systems exhibiting the registered 1 x 1 ordered structure at low temperatures, 
the disordering is a continuous process occuring gradually over a wide temperature range. 
A quite different behaviour has been found for the registered films of larger particles 
ordering into the x/~ x x/~ structure. In this case the surface lattice can be considered 
as composed of two interpenetrating sublattices, and only one of them is occupied in the 
ordered phase. As the temperature increases this phase undergoes a transition into the 

disordered fluid characterized by more or less uniform occupation of both sublattices. This 
transition is expected to be similar to the order- disorder transition in the Ising model 
[77]. As the gas - solid potential corrugation becomes higher the order-disorder transition 
is shifted towards higher temperatures (see Fig 13.b). As the potential barriers between 
adjacent sites increase, the registered state retains stability over the wider temperature 
range. Similar situation occurs in the mentioned above study of methane films formed on 

graphite, and explains the observed increase of the transition temperature with Vb. 
Although the observed changes in the thermodynamic properties of adsorption systems, 

such as the gas - gas and the gas - solid contributions to the total energy, the heat capacity 
and the compressibility, allow to estimate the melting temperature, but such quantities do 
not say much about the changes in the inner structure of the adsorbed film. To investigate 
subtle changes in the mutual arrangement of adsorbed particles and shifts of their positions 

relative to the surface lattice one needs to use appropriate tools. In numerous computer 
simulation studies of melting in two-dimensional systems [162,168,174,175] the local order 
has been measured using the bond-orientational order parameters [176]. For the considered 
here systems it has been found very useful to introduce three different bond-orientational 

order parameters, which are defined by the following equations: 

1 

m n 

, l = 4 , 6  (32) 
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Figure 12. The gas - gas (part a) and the gas - solid (part b) components of the total energy for 
systems with a* - 0.8 and characterized by different corrugation of the gas - solid potential. 
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Figure 13. The dependence between the melting point and the parameter Vb. for systems with 
a* = 0.8 (part a) and 1.2 (part b). In Part a, the solid point marks the value of Vb delimiting the 
regions of hexagonal close packed and registered structures at T* = 0.0. In part b, open circles 
mark the melting points for the hcp phase, and the filled points the order-disorder transition 
for the x/~ • v/2 phase. 
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and 

1 
E Ecos(6 mo) 

m n 

(33) 

In the above equations the first sums run over all particles in the system, the second sums 

are taken over all nearest neighbours of any particle m, Cmn is the angle between the 

bond joining particles m and n and a chosen reference axis (taken to be one of the surface 

lattice axes) and Nb is the number of bonds in the system. 
Basically, the bond-orientational order parameters defined by egn. (31) suffice to di- 

stinguish between the ordered and the disordered phases and to determine whether the 

film forms the registered or the hexagonal close packed structure. Namely, in the disorde- 

red, liquid or gas, phase the both bond-orientational order parameters ~4 and ~6 should 

be close to zero, since all possible mutual orientations of bonds appear with the same 
probability in the system. In the registered phases of square symmetry (1 x 1, x/~ x 

or 2 x 2) one expects that ~4 ~ 1.0 while r ~ 0.0. On the contrary, when the solid phase 
has the hexagonal symmetry then ~4 "-~ 0.0 and r ~ 1.0. In the case of uniaxially ordered 

, e phase, we can expect nontrivial behaviour of the bond-orientational order parameters (96, 

~6 and ~4. The order parameter ~ ,  defined by egn. (32), has been primarily introduced 

in order to study orientational alignment in the hexagonal close packed incommensurate 

films, as predicted by the theory of McTague and Novaco [93]. Namely, one expects that 
~ - 1 when one of the symmetry axes of the hexagonal solid phase coincides with the x 
or y axis of the surface lattice, i.e., in the case of uniaxial epitaxy. When the orientation 

of the adsorbed film changes the bond-orientational parameter ~ decreases rapidly, while 

~6 may remain nearly unchanged. 

Apart from the defined above bond-orientational order parameters (see eqns. (31) and 

(32)) it is useful to define the corresponding susceptibilities 

xI(L,T)- k-~[< ~ > - < ~)l >2] (34) 

and 

1 x7(L,T)- ~-~[< r > _ < r >2] (35) 

as well as the fourth-order cumulants 

Ut(L,T)- 1 - < @ > (36) 
3 < ~ >  ~ 

and 

U[(L ,T ) - I -  < ~ 4 >  (37) 
3 < ~ 2  >2 

where 1 = 4 or 6. These quantities can be used to determine the location of the phase 

transition point as well as the order of the observed transition. In particular, the su- 
sceptibilities should behave in a similar way as the compressibility and obey appropriate 
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scaling laws. Thus, one can use the finite size scaling theory to distinguish between the 
first-order and the higher-order transitions and to determine the transition point as well 
as the critical exponents. The fourth-order cumulants have been studied extensively for 
various phase transitions [126,177 - 182]. In particular, the changes of the fourth-order 
cumulants with density for systems with different size have been recently used by Weber 

et al. [175] to determine the order of melting transition in the two-dimensional hard-disk 
system, while Marx et al. [182] have used the fourth-order cumulants to study orientation 
of nitrogen adsorbed on graphite. 

Preliminary results of Monte Carlo simulation [183] have also demonstrated the use- 
fulness of the bond - orientational order parameters in determining the inner structure of 
films adsorbed on the (100) face of an fcc crystal. 
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Figure 14. The bond-orientational order parameters for the two-dimensional films of particles 
with a* = 1.2 formed on the (100) fcc plane with characterized by different corrugation of the 
g a s  - s o l i d  potential (Vb=0.2 (a) and 0.4 (b)). 

Figure 14 presents examples of the bond-orientational order parameter, plotted a- 
gainst temperature, which clearly indicate the existence of rotational alignment in the 
two-dimensional incommensurate solid phase formed on weakly corrugated surface. As is 
seen the bond-orientational order parameter ~b~ drops at considerably lower temperature 
then the order parameter ~6. This provides a direct indication that the incommensurate 
solid phase looses its parallel orientation relative to the x axis of the solid lattice but 
retains hexagonal symmetry over a certain temperature range. One should also note that 
the bond-orientational order parameter ~b4 increases considerably near the melting point. 
This shows that the liquid phase exhibits partial positional ordering resulting from the 
effects due to the surface corrugation. In the system with higher corrugation of the gas 
- solid potential we find registered film at low temperatures (the bond-orientational or- 

der parameter ~b4 approaches unity as the temperature goes to zero) while ~b6 remains 
very low. In principle, the parameter ~b6 should be equal to zero when the adsorbed film 
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forms a registered structure of a square symmetry. The observed deviations result from 
the finitness of the systems used in the simulation. 

Similar approach can be used to study phase transitions in films formed on other 
crystals, e.g., on the (110) faces of fcc and bcc crystals of various metals. It is possible to 
define the appropriate bond-orientational order parameters suitable for determining the 
formation of registered and uniaxial structures. Such computer simulation studies can be 
very helpful in determining the role of the surface corrugation on the structure of adsorbed 
films and the nature of phase transitions between different adsorbed phases. 
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C h a p t e r  2.12 

D r y i n g  of gases  a n d  l i qu ids  b y  a c t i v a t e d  a l u m i n a  

S. Sircar, M. B. Rao and T. C. Golden 

Air Products and Chemicals, Inc., 7201 Hamilton Boulevard, Allentown, PA, 18195, USA 

1. I N T R O D U C T I O N  

Removal of trace and bulk water from a fluid (gas or liquid) stream is a major unit 

operation in the chemical and petrochemical industries [1-3]. The drying process is neces- 
sary to (a) prevent condensation and freeze-out of water in plant pipeline and equipment, 
(b) eliminate corrosion in process equipment, (c) protect against undesirable chemical 
reactions such as hydration, hydrolysis, etc., (d) prevent catalyst poisoning, and (e) meet 

product fluid composition specification. Selective adsorption of water on a solid desiccant 
such as zeolites, silica gels and activated aluminas is often used as the method of drying 
the fluid stream. Various forms of cyclic pressure swing adsorption (PSA) and thermal 
swing adsorption (TSA) concepts are generally used as the drying process. These pro- 
cesses utilize regenerative schemes consisting of adsorption and desorption steps so that 
the adsorbent can be repeatedly used for drying the fluid stream. The design and cost 

of operation of these processes demand certain properties for adsorption of water by the 
adsorbent which facilitate the adsorption and desorption steps. Activated aluminas often 
provide a large spectrum of desirable adsorptive properties for such drying applications. 
These properties include adsorption equilibria, adsorption kinetics, heats of adsorption, 
and adsorption and desorption column dynamics which govern the performance of the 
drying process. This chapter briefly describes these properties for adsorption of water 
on various forms of alumina and illustrates several conventional drying processes using 
alumina. 

2. P H Y S I C O C H E M I C A L  S T R U C T U R E  OF A L U M I N A  

Most aluminas are produced by precipitation from an aluminate solution using the 
well-known Bayer process [4]. Numerous stable and transitional forms of alumina can 
be formed. The thermodynamically stable forms such as alpha alumina are of little use 
for drying application because of their low surface areas and porosities. The transitional 
aluminas such as gamma and eta which are formed by thermal dehydration of aluminum 
hydroxides are mostly used as desiccants. They consist of A1 +3 and 0 .2 ions bonded in 
either tetrahedral or octahedral coordination. The resulting crystal structure is cubic or 
hexagonal closed packed. Generally, the oxygen sublattice is fairly well organized and 
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the aluminum sublattice is more disordered which actually makes many commercially 

available aluminas (mainly gamma form) amorphous in nature. A random grouping of 

aluminum oxides and hydroxides form the structure of the commercial alumina. These 

can create a large spectrum of micro- and meso pores with surfaces containing both 

basic (hydroxyl and 0 .2 anion vacancies) and acidic (unsaturated A1 +a ions as Lewis and 

protonated hydroxyl as BrSnsted) sites of various strengths and concentrations [4]. 

The chemical nature of the sites of alumina for water adsorption is not clearly under- 

stood. Chemisorption of water through dissociation into H + and OH- ions which attach 

to the alumina surface, hydrogen bonding of water with surface oxygen and hydroxyl 

groups, van der Waals and pole-pole interactions between the water molecule and the 

alumina surface as well as condensation of water vapour in the mesopores of alumina are 

possible mechanisms [5]. 

Table 1 lists some of the physical properties of several commercially produced activa- 

ted aluminas. It shows the available variety of structural properties. These values were 

obtained from the manufacturer's literature. 

Table 1 
Physical properties of activated aluminas 

F-1 H-151 AA-300 R-P Grade A A-201 Actal 

Manufacturer Alcoa Alcoa Alcan Rhone-Poulenc Kaiser Laporte 
USA USA Canada France USA UK 

BET Area (m2/g) 260 350 330 340 350 275 

Pore Volume (cm3/g) 0.40 0.43 0.44 0.40 0.46 0.50 

Bulk Density (g/cm 3) 0.85 0.85 0.84 0.77 0.75 0.64 

Particle Density (g/cm 3) 1.42 1.38 1.34 - 1.40 1.15 

Mean Pore Diameter (/~) 26 43 65 20, 40 52 28 

3. A D S O R P T I O N  OF W A T E R  V A P O U R  F R O M  G A S  S T R E A M S  O N  

A C T I V A T E D  A L U M I N A S  

The difference in the pore structure and surface chemistry of different activated alumi- 

nas is manifested by significantly different characteristics for adsorption of water vapour 

as pure gas or from gas mixtures. These properties are illustrated below. 

3.1. Equ i l i b r i um adso rp t i on  of p u r e  water  v a p o u r  

The isotherms for adsorption of pure water vapour on activated aluminas are typically 

Type I (microporous) or Type IV (mesoporous) in shape according to the Brunauer classi- 

fication [6]. Figure 1 shows several examples. Alcoa F-1 alumina has a type I shape while 

Alcan AA-300 and Alcoa H-156 exhibit type IV shapes. The plots represent the specific 
amount of water vapour adsorbed (n, g/g) as functions of the relative vapour pressure 

of water (x - p /ps)  at 30~ P(atm) is the water vapour pressure over the adsorbent 



and Ps(atm) is the saturation vapour pressure of water at 30~ These data were measu- 

red in Air Products laboratories. They demonstrate the substantially different adsorption 

characteristics of water vapour on different samples of alumina. The specific saturation 

adsorption capacities of water (m, g/g) by the alumina at the limit of x --~ 1 is controlled 

by the pore volume of the adsorbent. The entire pore volume is filled with liquid water 
at that limit. 

Empirical adsorption equilibrium models like Langmuir and Freundlich can generally 

be used to describe type I pure water vapour adsorption isotherms on aluminas [6]: 

mbP 
n - 1 + bP ; b - b0e q~ Langmuir: (1) 

/-skqo/RT 
n - CPk; C - ~o Freundlich: (2) 

where b(atm -1) and C(a tm -k) are the Langmuir and Freundlich gas-solid interaction 

parameters, respectively. They are exponential functions of temperature,  q0 (kJ/mole) is 

the isosteric heat of adsorption of water vapour on the alumina at the limit of zero water 

loading (n--+O). bo, Co and k are temperature independent constants. T is the temperature 

of adsorption, P is the equilibrium adsorption pressure and R is the gas constant. 

o 

631 

Figure 1. Water vapour isotherms on aluminas, 13X zeolite, and silica gel at 30~ 

Equations (1) and (2) are applicable when the alumina is energetically homogeneous 

(isosteric heat of adsorption, q, is independent of water loading, n). The Toth equation 

can be used when the alumina is energetically heterogeneous (q decreases with increasing 

n) and the isotherm shape is Type I [7]: 

mbP 
n - [1 + (bp)k]'/k; b = boe q~ Toth: (3) 
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k(<_ 1) is a temperature dependent heterogeneity parameter. 
Both types I and IV isotherms can be described in terms of adsorption (micro and 

meso pores) and condensation (mesopores only) of water vapour [8]" 

(Vm/vL)cx (SM" mb)x (4a) 
n - -  _qt_ ; 0 ~ X ~ X m  

1 + ( c -  a)x 1 + (b - 1)x 

n 
(Vm/vL)cx 2avF(p, ex) mbx 

-t- ~ "  
1 + ( c -  1)x p F(p) 1 + ( b -  1)x 

+ ( V )  [I'(p + 1, Cm) -- F(p + l,Cx) . r ( p  + 1) ' X m ~ X ~ 1 (4b) 

where Vm (cc/g) and V (cc/g) are, respectively, the micro and total specific pore volumes 
of the alumina, SM (cm~/g) is mesopore BET surface area. m (mol/g) is the monolayer 
capacity for water adsorption on mesopore area and VL (cc/mol) is the molar volume of 
liquid water, c and b are, respectively, gas-solid interaction parameters for the micro and 
meso pores. Parameters c~ and p describe the pore size distribution (gamma function) of 
the adsorbent. The condensation in the mesopores is described by the Kelvin model which 

begins when the water relative vapour pressure is Xm. 
Figure 1 also shows the pure water vapour adsorption isotherms on UOP 13X zeolite 

and a sample of Davison silica gel at 30~ These data were measured at Air Products' 
laboratories. They are, respectively, type I and IV in shape. The zeolite adsorbs water 
very strongly (very high capacity at low x). The water adsorption capacities of the silica 
gel is comparable to those of the aluminas at low x but it exhibits higher water adsorption 

( 0 n )  a tx---~0]for the capacities at higher values of x. The Henry's law constants [K - Ox T 

isotherms of Figure 1 are given in Table 2. The moderate strength of adsorption of water 
by the aluminas and silica gels make them easier to desorb in a drying process cycle. The 
aluminas are, however, preferred over silica gels in most practical processes because of 

their mechanical integrity. 

Table 2 
Henry's law constants for pure water adsorption on various desiccants 

Adsorbent 
Henry's law constants (K) at 30~ 

(g/g) 

Alcoa F1 1.1 

Alcoa H-156 2.7 

Alcan AA-300 2.4 
13X Zeolite 140.0 
Davison silica gel 1.2 
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3.2. H e t e r o g e n e i t y  of ad so rp t i on  of w a t e r  vapou r  

As mentioned earlier, the alumina surface can be energetically homogeneous or hetero- 
geneous for adsorption of water vapour. The variation in isosteric heat of adsorption (q) 
with water loading (n) provides a measure of the degree of heterogeneity of the alumina. 
Figure 2 shows plots of q vs n for three samples of alumina. 

The isosteric heat of adsorption exhibits the highest value in the Henry's law region 
(x--~0) and then gradually decreases to the heat of vapourization of water (42 KJ/mol) at 
condensation point (x--,1). Figure 2 shows that Alcan PSA-I alumina shows a very small 
variation in q values (relatively homogeneous) over the entire water vapour pressure range 
while the other two aluminas (RP-Grade A and Alcan AA-300) exhibit large variations 
(highly heterogeneous) of q values [9]. The comparative isosteric heat of adsorption of 
water vapour on 13X zeolite is ~75 kJ/mol which remains practically constant over the 

entire range of the water adsorption isotherm. Thus, aluminas require much less energy 
for desorption. 

The isosteric heat of adsorption at a given water loading (n) can be calculated by 
measuring isotherms at different temperatures [6]: 

q(n) [OlnP]  

R T 2 - t  0T ]n (5) 

' ~ ~ - - - - - ' O - -  

Figure 2. Isosteric heat of adsorption for water vapour on aluminas and 13X zeolite 

For the heterogeneous Toth isotherm, q is given as a function of fractional coverage 
(0 = n/m) by [17]: 

(~2) (dlnk~ [(l_Ok) ln(l_Ok)+OklnOk ] 
q _ q 0 +  ~ . - - ~ ]  ( 1 - 0  k ) (6) 

qo is the isosteric heat of adsorption of water at the limit of zero loading (0 ~ 0). 
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3.3. T e m p e r a t u r e  d e p e n d e n c e  of  w a t e r  a d s o r p t i o n  i s o t h e r m s  

Figure 3 shows the isotherms for adsorption of water on Alcan AA-300 at 30 and 70~ 

0.241 

~ i ~ 0.2 
c- 

0.16 �9 

0 

Figure 3. Water vapour isotherms on Alcan AA-300 alumina at 30 and 70~ 

r - .  

v 

1-" 

] �9 

-3 

Figure 4. Polanyi potential plot for water vapour adsorption at 30 and 70~ on Alcan AA-300 
alumina. 

These data  were also measured in the Air Products '  laboratories. The Polanyi potential 

concept [6] can be used to coalesce these isotherms at different temperatures  into a single 
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curve as shown by Figure 4. The ordinate of the plot represents the amount of water 

adsorbed expressed as liquid volume. The abcissa represents the Polanyi potential. The 

concept can be used to obtain a first pass estimation of temperature  dependence of water 

vapour adsorption on aluminas. 

3.4. A d s o r p t i o n  of water  vapour  from gas m i x t u r e s  

The selectivity of adsorption (S = nlyj /njyl)  of water vapour (component 1, mole 

fraction yl) on aluminas over component j (mole fraction yj) of a gas mixture can be 

complex functions of adsorbate loadings (nl,nj), system temperature  and pressure. There 

is a scarcity of published data  on water adsorption from multicomponent gas mixtures on 

alumina. Typically, it is assumed that  water is exclusively adsorbed on aluminas (S 

oc,nj ~ 0) from non-  polar gases such as air or natural  gas. The assumption may not be 

valid when the gas mixture contains polar components. The mixed gas Langmuir or Toth 

models may be used to describe multicomponent Type I equilibria on aluminas [6,7]. No 

isotherm model is available to describe adsorption of water from gas mixtures when there 

is partial condensation of water in the mesopores of the alumina. 

3.5. K i n e t i c s  of  a d s o r p t i o n  of  water  vapour  

The kinetics of actual adsorption of water on the sites of alumina is very fast. However, 

a substantial resistance to mass transport  can be exhibited by the finite diffusivity of water 

molecules from the external gas phase to the adsorption sites through the porous network 

of the adsorbent particle. Diffusion of water vapour (molecular and Knudsen) through 

the pores of the alumina particle as well as the surface diffusion of adsorbed water on the 

pore walls [ 11-13] can contribute to the overall t ransport  process. The presence of other 

non-adsorbing or adsorbing components can significantly influence both pore and surface 

diffusivity values for water. Table 3 shows a family of water vapour diffusivity data on 

Rhone-Poulenc grade A alumina in presence of N2 and He as carrier gases at a total gas 

pressure of 1.0 atmosphere. The water isotherm has a type IV shape [ 9,11]. Pore diffusion 

Table 3 
Pore (Dp) and surface diffusivities (Ds) of water vapour on Rhone-Poulenc alumina 

Partial pressure 

of water vapour 

(Pa) 

Carrier gas Temperature  Dp Ds 

(~ (cm2/s) (cm2/s) 

59 

709 

2013 

2733 

709 

2013 

N2 24.0 4 .7 .10  -2 0 

100.0 6 .7-10 -2 0 

N2 24.0 4 .7 .10  -2 0 

N2 24.0 4 .7 .10  -2 2 .9 .10  -6 

N2 24.0 4 .7-10  -2 2 .9-10 -6 

He 24.0 11.0 �9 10 -2 0 

100.0 13.7 .10 -2 0 

He 24.0 11.0 .10 -2 2 .9 .10  -6 



Fickian Diffusion (FD)" 

of water dominates the overall transport into the Rhone-Poulenc alumina particles at low 

water loadings. Surface diffusion of water on pore walls, on the other hand, contribute 

substantially to overall transport process at high water loadings (x values above the point 

of inflection of type IV isotherm). 

Fickian Diffusion and Linear Driving Force models are generally used to describe the 

transport of water vapour into the alumina particles. For isothermal adsorption of water 

vapour from a constant partial pressure (p0) batch adsorption system on a spherical 

adsorbent particle of radius Rp, the uptake profiles are given by [13]: 

re(t) 

m 0 

m(t) 

6 ~ 1 

= 1  ~-~ m~'~l n2 exp (_n21r2Dt/Rg) (7) 

Linear Driving Force (LDF)" 
m 0 

= 1 - e - k t  ( 8 )  

where m(t) is the amount of water adsorbed at time t on an initially clean adsorbent. 

m ~ is the equilibrium adsorption capacity of water at p0 and T. D and k are the overall 

diffusivity or mass transfer coefficient for adsorption of water vapour into the particle. 

Isothermal uptake measurements, however, may not be feasible due to generation of heat 

of adsorption [141 and non-isothermal uptake models (FD and LDF) must be used [13,14]. 

3.6. Column dynamics for ad(de)sorption of water vapour 

The dynamics of ad(de)sorption of water vapour from a carrier gas in a packed alumina 

column is governed by the adsorption equilibria and kinetics for the system. For the 

adsorption process, a mass transfer zone (MTZ) for water is formed within the column 

which propagates from the feed gas end to the column exit. The MTZ is generally constant 

636 

Figure 5. Water breakthrough curve on Alcan AA-300 alumina at 50~ Feed: 3370 ppm water 
in N2 at ambient pressure. 
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pattern in shape when the water adsorption isotherm is Type I or when the water partial 

pressure is below the inflection point of a type IV isotherm [13]. Otherwise a proportionate 

pattern MTZ is formed [13]. Figure 5 shows the constant pattern water breakthrough 

curve (exit gas water composition vs time) from an Alcan AA-300 column at 50~ where 

the feed gas contained 3370 ppm of water vapour in nitrogen at atmosphere pressure. 

These data were measured in Air Products' laboratory. The column remains essentially 

isothermal when the feed gas water concentration is very dilute. A non-isothermal type I 

or type II column dynamics is exhibited when the water concentration in feed is moderate 

[15,16]. Figure 6 shows an example of type II non-isothermal column breakthrough curve 

from a Laporte alumina at 26.6~ where the feed gas contained an air-water (37% RH) 

mixture [17]. 

There is no published data on desorption of water vapour from a column by purging the 

column with a water free gas. However, such a desorption process produces a proportionate 

pattern MTZ within the column for a type I adsorption isotherm. The zones are generally 

governed by local adsorption equilibria within the column [18,19]. 

The constant pattern water breakthrough curve for isothermal adsorption of trace 

moisture (Langmuir isotherm) from an inert carrier gas can be described by [15]: 

(t2 - tl) (1 + b ) .  k - 1 r -- r r (9) 
b ~7 In r (1 - r + in r 

where ti is the time at which the exit gas water molar fraction is given by yi. r is the 

ratio of yi to feed gas water molar fraction yO. t0 (_ n0/m) is the fractional water loading 

at the feed gas conditions, b and m are Langmuir parameters, k is the LDF mass transfer 

coefficient for water. 

Analytical equations to describe isothermal proportionate pattern water desorption 

I I I I I I I 

1 3 0  

1 0 0  

Figure 6. Nonisothermal column breakthrough curve for water (37 % R.H.) from air on Laporte 
alumina at 26~ 
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characteristics (Langmuir isotherm) by purging the column with an inert carrier gas are 

also available [19]. They demonstrate that the efficiency of desorption of water by purge is 

facilitated when the Henry's law constant for water adsorption is low to moderate. Thus, 
activated aluminas fulfill that requirement. 

4. A D S O R P T I O N  OF W A T E R  FROM LIQUID S T R E A M S  ON A C T I V A T E D  
A L U M I N A S  

The adsorption of water from a binary or multicomponent liquid mixtures is characteri- 

stically different from that from gaseous phase because the pore space within the alumina 

is always filled with a liquid mixture. Nevertheless, the key characteristics (equilibria, ki- 

netics and ad(de)sorption column dynamics) for adsorption of trace and bulk water from 

a liquid mixture is very well studied. 

4.1. Equilibrium adsorption of trace water from liquid mixtures 

The pertinent experimental variable to describe equilibrium adsorption of water from 

a liquid mixture is the surface excess of water (n~, moles/g)" 

n~ = nl -- [Enj] xl (10) 

where nl is the actual specific amount of water (component 1) adsorbed from the mixture 

(equilibrium bulk phase molar fraction of water = xl). nj is the specific amount of compo- 

nent j adsorbed from the mixture [20]. n~ is a function of Xl and the system temperature 

and it can be directly measured experimentally. 

c- 0.15 

Figure 7. Trace water adsorption isotherms from toluene and p-xylene on Alcoa H-152 alumina 
at 22 ~ C. 
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The surface excess isotherm [n~ (x 1)] of trace water (x 1 ( ( 1 )  from a mixture on activated 

alumina can have types I and IV shapes analogous to those for adsorption of pure water 

vapour [20,21]. 
Figure 7 shows an example of type IV isotherms for adsorption of trace water from 

toluene and p-xylene mixtures on Alcoa H-152 alumina at 22~ [22]. The abcissa of the 

plot represents relative saturation of water (x 1/x~), where x~ is the molar fraction of water 

at the solubility limit in the hydrocarbon liquid. Equilibrium isotherm models analogous 
to those used for pure water vapour adsorption can be derived for describing trace water 

adsorption from liquid mixtures [20-22]. 

4.2. E q u i l i b r i u m  adso rp t ion  of bu lk  w a t e r  f rom a b i n a r y  l iquid m i x t u r e  

The surface excess isotherm for adsorption of bulk water (0 __ Xl < 1) from a binary 

liquid mixture can be 'U' (water selectively adsorbed at all values of Xl) or 'S' (water not 

selectively adsorbed at all values of Xl) shaped [20]. Figure 8 shows an example of 'U' 
shaped isotherm for adsorption of water-alcohol binary mixture on Alcoa H-152 alumina 

Figure 8. Water-ethanol binary adsorption isotherm on Alcoa H-152 alumina at 30~ 

at 30~ [23]. The monolayer-pore filling (MPF) models can be used to describe these 

binary isotherms [24,25]" 

e [SalX2- a2X1] (11) 
n I -- ml 

Sal +/3a2 

S -  So [Sal -t-a2] (f~-l)/f~ (12) 

where mi is the pore filling capacity of component i. S is the selectivity of adsorption 

[S = nla2/n2al] of water (component 1) over component 2 of the mixture, ai is the liquid 

phase activity of component i . /3(=ml/m2) is the size ratio of the two components. So is 

the selectivity of adsorption water at the limit of Xl ---+ 0. Equations (11) and (12) describe 
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the surface excess isotherm for water on an energetically homogeneous adsorbent. Models 

are also available to account for energetic heterogeneities of the adsorbent [25]. 

The effect of temperature  on the surface excess isotherms of water from liquid mixtu- 

res on the aluminas is generally much less pronounced than those for adsorption from 

vapours [26]. 

4.3. Kinetics  of adsorption of water from liquid mixtures  

The resistance to mass transport  for adsorption of water into alumina particles can 

be governed by diffusion of water molecules through the liquid filled pores as well as by 

surface diffusion of adsorbed water molecules on the pore walls. A surface excess linear 

driving force model [SELDF] has been successfully used to describe the adsorption of 

water from liquid mixtures [27]. For isothermal adsorption of water from a bulk liquid 

mixture from a constant water composition (x ~ batch adsorption system, the uptake 

profile is given by: 

n~(t) = 1 - e - k t  (13) 
n~ ~ 

where n~(t)is the surface excess of water adsorbed at time t on an initially clean adsorbent. 

n~ ~ is the equilibrium surface excess of water at x ~ and T. k is the overall mass transfer 

coefficient for adsorption of water into the adsorbent particle. The kinetics of adsorption 

of water from liquid mixtures on aluminas are generally orders of magnitude slower than 

that  from gases. Therefore, smaller adsorbent particles are used for liquid drying in order 

to reduce the transport  distance within the adsorbent [27-29]. 

4.4. Column dynamics  for ad(de)sorpt ion of water from liquid mixtures  

The dynamics of ad(de)sorption of liquid water from a mixture in packed alumina 

columns is also governed by the adsorption equilibria and kinetics. For the adsorption 

process, a MTZ for water is formed within the column which propagates from the feed 

, v - -  

X 

300 

200 

100 

-- I 

Figure 9. Breakthrough curve for water from p-xylene on Alcoa H-152 alumina at 22~ 



641 

liquid end to the column exit. The MTZ is generally constant pattern [23, 27-29] for an 

'U' shaped isotherm (bulk mixture) or for type I isotherm (trace mixture). The column 

remains nearly isothermal for adsorption from liquid mixtures. Figure 9 shows an example 

of the MTZ for adsorption of trace water (382 ppm in feed) from p-xylene on H-152 

alumina at 22~ [22]. Figure 10 shows an example of the MTZ for adsorption of bulk 

water (20 molar % in feed - xf) from alcohol on H-152 alumina at 25~ [23]. The 

ordinate of Figure 10 gives column effluent molar fraction of water (Xl) as a function of 

total specific quantity of column effluent (Q). The SELDF mass transfer coefficient for 

this liquid phase system (k=0.0125 seconds -I) is much smaller than typical k values of 

300 seconds -1 for a gas phase system using the same size adsorbent particles. 

Figure 10. Breakthrough curve for 20 molar % water in ethanol binary liquid mixture on Alcoa 
H-152 alumina at 25~ 

Analytical mathematical models describing (a) the propagation of constant pattern 

MTZ and (b) the desorption profiles under local equilibrium conditions in packed columns 

for ad(de)sorption of bulk binary liquid mixtures having an 'U' shaped surface excess 

isotherm and obeying SELDF kinetic mechanism are available [27]. 

5. P R O C E S S E S  F O R  D R Y I N G  OF G A S E O U S  A N D  L I Q U I D  M I X T U R E S  

Numerous commercial processes have been developed for dehydration of gaseous mixtu- 

res containing trace to dilute amounts of water and for removal of trace to bulk amounts of 

water from liquid mixtures using activated aluminas as adsorbents. The following sections 

outline a few of these processes. 
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5.1. Thermal swing adsorption (TSA) processes for removal of t race  wa te r  

f rom gases and liquids 
The basic concept of a TSA drying process consists of (a) selective adsorption of trace 

or dilute water from the contaminated fluid mixture by flowing the fluid over a packed 

column of alumina particles while withdrawing a dry product stream until the water 

concentration at the column effluent rises to a predetermined value and then (b) thermal 
desorption of the adsorbed water by heating the column with a relatively dry fluid stream. 

The adsorbent is repeatedly used in a cyclic manner by carrying out steps (a) and (b). 

More than one adsorbent column is required for continuous processing of the wet feed 

fluid stream and production of a dry fluid stream. 
The adsorbent column is generally regenerated immediately after the adsorption step 

when the feed stream is a gaseous mixture. In addition, the adsorbent column is usually 

drained to remove inter-particle liquids before regeneration begins, when the feed stream 

is a liquid mixture. 
Many different regeneration options are practiced [30-34]. For example, a portion of 

the dry product gas can be used to provide for the regeneration gas. Figure 11 is a 

schematic flow diagram for a three column TSA gas drying system. The dry regenerated 

gas is passed through one column (which has completed heating step) in order to cool 

the column. The effluent from that column is heated and passed through another column 
(which has completed adsorption step) for desorption of water. The third column (which 

has completed cooling step) is used to remove water from fresh feed. Hot wet feed gas 

can also be used for regeneration [30]. The temperature range of regeneration for the 

activated aluminas is 200-300~ and the quantity of regenerating gas is 10-15% of feed 

gas processed. Higher regeneration temperatures are used when more stringent drying is 

required. For example, a 200~ regeneration is sufficient when the water concentration 

of effluent product gas is about 10 ppm. A 300~ regeneration reduces the product gas 

water concentration to below 1 ppm. 

Figure 11. Schematic flow diagram for three column thermal swing adsorption system for gas 
drying. 

Figure 12 is a schematic flow diagram for a two column liquid phase TSA drying system 
where trace water is removed from a hydrocarbon stream [31]. An external regeneration 
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gas is used in this scheme. The hot effluent gas during the regeneration step is cooled and 

condensed to form a two phase immiscible liquid mixture. The hydrocarbon-rich phase is 
recycled to the TSA system by mixing it with the fresh feed stream while the water- rich 
phase is rejected. 

The dynamic desiccant capacity of the alumina in a TSA process depends on the type 

of alumina, nature and composition of the feed stream, regeneration temperature, etc. A 

typical water removal capacity for alumina is 5-15% by weight. The typical total cycle 

time for a TSA process is 2-8 hours. 

HzO 

Figure 12. Schematic flow diagram for two column thermal swing adsorption system for liquid 
drying. 

5.2. P r e s s u r e  swing adso rp t ion  (PSA)  process  for removal  of t r ace  w a t e r  

f rom gases 

The basic concept of a PSA drying process consists of (a) selective adsorption of trace 

or dilute water from the contaminated gas at a relatively high (50-100 psig) total gas 
pressure by flowing the gas over a packed bed of alumina particles while withdrawing 
a dry product gas stream until the water concentration at the column effluent rises to 

a predetermined level and then (b) desorption of the adsorbed water from the alumina 

by lowering the superincumbent partial pressure of the water in the column. Again the 

adsorbent is repeatedly used in a cyclic manner by carrying out steps (a) and (b). The 

desorption in a PSA process is achieved by (a) lowering the total gas pressure of the column 

to near ambient (depressurization) and by (b) flowing a portion of the dry product gas 
over the column at near ambient pressure (purge). Adsorption at a relatively low pressure 

(5-10 psig) and desorption under vacuum (both depressurization and purge) are also 
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possible options [33-36]. 
Figure 13 is a schematic flow diagram for a two column Skarstrom type [36] PSA drier. 

The process can be used to obtain very dry product gas (< -60~ dew point). The 

product purity depends on the type of alumina used, feed gas pressure and dry purge 

gas quantity. Typically a practical PSA drier uses 15-30% of product gas as purge. The 

typical total cycle time for a PSA process is 2-4 minutes. 

Figure 13. Schematic flow diagram for two column Skarstrom pressure swing adsorption cycle 
for gas drying. 

5.3. Concentration swing adsorption (CSA) and concentration-thermal swing 
adsorption (CTSA) processes for drying bulk liquid mixtures 

Removal of bulk water from liquid mixtures by adsorption require different processing 

concepts. Novel CSA and CTSA concepts are developed [23,28,29] where the adsorption 

step is carried out by flowing the wet bulk liquid mixture through a packed column of 
alumina in order to produce a dry product liquid stream. The less selectively adsorbed 

components of the liquid mixture are then removed from the column (from the intra- and 

inter-particle void space) by rinsing the column with pure water. The water saturated 

column is then subjected to the desorption step by flowing an extraneous non-adsorbing 

liquid stream or by thermally heating with a relatively dry extraneous gas stream. The 
column is drained to remove inter-particle water prior to thermal regeneration. 

Figure 14 shows a schematic flow diagram of a CTSA drying process for bulk liquid 

mixture where dry air produced by a PSA drier is used to heat the liquid drying columns. 

5.4. Design of TSA and PSA drying processes 
The design of practical TSA and PSA processes often require bench or pilot scale opera- 

tional data because of the lack of quantitative methods for estimation of multicomponent 
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Figure 14. Schematic flow diagram for concentration-thermal swing adsorption system for bulk 
liquid drying. 

gas and liquid adsorption equilibria, kinetics and column dynamics [37]. Mathematical mo- 

dels of these processes are often very useful for scale up and optimization. These models 

require simultaneous solutions of mass, heat and momentum balance equations (partial 

differential equations) describing the ad(de)sorption processes within the columns. The 

equations are solved using appropriate initial and boundary conditions for each step of 

the process. Multicomponent adsorption equilibria, heat and kinetics constitute the key 
input variables for the solutions of the models. Manufacturers of commercial drying (gas 
and liquid) process systems have developed several pratical short-cut design procedures 

[30-36]. 

6. C O N C L U S I O N  

Drying of gases and liquids by activated alumina is a. very flexible and versatile process 

concept. A large variety of synthetic alumina structures having a range of properties for 

adsorption water from various gases and liquids is commercially available. Numerous PSA, 

TSA and CSA process concepts have been designed to remove trace or bulk water from 

gaseous and liquid streams. 
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Chapter 3.1 
Characterization of inorganic sorbents by means of adsorption at the 
liquid - solid interface 

A. Da~browskP, R. Leboda ~, J. Goworek ~ and J.K. Garbacz b 

a Faculty of Chemistry, M. Cur ie -  Sktodowska University, 

20-031 Lublin, Poland 

blnstitute of Chemical Technology and Engineering, Polytechnical and 

Agricultural University, 85-326 Bydgoszcz, Poland 

1. I N T R O D U C T I O N  

Adsorption from liquid mixtures on solids underlies a number of extremely important 

processes and plays a significant role in many fields of the natural sciences. Studies of this 

phenomenon were reported in several monographies and reviews e.g. [1-3]. The formula- 

tion of a unified theory of adsorption from solutions is difficult because there are liquid 

mixtures with extremely different physicochemical properties. Usually, existing theoreti- 

cal descriptions are limited to the following cases: 

1. non-electrolytic miscible mixtures composed of molecules of comparable sizes, 

2. non-electrolytic liquid mixtures of components of limited miscibility, 
3. electrolytic liquid mixtures, 

4. liquid mixtures composed of both small and large molecules. 

Additional difficulties in formulating an adsorption theory for the liquid - solid interface 

result from a variety of interactions between components of a liquid mixture and from 

a complex structure of the adsorbent, which may possess different types of pores and 

strong surface heterogeneity. Our considerations will be limited to physical adsorption 

on heterogeneous solid surfaces of components of comparable molecular sizes from non- 

electrolytic (non-ideal or ideal) miscible binary liquid mixtures. 

In terms of this adsorption, properties of various adsorbents, among them the inorganic 

sorbents can be determined. It must be emphasized that inorganic sorbents such as silica, 

alumina, titania., complex carbon - mineral sorbents, apatites, e.t.c., are both structu- 

rally and energetically heterogeneous. Their total heterogeneity may be described by the 

kinds of adsorption potential distribution function which is one of the most significant 

characteristics of the aforementioned solids. 

Surface phase capacity, i.e., the total amount of substances in the adsorbed phase is the 

second factor determining the sorption properties of the solid sorbents. This quantity is 

useful for calculating thermodynamic functions which characterize competitive adsorption 

at the liquid - solid interface and for determining the specific surface area, of the sorbents. 
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This paper presents the methods for determining the adsorption distribution functions as 
well as the surface phase capacity from the excess adsorption isotherms. These isotherms 
are usually measured to characterize adsorption at the liquid - solid interface. In the first 
part we will discuss the isotherm equations describing energetical heterogeneity of the 
solids. The methods utilizing these equations for determining the surface phase capacity 
of the solids will be considered in the second part. Succeeding part deals with the concept 
of the global activity coefficients which are evaluated from the excess adsorption data and 
characterize nonideality of the surface phase resulting from the differences in molecular 
interactions which are additionally perturbed by heterogeneity of the solid. A procedure 
for separating a nonideality of the adsorbed phase caused by intermolecular forces from 
that generated by surface heterogeneity is presented. The approach to the global surface 
activity coefficients is very efficient in correcting the surface phase capacity evaluated by 
classical methods. 

We will dwell also on the description of the structural heterogeneity of the inorganic 
sorbents. It refers both to the characteristic energy of adsorption and the specific capacity 
of adsorption phase. 

The other possibilities for characterizing structural properties of inorganic sorbents 
concern the thermogravimetric analysis. To this end the thermal desorption of pure liquids 
is investigated by using various heating programs. In terms of this approach the pore - 
size distribution curves may be obtained to investigate the porosity of adsorbents, among 
them inorganic ones. 

Several experimental systems including inorganic sorbents are analyzed and their ad- 
sorption characteristics are estimated to illustrate the applicability of the presented the- 
oretical relationships. 

2. E Q U A T I O N S  FOR M O N O L A Y E R  A D S O R P T I O N  ON E N E R G E T I C A L L Y  

H E T E R O G E N E O U S  SURFACES 

Let us assume that adsorption from the solutions containing 1-st and 2-nd components 
of similar molecular sizes on a solid surface is determined by the difference between ad- 
sorption energies of both components, i.e., E12 = E1 - E2.The solid surface is energetically 
homogeneous when all adsorption sites have the same value of El2. If not, the surface is 
energetically heterogeneous. When the adsorption process occurs on the surface showing 

a discrete distribution of E12 which can be replaced by a continuous distribution F(E12), 
then the following integral expression is in force [1]: 

kernel of Eq.(1) is given by the Everett isotherm [4]: 

K12112 (2) 
Xl (xll' El2) : 1+ K12-X12 

where K12 is the equilibrium constant and XI~ represents a function which corresponds to 
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the model adsorption system assumed [2]. We can distinguish four models of adsorption 
systems" 
1. The NBP-na model-  both phases are nonideal but the surface phase is non -autonomous, 
2. The NBP-a mode l -  both phases are nonideal but the surface phase is autonomous, 

3. The IAP model - the surface phase is ideal, 
4. The IBP mode l -  both phases are ideal. 

The function F(E12) appearing in Eq.(1) is normalized to unity over the integration 
region and deals with the energetically heterogeneous solids. This function gives no infor- 
mation about topography of adsorption sites on the surface. For IAP and IBP models the 
type of this topography is unimportant. The other models require assumptions concerning 
the distribution of adsorption sites on surfaces. Up to this point, two basic models are 
distinguished: the patchwise model and the random model [1]. Besides, the intermediate 
models are possible [5]. The random model of heterogeneous surfaces is more realistic than 
the patchwise one and is suitable for many inorganic sorbents such as silica, alumina, ti- 
tania, apatites, etc. There are feasible theoretical approaches to investigate the influence 
of the choice of the topography on the adsorption isotherms and the functions F(E12) [6]. 
For the random model, Eq.(1) may be solved by means of various methods leading to two 
groups of adsorption isotherms. The first group may be expressed in the following general 

form: 

s s (X12;  s ) ~ , ~  ) (3)  Xl,t --" Xl,t nt, 12 

where )~ is the heterogeneity parameter, but K12 and n~ denote the mean value of K12 on 
the whole heterogeneous surface and the total surface capacity, respectively. 
Eq. (3) corresponds to the following energy distribution function: 

-- F (E12;  )~, E ~  (4)  

where El~ is the characteristic energy for a given adsorption system. 
The second group of adsorption isotherms derived from Eq. (1) has the form: 

( s s X12; nt, , , j = 1, 2, 3, J (5) X1, t --  X1, t �9 . .  

where Bj are the heterogeneity parameters and X ~ is a constant characteristic for a given 

adsorption system. Eq. (5) corresponds to the following distribution function: 

-- F (E12; Bj, E~ - 1,2, 3 , . . . ,  J (6) 

The analytical forms of the adsorption isotherms and energy distribution functions 
given by Eqs.(3-6) were presented in our review [1]. By means of these equations there 
can be obtained the energy distribution function and parameter n t which are important 
characterizations for the experimental adsorption systems. Consequently, by means of the 
functions F(E12) and the parameters n~ one can obtain quantitative characterization of 
the adsorbent heterogeneity, sorption properties of the solid, possibility to calculate the 
surface phase composition and potentiality for calculating the thermodynamic functions 

which characterize adsorption at the solid - liquid interface. 
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It should be emphasized that all interpretations and conclusions should be treated as a 

consequence of the assumed adsorption models. This choice towards a real adsorption sys- 

tem is difficult and even sometimes impossible.On the other hand, the physical interpreta- 

tion of the distribution function F(E12) is a basic problem in adsorption on heterogeneous 

solids from solutions. This distribution gives only a quantitative characterization of the 
energetic adsorbent heterogeneity with respect to the adsorbates. Comparative studies of 

the functions F(E12) obtained from the data referring to the same adsorbent and different 
adsorbates or data dealing with the adsorption of one selected adsorbate on adsorbents of 

controlled heterogeneity can be useful in physical interpretation of the function F(E12). 

3. M E T H O D S  F O R  D E T E R M I N I N G  T H E  S U R F A C E  P H A S E  C A P A C I T Y  

The second basic problem in adsorption from solutions deals with the physical inter- 
pretation the parameter n t which may be determined from the excess isotherms. The total 

excess isotherm is given by the expression: 

~(n) ( X ~ ) -  n~ ,t hi ,  t (x ]  -- x~)  (7) 

but n~ can not be experimentally measured. The extensive quantities in Eq.(7) refer to 

the mass unit of the solid adsorbent. The methods for evaluating the parameter n[ can 

be divided into four groups: 

1. the m a s s -  balance equation, 
2. the equations describing adsorption process on both homogeneous and heterogeneous 

surfaces, 
3. the Williams algebraic equation used in terms of pure - gas adsorption data, 

4. other relationships derived for liquid - solid adsorption. 
In this work the independent method for determining the parameter n[ is presented. 

The main idea of this method is supported by a new form of the so - called exponential 

adsorption isotherm [2] and takes into account both heterogeneity of the solids and the 
nonideality of the liquid mixtures. One ought stress that this method in contrast to 
aforementioned is suitable for analyzing all types of the excess adsorption isotherms. 

A general exponential adsorption isotherm for describing adsorption data on heteroge- 

neous solid surfaces converges with Eq.(5) and has the following form [7]: 

s _ _  

Xl, t - -  

~(n) 
nl , t  

s 

nt  
+x,,_ [ T,n J} , for a~2 _< X ~ (8) 

where: a~2 1 1 - a,1/% is the ratio of the activities of components 1 and 2, Aj denotes the 

heterogeneity parameters, x~, t is the total mole fraction of the 1-st component, but n~ 

deals with the surface phase capacity on the whole heterogeneous surface of the solid. 

After taking the logarithms, Eq. (8) becomes: 

y - Blz + B2 z2 + . . .  + Bk zk (9) 

where: 

Bj - Aj (RT)J 
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y - In lll"--'~t -4- X 
n~ 

-In (~l 
z 

The parameters Bj, for j=1,2,. . . ,k were evaluated numerically by approximating the ad- 
o(n) 

sorption data ni, t vs. x~ in terms of the non-linear regression model. Hypothetical model 

for this regression has the form: 

y i - B l z i + B 2 z ~ + . . . + B k z i  k + e i  , i - 1 , . . . , n  (10) 

where n denotes the number of the points (gi, Yi), but ei are the errors for the random 
variable El. We can suppose that Ei have the expected values Ei = 0 and the same 
variances ~2. Moreover, the values Ei have the normal distribution N(0, ~) ,  for i=1,2,... ,n. 

The parameters Bj are approximated by means of estimators bj. These estimators we can 

obtain in terms of the least square method with due regard for Bj, j=l ,2, . . . ,k:  

Q(B1,B2 ..... B k ) - ~ ' ~ c ~ = ~  y i - B j ( z i )  j (11) 
i=l i=1 j=l  

0 The parameter X ~ is evaluated as the minimal value Xmi n for which, from the physical 

point of view, the following conditions must be satisfied [1]: 

0 < x~, t < 1 ] 

(dx~'t'~ / (12) 

\ dx I ,] > 0 

The choice of the optimal values of the parameter k we can do by means of statistical test 

of significance for regression coefficients in terms of Student's t-test. 
Missing all mathematical and numerical details connected with our procedure we can 

state that the parameter n~ is evaluated as follows: 
1. we settle k - 1 for the approximating polynomial and the value of n{ for which the sum 

of square deviations is minimal; significance level for the Student's t - test, c, = 0.1, 
2. we suppose the significance of the estimator bx, 
3. we restart with calculations, but for k = 2 and examine the significance of the estimator 

b2; if this estimator is equal zero, then we can take the n~ for k - 1, 
4. if the value of estimator b2 # 0, we restart with our calculations for k = 3, etc. 

The numerical procedure as described above gives credible results with respect to the 
values of the surface phase capacity the systems studied. On the other hand, knowledge the 

heterogeneity parameters Bj and X ~ gives possibility for evaluating the energy distribution 

functions by means of the suitable equation corresponding with the expression (8) [1]. 

Figures 1 and 2 show the results of our analysis for the literature system [8]: butanol 

(1) + benzene (2) on silica gel at 298K. For illustrative purposes in Table 2 the results 

of analysis for experimental systems are presented. These systems were taken from the 

literature and investigated in terms of IAP adsorption model. Essential information about 

these systems is placed in Table 1. 
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Figure 1. Excess adsorption isotherm n~r!t ) VS. X~ of n-butanol (1) from benzene (2) on silica 
gel at 298 K: o-experimental p o i n t s , -  theoretical isotherm according to Eqs. (7) and (8). 
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Figure 2. Adsorption energy distribution F(E12) vs. E12 for the system n-butanol (1) from 
benzene (2) on silica gel at 298 K. 
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Table 1 

Essential information about adsorption systems studied by means of Eqs. (7), (8) and (11). For 

all systems T=293 K, for system C, T=303 K 

Code Adsorbent 
Solution Ref. to exp. data 

a(n)  
Component 1 Component  2 111, t bulk act. coefficients 

A Boehmite Benzene Cyclohexane [9] [10] 

B Boehmite Chloroform Benzene [9] [9] 

C Silica gel Benzene Cyclohexane [11] [11] 

D Titania gel Ethanol Benzene [10] [10] 

E 7 -  alumina 1,2-dichloroethane Benzene [9] ideal 

F Gibbsite Methanol Benzene [9] [12] 

G Boehmite Methyl acetate Benzene [9] [10] 

H Boehmite 1,2-dichloroethane Benzene [9] ideal 

I Titania gel 1,2-dichloroethane Benzene [9] ideal 

It has to be stressed that  the monolayer surface phase capacity is assumed to be 

constant over the whole bulk concentration region, i.e., n~ - const., for x 1 C (0,1). Under 

this assumption we can assess the specific surface areas of the solid adsorbents if the 

cross - sectional areas of adsorbed molecules are known. However, the following question 

arises here: what molar areas to assign to the different kinds of molecules? This problem 

is similar in the case of gas - solid adsorption and it may be sufficient to refer to the 

compilation by McLellan and Harnsberger [13]. It has been found that cross - sectional 

molar areas calculated by means of the molar volumes of the pure components are mostly 

in agreement with nitrogen surface area values [14]. 

Table 2 
Adsorption characteristics obtained for the experimental systems from Table 1 studied by me- 
ans of Eqs. (7), (8) and (11) 

n~ X ~ k Q 
Code (mole/kg) 

A 1.14 6.61 4 0.0023 

B 1.39 11.11 4 0.0005 

C 2.24 5.96 4 0.0018 

D 1.18 4.98 3 0.0016 

E 0.76 6.23 3 0.0008 

F 2.23 7.85 3 0.0020 

G 1.27 6.29 4 0.0001 

H 0.98 3.48 4 0.0011 

I 0.68 9.00 4 0.0003 



656 

4. C O N C E P T  OF T H E  G L O B A L  A C T I V I T Y  C O E F F I C I E N T S  

For liquid - solid adsorption from binary mixtures consisting of molecules of equal 
sizes on a heterogeneous surface of a random distribution of adsorption sites the average 

equilibrium constant K12 referring to the whole surface has the following form [15]" 

K12 ~- a],t  a l  
a~laS (la) 

2,t 

In Eq.(13) the symbol a il denotes the bulk activity of the i- th component, but ai, ts is the 

total (average) activity of this component in the surface phase. For these activities we can 
write: 

1 11 } 
&i ~ xifl 

i - 1 , 2  (a4) 

~ , t -  x~,tf~, 

The total (global) activity coefficient f~t ( i-1,2) reflects the non-ideality of the surface 
phase caused by differences in molecular interactions and the non-ideality of this phase 

generated by the adsorbent heterogeneity. According to our earlier considerations [16,17] 
this coefficient is expressed as follows: 

fi~t - fi~nt fi~,h i -- 1,2 (15) 

where flSint denotes the activity coefficient describing the non-ideality of the surface phase 

due to differences in molecular interactions, but f~,h denotes the non-ideality of this phase 
arising from surface heterogeneity, respectively. On the other hand, combining Eq.(1) with 
the analytical forms of the distribution functions F(Ea2) [1] and using Stieltje's transform 
method [18] the following equation describing liquid - solid adsorption on random hete- 
rogeneous surfaces we can obtain: 

m 

X~'t- 1 +  (K12X12) n (16) 

This expression corresponds with the general equation (3). The average equilibrium 

constant K12 is connected with the characteristic energy E~2 which determines the position 

of the function F(Ea2) on the energy axis. Symbols n and m denote the heterogeneity 

parameters belonging to the interval (0, 1 > which determine the width and assymetry 
of the one - peak distribution functions given by Eq.(4). Equation (16) reduces to the 

generalized Freundlich isotherm for n= l ,  the L angmui r -  Freundlich isotherm for n = m  
and the Toth equation for m = l .  The physical meaning of the heterogeneity parameters n 

and m refers to their influence on the shape of the functions F(E12) [17]. Let us introduce 
the following notation: fq2 q q -1 - fl/f2, f~ll - (fq2) xq2 q q , - Xl/X 2 (q=l,s) and /~12 - -  f l 2 / f ~ 2 , i n t  �9 

By means of Eqs. (13 - 16) we can prove that the function In f~2,h vs. x~ is dependent on 
the heterogeneity parameters n and m only. From Eqs. (13) and (14) we have" 

s s 2X12/~12 (17)  f l 2 , h X l 2 , t -  K1 1 
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By using Eq. (16) we can write: 

] (18) 
X s 1 -  (1,t)  n/m 

By comparing Eqs. (17) and (18) and after taking the logarithms we obtain the following 

expression: 

{ s '~ n /m 

1 In / s ~n/m/ -- lnx12,t 
l n  f 1 2 ' h -  n 1 -  ~Xl, t)  J 

The total mole fraction x~, t depends on the bulk concentration x 1 only and we can state 

that In f[2,h vs. xll is the function of the heterogeneity parameters n and m. For this reason 
this function is helpful for characterizing the l iqu id-  solid experimental systems. The 
general form of the dependence in f[2,h vs. Xll obtained by means of Eqs. (13) and (14) has 
the following form (for the NBP-na model of adsorption system): 

in fSl2,h - -  In + in x~2 + in ~12 --  in Xl2,ts ( 2 0 )  

For the IBP model the term in fl12 = 0 and Eq.(20) gives the simpler expression: 

in f12,h = In K~2 + In x~2 - in x12,t (21) 

We can assess the function in f[a,h vs. Xll by means of independent thermodynamic data on 
the bulk activity coefficients. To this end the following procedure is proposed: by assuming 
that fli,int(xl) - f~i~t(x~,t), calculation of the function lnf]2,i~t vs. Xll; this operation is 

connected with recalculation of the function ln f[a,i~t vs. X~l to the function in f[2,~nt VS. X~I 

by means of the isotherm xl,t(xll) - tnl, t /n~)+ Xll . I~ view of the dependence: 

lnfS - l n f S  s (22) 12,t 12,h + in fl2,int 

the functions in f~2,h, ln f[2,int, and ln f[2,t vs. X~l may be obtained from the experimental 
excess adsorption isotherms and used for characterizing the liquid - solid experimental 

systems. 
Comparison of these functions with the suitable model studies carried out in terms of 

Eq.(16) [15-17] gives the simple method for obtaining the information about the hetero- 
geneity of the solid adsorbents and the criterions for accepting the values of the surface 

phase capacity. 
For the illustrative purposes Eqs.(20) and (22) were applied for analysis a few experi- 

mental systems. Information concerning these systems is included in Table 3. 
Figure 3 shows the functions in f~2,h vs. x 1 calculated via Eq. (20) for the experimental 

system: benzene(l) + n-heptane(2) on silica gel with the changing parameter of surface 

phase capacity. 
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Table 3 

Essential information about adsorption systems studied by means of Eqs. (20) and (22). 

Temperature: A -  297 K, B - 303 K, C - 273 K, D - 303 K, E -  333 K, F -  293K 

Solution Ref. to exp. data 

Code Adsorbent Component 1 Component 2 n~}t ) bulk act. 

coefficients 

A Silica gel Benzene n -  Heptane [191 [20] 

B Silica gel Benzene n - Heptane [11] [11] 

C Silica gel Benzene Cyclohexane [21] [20] 

D Silica gel Benzene Cyclohexane [21] [20] 

E Silica gel Benzene Cyclohexane [21] [20] 

F Boehmite Methyl acetate 1,2 - dichloroethane [9] [10] 

Table 4 contains the values K12 and n ~ evaluated according to Everett method [4]. This 

method gives only approximate values of K12 for heterogeneous surfaces, but this accuracy 

is sufficient to evaluate In f~2,h vs. x~, since these values do not change the nature of this 

function, but only moves its position with respect to the x~ axis. All systems from Table 1 

were analysed in terms of the lAP adsorption model (non-ideality of the bulk solution). 

Table 4 
Values of the average equilibrium constant and the surface phase capacity for experimental 

systems placed in Table 3 

Code 

Average Surface phase Surface phase 

equilibrium capacity according capacity corrected 

constant to Everett method by means of Eq.(20) 

s n s K12 nt 
(mole/kg) (mole/kg) 

A 166.77 2.02 2.40 

B 14.77 2.90 3.90 

C 18.85 3.36 4.30 

D 17.02 3.05 3.90 

E 12.58 2.56 3.60 

F 20.94 1.30 1.90 

We can observe the influence of this parameter on the function in question. With regard 
to model calculations [17], the function In f[2,h vs. x~ evaluated for the surface phase accor- 
ding to Everett method, i.e., for n s = 2.02 mole/kg must be rejected. On the other hand, 

the value n S s = 2.40 mole/kg may be introduced as the corrected value of the surface n t 

phase capacity. It follows from Figure 3 that the distribution function characterizing the 

heterogeneity of silica gel with respect to the benzene(l) + n-heptane(2) liquid mixture 
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Figure 3. Functions in  f[2,h VS. X 1 for adsorp- 
tion of benzene (1) + n-heptane (2) on si- 

lica gel at 297 K for K12 - 166.80 and va- 
rious values of n s" o, n ~ - 2.60 mole/kg; o, 

n ~ - 2.40 mole/kg; | n ~ - 2.20 mole/kg; 
@, n ~ - 2.02 mole/kg. Figure taken from 
Ref. [17]. 

Figure 4. Functions In f~2,h in fs In f[2,int 12,t~ 

and In f]2 vs. X]l for adsorption of benzene(i) 
+ n-heptane(2) on silica gel at 297 K for 

K-12 - 166.80 and n~ = 2.40 mole/kg. Figure 

taken from Ref. [17]. 

corresponds to Toth's equation [17]. The liquid mixture  shows a certain bulk non-ideal i ty 

[20] and Figure 4 display that  the surface phase is slightly non-ideal  in the whole concen- 

t rat ion range. The curve in f[2,h vs. x 1 has significant values, which is evidence for strong 

surface heterogeneity of silica gel. Due to the opposite signs of in f~2,h vs. x 1 and In f[2,int 

vs. x 1, the global surface non-ideal i ty represented by the function in f[2,t vs. x 1 is smaller 

than  that  arising from the surface heterogeneity of the solid. The non-ideal i ty generated 

by molecular interactions in the bulk and surface phase is similar. This same conclusion 

deals also with the experimental  system: methyl  ace ta te ( l )  + 1,2-dichloroethane(2) on 

boehmite.  The suitable functions for this system are displayed in Figure 5. Comparison 

of these functions with the model studies [17] shows that  a symmetrical  quasi - Gaussian 

distribution function represents the surface heterogeneity of the boehmite.  

Concluding the above considerations we can state  that  the concept of global activity 

coefficients gives a simple method for assessing the adsorbent heterogeneity in the liquid 

- solid adsorption and can be useful for accepting the values of surface phase capacity. 
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Figure 5. Functions In fs In fs in f~2 , in t ,  and in f]2 vs x I for adsorption of methyl acetate(i) 12,h, 12,t, 

+ 1,2-dichloroethane (2) on boehmite at 293 K for K-12 - 20.94 and n~ - 1.90 mole/kg. Figure 

taken from Ref. [17]. 

5. D E S C R I P T I O N  OF T H E  S T R U C T U R A L  H E T E R O G E N E I T Y  

OF SOLIDS 

The present stage of development of the theory of micropore volume filling [22] as far 
as the gaseous adsorbate is concerned, is characterized, among others, by the introduction 
and discussion of the idea of the so-called structural heterogeneity of an adsorbent [23-26]. 
The differential distribution of the parameter connected with the characteristic energy of 
adsorption is assumed to be the measure of this quantity. The total adsorption is expressed 
by an integral from an appropriate local function (which is one of the mentioned theory's 
equations) in the interval of variation of this parameter. The abovementioned question 
- regarding a binary non-electrolyte liquid solution solid system is the subject of this part 
of our considerations. As it was shown [27-30], the isotherm of adsorption from binary 
liquid mixture of non- electrolytes on a homogeneous set of micropores takes the following 

form: 

X1,1 - -  exp ( -By)  (23) 
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where y is one-to-one function of x 1, whereas the parameter B is given by the relation: 

where E denotes the characteristic energy of adsorption while n equals one or two. 
If we assume that: (i) expression (23) defines the local function, x],l(y, B) associated 

with the definite B value and (ii) B is a continuous variable, then the total adsorption 
isotherm takes a general form similar to that expressed by Eq. (1). 
Namely: 

Xl,t(y ) - / X l , l ( y  , B)-F(B)  dB (25) 
f~ 

where F(B) stands for the differential distribution of B, and f~ is the interval of its varia- 
tion. Accepting various normalized analytical forms for the function F(B), various total 
adsorption isotherms describing adsorption process on the whole microporous adsorbent 
can be obtained. As the examples, we will apply the well-known Gaussian and Rayleigh 
distribution functions [31,32]. The forms of these functions and the corresponding equ- 
ations of a real adsorption are given below: 
1. The Gaussian distribution 

[ F ( B ) - 2  A x / ~ e r f c  A ~  exp ( B - B 0  - 2A2 (26) 

Xl,t(y ) - -exp 2 - B 0  / - B 0 ' ~  

erfc ( )Av/~ 

2. The Rayleigh distribution 

F ( B ) - B - B ~  [ ( B - B ~  exp - 2A 2 (28) 

x],t(y ) -- exp(-B0y) 1 - -~V/ -~exp  erfc 

where erfc is the error function compliment while B0 and A denote the characteristic 
parameters of the particular distributions. In the limit of A ~ 0, each of the presented 
distributions becomes the delta function,*(B-B0), while the total isotherm becomes iden- 
tical to the local one corresponding to an adsorbent which is structurally homogeneous. 
Regarding to the function y(xl), two solutions were obtained in two independent ways. 
The first one has the form [27, 31]: 

�9 , ( 1 - x ~ ) / x  1 

y - inn a l ' a2  (30) 
a I . a~ tl" _ 
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where the asterisk relates to the bulk mixture saturated with respect to the l -s t  compo- 

nent. The second derivation gave the following result [29, 30, 32]: 

y = l n n (  l + x a l - a ~ ) a ~  (31) 

where x is a constant parameter. 
Let us notice that the expressions (30) and (31) are useful for describing adsorption 

from binary liquid mixtures exhibiting both limited (a~ < 1 and a~ > 0) and unlimited 
(a~ - x~ - 1 and a~ - x~ - 0) miscibility of components. Additionally, a 1 is, according to 

Gibbs - Duhem equation, one-to-one function of a~, thus both these activities depend, 

at fixed p and T, on x~ only. 
Computations may be carried out by optimizing the parameters of the applied equ- 

ations as well as the specific capacity of adsorbed phase for obtaining the best fit of 

theoretical excess isotherms to the experimental data. Tables presented below contain the 

characteristics of the adsorption systems from Table 1 illustratively used for computations 

and the calculation results obtained for Eq.(7) combined with substitutions (27) or (29) 

under the assumption that n~ - const. 

Table 5 

Description of selected adsorption systems from Table 1 via Eq.(27) (Gaussian distribution) 

combined with Eq.(30)[31] 

n = l  n = 2  

System Bo A n t nt s q * .  10 Bo A s q-lO 

(mole/kg) (mole/kg) 

A 0.044 0.326 1.325 9.95 0.005 0.093 0.960 9.99 

B 0.068 0.331 1.468 9.76 0.004 0.091 1.136 9.85 

C 0.024 0.287 3.911 9.95 0.002 0.077 2.794 9.97 

D 0.003 0.077 1.182 9.94 0.003 0.039 1.170 9.93 

E 0.083 0.419 0.889 9.99 0.007 0.123 0.512 9.99 

F 0.009 0.250 2.419 9.99 0.001 0.121 2.177 9.99 

G 0.024 0.217 1.200 9.88 0.001 0.045 1.021 9.77 

I 0.084 0.420 1.134 9.99 0.005 0.122 0.652 9.99 

q* is the non-linear correlation coefficient 

Reprinted from: P. Cysewski, J.K. Garbacz, S. Biniak, A.Swia~tkowski and A. D@rowski, 

Ads. Sci. Tech., 5 (1988) 106. 

The critical analysis of the numerical results placed in Tables 5-8 instructs that for 

a given adsorption system, one can obtain a comparably accurate descriptions (measu- 

red by the q values) of the experimental isotherms on the basis of different theoretical 

relationships. Since different adsorption equations relate to different paires of B0 and A 

values, thus it must be emphazised that the adsorbent structural heterogeneity descrip- 
tion based on the method presented above has a conventional character and is, similarly 

as an adsorbent specific surface area, connected with the applied theoretical model. 
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Table 6 

Description of selected from Table 1 adsorption systems via Eq. (29) (Rayleigh distribution) 

combined with Eq.(30)[31] 

System 
n = l  n - 2  

Bo A .  103 n~ q.10 Bo. 103 A n~ q-10 

(mole/kg) (mole/kg) 

A 0.206 0.795 1.207 9.62 99.90 0.002 1.132 9.98 

B 0.198 0.010 1.168 8.87 14.90 0.100 1.721 9.98 

C 0.150 0.358 3.224 9.55 78.20 0.002 3.085 9.97 

D 0.038 1.000 1.195 9.93 22.10 0.006 1.177 9.93 

E 0.134 0.023 0.342 9.88 142.10 0.013 0.758 9.99 

F 0.117 0.452 2.308 9.98 0.01 0.091 2.224 9.99 

G 0.178 0.274 1.334 9.54 0.01 0.045 1.115 9.81 

I 0.125 0.447 0.421 9.79 29.10 0.126 1.095 9.99 

Reprinted from: P. Cysewski, J.K. Garbacz, S. Biniak, A. Swia~tkowski and A. D@rowski, 

Ads. Sci. Tech., 5 (1988) 106. 

Table 7 

Description of selected from Table 1 adsorption systems via Eq.(27) (Gaussian distribution) 

combined with Eq. (31)[32] 

System 
n - 1  n - 2  

Bo. 102 A g.  10 n~ q.10 Bo. 102 A ~ n~ q.10 

(mole/kg) (mole/kg) 

A 11.40 1.202 1.544 0.963 9.98 77.1 0.149 1.566 9.454 9.98 

B 2.79 0.417 8.862 1.237 9.79 78.1 0.137 1.566 9.513 9.99 

E 4.88 0.663 7.066 0.647 9.99 22.9 4.760 3.713 5.716 9.99 

H 3.54 0.601 6.090 1.184 9.99 26.0 0.105 2.603 9.980 9.99 

I 5.03 0.577 9.949 0.887 9.99 29.9 6.105 2.604 7.972 9.99 

Reprinted from: J.K. Garbacz, P. Cysewski and A. Swia~tkowski, Pol. J. Chem., 65(1991)479. 

Table 8 

Description of selected from Table 1 adsorption systems via Eq.(29) (Rayleigh distribution) 

combined with Eq. (31)[32] 

System 
n - 1  n - 2  

Bo-103 A n .10  n~ q.10 Bo'103 A . 1 0  n n~ q.10 

(mole/kg) (mole/kg) 

A 0.004 1.715 1.618 1.784 9.99 33.54 2.343 0.772 1.030 9.98 

B 8.13 0.603 4.091 1.566 9.86 33.54 0.899 1.669 1.203 9.94 

E 156 1.616 2.132 1.093 9.99 0.001 2.692 1.138 0.568 9.99 

H 775 0.266 3.263 1.667 9.99 157.90 .005 1.714 1.088 9.99 

I 3.85 1.596 2.949 1.987 9.99 0.003 1.928 1.839 0.835 9.99 

Reprinted from: J.K. Garbacz, P. Cysewski and A. Swi~tkowski, Pol. J. Chem.,65(1991)479. 
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6. P O R O S I T Y  OF SOLIDS B Y  T H E R M A L  D E S O R P T I O N  OF LIQUIDS 

The other posibility for characterizing structural properties of inorganic sorbents deals 

with the thermogravimetric analysis. By means of this analysis the pore size distribution, 

pore volume and specific surface area of adsorbents and catalysts which are fundamental 
adsorption characteristics may be obtained. 

Gas adsorption and mercury porosimetry are the standard techniques for studying the 

textural properties of porous solids [33]. Both these methods have well known more or less 
severe limitations. Thus, many afforts are made to apply a new experimental techniques 

in a complementary manner. In recent years numerous experimental methods for po- 

rous structure analysis have been developed [see Refs. 34, 35 and articles therein). Among 

others, we have proposed application of thermogravimetric (TG) technique for the charac- 

terization of the porosity of the adsorbents used in liquid and gas chromatography [36-38]. 

The measurements were performed by using Controlled Transformation Rate Thermogra- 
vimetry (CRTG) in the manner developed by Paulik and Paulik [39] and called by them 
as quasi-isothermal heating mode. The method makes possible to maintain as close as 

possible quasi-isothermal conditions and hence to increase the resolution of thermal ana- 

lysis. Thermal analysis proved to be quite useful to characterize the porosity of solids 
within the mesopores. The advantages and restrictions of thermogravimetric method are 
presented below for silica gels and aluminium oxide. Textural parameters obtained from 
TG experiment are compared with those from nitrogen adsorption method. 

6.1. T h e r m o g r a v i m e t r i c  m e t h o d  

The experiment consists of the measurements of mass loss of the liquid wetting the 
sorbent perfectly on temperature using quasi-isothermal program of heating. The main 

feature of this program is a constancy of temperature within the time when the transforma- 
tions connected with distinct mass changes take place in the sample. Usually, this heating 
mode is used in the investigations of thermal decomposition or dehydration. (see e.g. Refs. 
39, 40). Desorption of adsorbed species from porous material is a process of a different 

type and takes place within some temperature range. However, the desorption of liquid 

adsorbates from the pores of different dimensions may be assumed as a process which 
is the sum of several isothermic processes. During isothermal process the temperature of 
the sample spontaneously assumes a constant value, this proves that quasi-equilibrium 
exists between the wet solid and the gas atmosphere above the sample. Each isothermic 

process corresponds to desorption from a given group of pores of uniform dimensions. 

Thus, during the desorption experiment carried out by using quasi-isothermal program 

the temperature and the heating rate are not constant. If evapouration of liquid is slow 

the fixed mass loss level regulating the run of the program is not exceeded. As a result the 
linear increase of temperature is realized. At a certain temperature when intensive evapo- 

uration occurs, the abovementioned level is exceeded and quasi-isothermal conditions are 
established. The sharp evapouration of liquid takes place at the boiling point of the liquid 

out of pores or at temperature for which the pressure of the saturated vapours above the 

liquid meniscus in the pore becomes equal to atmospheric pressure. Figure 6 shows the 

typical desorption curve (solid line) for a liquid which wets the adsorbent perfectly and 
interacts with its surface only physically. 

The results have been expressed as conventional TG curve, mass loss against tern- 
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Figure 6. Thermal desorption of liquid from a mesoporous adsorbent: I -  desorption of the bulk 

liquid out of pores, II - desorption of liquid from the pores. Solid line (1) - quasi-isothermal 

program, broken line (2) - linear program. 

perature, Am=f(T) .  In Figure 7 the dependence of temperature  vs. time for the same 

desorption process is also shown. 

For illustrative purposes, the dotted curves represent the results obtained by applying 

dynamic heating program with continuously increasing temperature.  In this last case 

the characteristic points on the desorption curve connected with the textural  properties 

of solid disappear. Segment I of the TG curve represents the bulk liquid outside the 

pore structure of the adsorbent. Intensive evapouration at this stage of the process takes 

place at the boiling point of the liquid (perpendicular segment). When the first stage of 

desorption is completed the temperature  increases and the desorption from pores starts. 

Segment II corresponds to desorption of adsorbate within the pores together with the 

adsorbed film on the walls of pores and is, therefore, a measure of the total pore volume. 

On the upper segment of the desorption curve one can observe the inflection point. The 

region in the immediate vicinity of this point corresponds to the desorption from pores 

which volume composes greatest part  of the total pore volume. 

The plot Am=f(T)  may be converted into a plot volume liberated versus pore radius 

AV=f(r)  using the Kelvin equation: 

in p - _ 2 3 ' .  VM ( 3 2 )  

P0 rk RT 

Eq.(32) gives the relationship between the saturated vapour pressure of liquid over the 

curved (inside the pores) and the flat liquid surface, p and p0, respectively, r k is the radius 

of the liquid meniscus, 3' is the surface tension of liquid, V M is the molar volume and 

T is absolute temperature.  It follows from Eq.(32) that  the sharp emptying of the pore 
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Figure 7. Temperature-time dependence for adsorption of liquid from mesoporous adsorbent. 1 

- linear program, 2 - quasi-isothermal program. 

of a given diameter occurs under the experimental conditions applied when the pressure 

of liquid vapour becomes equal to atmospheric pressure. For large pore dimensions the 

evacuation of liquid from the pores occurs at temperatures only a little higher than the bo- 

iling point of the bulk liquid. When the pore dimensions decrease the higher temperature 

is required for their emptying. 

When evapouration from a pore occurs a strongly held monolayer or multilayer film of 

adsorbate molecules of thickness d, remains on the pore walls. With the usual assumptions 

that the pores are cylindrical and that the contact angle of liquid with the adsorbed film is 

zero, rk becomes equal to the radius of the core. The radius of the pore is give by r=rk+d.  

Differentiating the dependence AV=f(r)  the pore size distribution A V / A r  = f(r) for a 

given sorbent may be derived. Unfortunately, standard values of d under the conditions 

of TG experiments are very difficult to establish unambiguously. Consequently, it is not 

possible to proceed directly from these data to a pore size distribution but only to a core 

size distribution. The thickness of the surface film depends on the heating program used 

in the experiment. However, as we have stated earlier, the effect of the surface film may 

be minimized by choosing an optimal heating program of TG experiment. The differences 

between the peak location of the pore size distributions from the nitrogen adsorption and 

TG methods were discussed in terms of the surface film effect in the paper [41]. The 

heating program must be neither too slow nor to fast. 

In both cases the pore distributions are deformed and the location of the pore size 

distribution peaks differs considerably from those obtained from the nitrogen adsorption 

method. If is too slow, desorption will be too slow, so that air can mix with the vapour. 

When p <1 arm the evapouration from the pores at each measuring temperature is possi- 
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ble. As the result mass loss at lower temperatures is increased by the mass of adsorbate 

evapourated from narrower pores as well as the thinning of the surface film at a given 

temperature. If heating program is too fast, the temperature of the sample lags behind 

the measured temperature. As the result the radius calculated from measured tempera- 

ture by Kelvin equation is smaller than actual radius. Moreover, fast program leads to 

temperature instability of the sample. The heating mode influences substantially the time 

of the desorption process and consequently the shape of the pore/core size distribution 
curve. 

All desorption curves described below were measured with Derivatograph 1500C (MOM, 

Hungary). The measurements were performed using quasi-isothermal program at a heating 

rate 3~ within the linear heating range and fixed mass loss level regulating the pro- 

gram 0.5 mg/min. The samples, in the form of paste, were prepared by adding excess of 

liquid adsorbate to the dry adsorbent. 

From our previous studies of TG method and its application to the characterization of 

mesorpores we may draw some general conclusions concerning this method. The following 

guidelines for obtaining meaningful results are suggested: 

- liquid wetting the porous solid should interacts with the surface only physically, 
- liquid should be dried before experiment and stored over 3A and 4A molecular 

sieves, 

- high purity liquids should be used because impurities may substantially change the 

boiling point of a liquid and consequently causes errors in calculations of the pore 

radii from the Kelvin equation, 

- physically adsorbed water should be removed from the hydroxylated silica surface. 

Oxide adsorbents are ussualy dried by prolonged heating at 180~ These conditions 

are sufficient to remove the physically bonded water and temperature is low enough 

to avoid removing surface hydroxyl groups. 

- the best equilibrium conditions are obtained by using a spiral or labyrinth type 

of crucible. This type of crucible makes it possible to keep over the sample a 

self-generated atmosphere of liquid vapours. 
- The samples should be outgassed before experiment to facilitate the penetration of 

pores by the adsorbate. 

6.2. Pore size distributions (PSD)  
Figure 8 shows thermodesorption curves for a series of silica gels of different mesopo- 

rosity, Si-40, Si-60, Si-100 and Si-200 (Merck, Germany). 

It can be seen that all curves present an inflection point above boiling point of liquid 

which progressively shifts from higher to lower temperatures as the mean pore diameter 

increases. From the shape of these curves it can be said that there exists close corre- 

lation between the porosity of solid and location of characteristic points of the curves 

which can be ascribed to appropriate stages of desorption process. The upper segments 

of the curves are depending uppon particular interactions between the liquid molecules 

and the adsorbent surface. Generally, one can say that the width of segment II of de- 

sorption curve is determined by the specific properties of liquid and characteristic for a 

given liquid adsorbate t empera ture -  radius dependence. For ilustrative purposes Figure 9 
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Figure 8. Desorption curves (mass loss against t empera ture)  of benzene from various silica gels: 

1 - Si-200, 2 - Si-100, Si-60, 4 -  Si-40. Figure taken from Ref. [36]. 
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Figure 9. TG curves of desorption for silica gel (curves 1,2,3) and aluminium oxide (curve 4). 1 
- acetone, 2 - carbon tetrachloride,  3 - n-butanol ,  4 - benzene. 
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shows thermodesorption curves of various liquids for silica gel Si-100 (curves 1, 2, 3). Cu- 

rve 4 represents desorption of benzene from aluminium oxide A12Oa 150T using the same 

quasi-isothermal program. 

The shape of TG curves in the case of aluminium oxide is quite different in comparison 

to silica gel. Figure 10 shows adsorption/desorption isotherms of nitrogen at -195~ for 

the same adsorbents. Also in this case the shape of hysteresis loop is different for both 

types of oxide adsorbents. 
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Figure 10. Part A - adsorption/desorption isotherms of nitrogen at -195~ for silica gel Si-100 

(1) and aluminium oxide 150T (2). Part B -  hysteresis loop for aluminium oxide 150T. 

Applying the procedure of the calculations described earlier the appropriate pore/core 

size distribution (PSD) curves A V / A r  vs. r for adsorbents investigated may be calculated. 

From the heights of segments II of the TG curves the total pore volumes were estimated. 

In Figures 11 and 12 the pore/core size distributions derived from TG experiment are 

compared with those from nitrogen adsorption experiment. 

The PSD curves in the case of nitrogen adsorption, were calculated by the BJH method 

[43] with corrections of the pore radii in respect of the surface film thickness d, where 

d - 4.3-~a/5/(ln P/P0)- Points in Figures 11 and 12 represent the PSDs calculated from 

nitrogen adsorption data. 

The pore radii at the peak of PSD, rpeak and total pore volumes Vp calculated on 

the basis of the experimental data obtained by using different techniques are collected in 

Table 9. 

As shown, in the case of acetone, the location of the peak of PSD, rpe~k is shifted 

toward smaller radii in comparison with the PSD calculated from nitrogen adsorption 

data. However, in the case of n-butanol and carbon tetrachloride the difference rpeekN2 _ rpee kTG 

is small. It should be noted that the total pore volumes calculated from TG curves for both 

adsorbents are very similar to those estimated from the nitrogen adsorption isotherms. 
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Pore size distributions for A1203 150T derived from different experimental data are close 

together. Points represent the PSD curves calculated from nitrogen adsorption data. 
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Figure 11. Pore/core size distribution cu- 
rves for silica gel Si-100; 1 - carbon tetra- 
chloride, 2 -  acetone, 3 -  n-butanol, 4 (po- 
ints) - pore size distribution derived from 
nitrogen adsorption data. 

Figure 12. Pore/core size distribution cu- 
rve for aluminium oxide 150T; 1 - benzene, 
2 (points) - pore size distribution derived 
from nitrogen adsorption data. 

Table 9 
Parameters characterizing the porous structure of adsorbents obtained by using various methods 

Method Adsorption Thermogravimetry 

SBE T Vp N2 Vp TG rpeek rpeek 

Adsorbent/adsorbate [m2/g] [cma/g] [~] [cm3/g] [~] 

A1203 150T/benzene 50 0.24 55 0.22 59 

Si-100/acetone 320 1.10 66 0.96 44 

Si-100/CC14 320 1.10 66 1.05 64 

Si-100/n-butanol 320 1.10 66 0.92 63 

As a conclusion, one can say that the thermogravimetric technique is a usefull method 

in the investigations of the porosity of solids. Our analysis, based on the Kelvin equation, 

of the thermogravimetric curves for silica gel wetted with liquid n-butanol and carbon 

tetrachloride leads to core/pore size distributions curves which are similar, but not iden- 

tical in shape to the pore size distribution curves derived by standard procedure from 

low temperature nitrogen adsorption/desorption isotherms. The linear heating mode is 
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inadequate in the investigations of the porosity of solids. Mostly appropriate conditions 

of TG experiment are attained in the case of quasi-isothermal heating mode. 

7. G E N E R A L  T R E N D S  A N D  P E R S P E C T I V E S  

Alternative approaches to liquid adsorption based on Monte Carlo simulation and mo- 
lecular dynamics methods, statistical thermodynamics as well as advanced experimental 
techniques can create new possibilities in the investigations of the solid adsorbents. The 
nearest perspectives referring to the liquid adsorption on solids will include the following: 

1. making the thermodynamic description of adsorption both at the gas - solid and 
the liquid - solid interfaces uniform to predict adsorption isotherms from solutions 

based on single gas isotherms, 
2. investigations into structural changes in the surface phases, 
3. simultaneous studies on heats and adsorption isotherms determined at different tem- 

peratures, 
4. preparation of a theoretical approach making it possible to predict adsorption iso- 

therms at different temperatures from the isotherm determined at the given tempe- 

rature. 

8. C O N C L U S I O N S  

The simple theoretical description of the adsorption from solutions on solids can be 
useful for characterizing sorption properties of inorganic sorbents. Such properties as the 
energetical and structural heterogeneities, surface phase capacity, specific surface area, 
pore size distribution curves and others are very important with regard to wide application 

of inorganic adsorbents on laboratory and industrial scales. 
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1. I N T R O D U C T I O N  

The most studies of adsorption from solution have been concerned with the adsorption 

from two-component mixture, for example [1,2]. Practical use of adsorption however deals 
with the adsorption from multicomponent systems. In liquid chromatography in a many 
cases for the separation of mixture of solutes the multicomponent eluents are used. The 

most difficulties in the investigation of adsorption from multicomponent systems arise at 

the determination of some component concentration at once in equilibrium solution over 

the adsorbent. Moreover for the determination of adsorption isotherm in this case large 
experimental data are needed. 

The chromatographic method of analysis makes it possible to investigate the adsorp- 
tion from multicomponent systems. For study of adsorption from solutions of volatile 
compounds gas chromatography can be used and for the investigation of solid compound 
or non-volatile substances liquid chromatography is used. In this cases chromatography is 

applied as method of determination of components concentration in equilibrium solution 
over the adsorbent [3-5]. 

The isotherm of adsorption from solution may be determined by frontal chromatograms 
[6-8]. In [6] it was shown that if to take into consideration the broadening the band 
owing to diffusion, the adsorption isotherms determined by the column chromatography 
and in a batch process are coincided. This method can be used for the calculation of 

S-shape isotherm of adsorption. The isotherm of adsorption can be determined by frontal 

chromatography if the adsorbents have not fine pores [7]. 

2. A D S O R P T I O N  F R O M  M U L T I C O M P O N E N T  S O L U T I O N S  

2.1. Adsorp t ion  of volatile compounds  

Study of adsorption from multicomponent systems makes it possible to determine the 

mutual effect of component on adsorption of each other and to use the main relationships 

for the optimization of the separation in liquid chromatography. 
The simplest case of adsorption from multicomponent solutions is the adsorption from 

ternary solutions. The isotherms of components adsorption in such systems are expressed 
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by surfaces the shapes of which are determined by the surface chemistry of adsorbent and 
the structure of compounds. 

For the determination of component concentration in equilibrium solution the columns 

packed by adsorbent with some stationary phase is used for the complete separation of 

component. The adsorption of volatile compounds on hydroxylated silica from ternary 

solutions was investigated by gas chromatography [3 - 5].For all components the heats of 

adsorption on silica were known and it was possible to find the correlation between the 

heats of adsorption and the shape of isotherm of component adsorption. 

The composite isotherms of hexane, benzene and dioxane adsorption from their mixture 

on silica are presented on Fig. 1. The isotherms of adsorption are expressed by projections 

of the same adsorption lines on concentration triangle. 
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Figure 1. The isotherms of adsorption (projection of fines with equal adsorption on concentration 
triangle) of dioxane (a), n-hexane (b) and benzene (c) on silica gel from their mixtures. The 
numbers near the dots and lines are the values of excess adsorption F (g), #mol/m 2. 

Fig. 2 shows the isotherms of n-hexane, benzene and carbon tetrachloride adsorption 

on silica from their mixtures and on Fig. 3 the isotherms of dioxane, acetone and water 

adsorption from their mixtures on hydroxylated silica are presented. Fig. 4. shows the 
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Figure 2. The isotherms of adsorption of carbon tetrachloride (a), n-hexane (b) and benzene 
(c) from their mixture on silica. The numbers near the dots and lines are the values of excess 
adsorption F(g), #mol/m 2. 

isotherms of adsorption of acetone and dioxane from water and of dioxane from acetone 

on the same silica. 

All systems include compounds which make it possible to determine the effect of dif- 

ferent types of intermolecular interactions on the component adsorption. On adsorption 

in system benzene - n-hexane - carbon tetrachloride - hydroxylated silica, the hydrogen 

bond of dioxane with surface silanol groups is the most important.  On adsorption from 

b e n z e n e -  n-hexane - carbon tetrachloride on silica the only benzene can interact with 

silanol groups by weak hydrogen bonds and for n-hexane and carbon tetrachloride the 

dispersion interactions are realized. In the case of adsorption from d ioxane -  a c e t o n e -  

water mixture on silica all components are capable to form of hydrogen bonds with surface 

hydroxyl groups on silica moreover dioxane and acetone molecules form rather strong hy- 

drogen bond with water as well as water molecules form hydrogen bonds with each other. 
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Figure 3. The isotherms of adsorption of acetone (a), dioxane (b) and water (c) from their 
mixture on silica gel. The numbers near the dots and lines are the values of excess adsorption 
F(g), #mol/m 2. 

So this adsorption system is very complicate from the point of view the intermolecular 
interactions. 

On adsorption of components from benzene, hexane and dioxane mixture on silica the 
composite isotherm of dioxane adsorption is positive in all region of equilibrium concentra- 
tions and of n-hexane is negative. The composite isotherm of benzene adsorption changes 

from positive to negative depending on the region equilibrium concentration in concen- 

tration triangle. At small dioxane concentration the benzene adsorption is positive but 

benzene excess adsorption becomes negative with the increasing of dioxane concentration 
in a mixture. 

Such form of composite isotherm of components adsorption may be qualitatively expla- 
ined by the heats of vapour adsorption of these components on silica. The heats of dioxane, 
benzene and n-hexane adsorption are 66.9, 42.7 and 36.8 k J / m o l  respectively at about 

half monolayer coverage [9]. In accordance with heats of adsorption dioxane strong adsorbs 
and n-hexane is displaced from the adsorbent surface. The heat of benzene adsorption 
is smaller than those of dioxane and is larger than those of n-hexane owing to these the 
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Figure 4. The isotherms of excess adsorption on silica gel of acetone from water (a), dioxane 
from water (b) and dioxane from acetone (c). 

benzene excess adsorption may be both positive and negative depending on the composi- 
tion of equilibrium solution. The difference in a heats of dioxane and benzene adsorption 
is determined by strength of hydrogen bonds of these compounds with silanol groups. 
The energy of dispersion interactions of all these molecules with silica surface are similar 
because of the heats of components adsorption on dehydroxylated silica surface are similar 
[9]. Thus the benzene, dioxane and n-hexanr adsorption on hydroxylated silica surface 
from their mixture is determined by hydrogen bonds of the first two components. The 
other types intermolecular interactions are not so important. The adsorption of benzene 
becomes negative at about 2% concentration of dioxane in solution. Such effect of strong 
adsorbing component at small concentration on the adsorption of other compounds is 
used in liquid chromatography to reduce the retention volumes of separating components. 
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On adsorption of benzene, n-hexane and carbon tetrachloride from their mixture on 

hydroxylated silica the excess adsorption of benzene is positive in all concentration region 

with the accordance of the higher heats of benzene adsorption in compared with the heats 

of adsorption of other components. The heats of adsorption of n-hexane and carbon tetra- 

chloride on silica are similar and small positive excess adsorption of carbon tetrachloride 

is determined by difference in molecular area of molecules on the silica surface which is 
large for n-hexane. 

On adsorption of dioxane, acetone and water from their mixtures on hydroxylated silica 

the positive excess adsorption of dioxane and acetone are only at small concentrations of 

these compounds (Fig. 3 and 4). At mass fraction more than 0.5 the excess adsorption of 

dioxane as well as acetone are negative and water asdsorption is positive. Such type of 

excess isotherm of adsorption of dioxane and acetone from water is realized owing to the 

strong interactions of these components not only with silanol groups of silica surface but 

also with water molecules in solution and strong interaction of water with silica surface 

and interaction of water molecules with each other in a bulk and surface solutions. The 

shape of adsorption isotherms of these component can not be explained only in term 

of heats of adsorption on silica as it was possible to do for the system dioxane, benzene, 

n-hexane and silica. The excess adsorption of dioxane from acetone on silica is determined 

by differences in energy of hydrogen bonding of dioxane and acetone molecules with silanol 

groups. Since the heats of dioxane adsorption are a little higher than the heats of acetone 

adsorption [9], the excess of dioxane adsorption from acetone is small but positive in 

almost all region of dioxane concentration (up to mass fraction 0.8) (Fig. 4). 

On adsorption of components: dioxane, acetone and water from their mixtures there 

are regions with positive and negative excess adsorption of both dioxane and acetone. The 

presence of dioxane for example results in the decreasing of acetone adsorption although 

this decreasing is not too large in compared with the decreasing of benzene adsorption 

(Fig. 1) owing to small difference in adsorption heats of dioxane and acetone on hydroxy- 
lated silica. 

In studied systems all cases of mutual component influences on adsorption from mul- 

ticomponent solutions are presented: the depressing of adsorption of one component by 

other stronger adsorbed component (sharp decreasing of benzene adsorption at addition 

of dioxane); the effect of addition of component with similar heat of adsorption on ad- 

sorption of other compound (small decreasing of dioxane adsorption from water with the 

increasing of acetone concentration) and the increasing of adsorption of one component 

at the addition of other component (the increasing of dioxane adsorption from benzene 
with the grow of n-hexane concentration). 

2.2. Adsorption of non-volatile compounds 
Liquid chromatography can be recommended as analytical method to determine the 

equilibrium concentration on study the adsorption of non-volatile and unstable substances 

from solutions under static condition [10]. Cymarin (one of cardiac glycosides) adsorption 

on silanized silica gel from water - ethanol solvent was investigated as the example. 

Fig. 5a shows the adsorption isotherm of cymarin from water - ethanol solution deter- 

mined under static conditions. One can see from this figure that this isotherm is convex 
towards the n s axis although the equilibrium concentrations are rather low. Extrapolating 

the derivative of adsorption by concentration towards zero concentrations, the Henry con- 
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Figure 5. Adsorption isotherm of cymarin from water-ethanol (7:3) solution on LiCrosorb RP-2 
at 20~ under static conditions (a) and under dynamic chromatographic conditions (b). 

stant was found as  Kns,c,1 --  5.0 cm3/g; here the n s indicates that the adsorption value is 

in- #mol/g, c indicates that the equilibrium concentrations in #mol/cm 3 and 1 indicates 

a low (zero) concentration of the adsorbate. 

Besides this method of extrapolation towards c = 0, n s = 0 of the static isotherm, it is 

possible to determine the Henry constant directly from the specific retention volume for 

zero sample size Vm if the elution time of the substance from the column does not depend 

on the sample size at a constant flow rate. In this case Kns,c,1 = Vm. 
The possibility of studying the adsorption from solutions directly in the chromato- 

graphic columns that means under dynamic conditions using the values of the retention 

volumes is of great interest. However, it is more difficult to obtain an equilibrium by li- 

quid chromatography because of the diffusion in liquids is much slower. One should take 

in account that there is no real equilibrium but that the center of mass of the band is 

considered to be the field of an almost equilibrated distribution. Consequently, in the case 

of equilibrium chromatography the velocity of transfer of the center of the band through 

the column is considered to be almost equal to the velocity of transfer of the whole band. 

Any variation of the equilibrium, the longitudinal diffusion and the heterogeneity in the 

eluent flow provoke the broadening of the band, but its center of mass moves as if the 

process in the column would have been equilibrated. If the bands are symmetrical it beco- 

mes possible to determine from the retention volumes the Henry constant for adsorption 

equilibrium from solution. 

Fig. 5b shows the initial linear part of the isotherm of cymarin adsorption on silanized 

silica gel obtained from the chromatographic peaks. In this region of the isotherm the 

concentrations are 100 times lower than in the region of the isotherm measured under 

static conditions (Fig. 5a). The slope of the isotherm in Fig. 5b gives a Henry constant 

equal to 5.05+0.02 cma/g what coincides (within the limit of possible errors) with the 

extrapolated slope of the adsorption isotherm obtained under static conditions (Fig. 5a, 

Kn~,c,1 = 5.00 cm3/g). For the given system (cymarin, water-ethanol eluent, LiChrosorb 

RP-2), the values of the Henry constants determined when studying the adsorption under 

both static and chromatographic (dynamic) conditions were almost equal, although the 

adsorbent particles were rather large (about 30 #m) and the pores were not very wide 

(about 6 nm). This proves that under the chromatographic conditions used all the surface 
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of the adsorbent was accessible even to the comparatively large cymarin molecules. 
As it seems reversed- phase systems favour the use of the chromatographic method 

when determining the Henry constants. However, when polar adsorbents and nonpolar 
eluent are used while study the adsorption, there is always the danger that some moisture 
penetrates from the eluent on to the adsorbent resulting in a gradual decrease of the 
retention time of the compounds under investigation. 

2.3. De te rmina t ion  of t h e r m o d y n a m i c  character is t ics  of adsorpt ion  from 
solut ions  

The thermodynarrdc characteristic of adsorption from solutions can be determined from 
the dependence of adsorption on temperature. But the determination of adsorption iso- 
therms from solution at different temperatures is the rather complicate problems. Liquid 
chromatography may be very useful method for the determination of thermodynamic cha- 
racteristics of adsorption at small coverage [11] because of the measurement of retention 
volume (the Henry constant) at different temperatures of the chromatographic columns 
makes it possible to calculate the heats of adsorption and the differential standard change 

entropy of adsorption from: 

in V -  - A H / R T  + AS~ (1) 

In Vm (cm 3/g) 

0 
3.1 3.3 10 3/T,,l, K 

Figure 6. Dependence of the retention volume of K-strophanthin-fl on tempe- 
rature on silica gels modified with the following reagents: diphenyldichlorosilane (1), 
methyl-fl-phenylethyldichlorosilane (2), methylphenyldichlorosilane (3), dimethyldichlorosilane 
(4). Mobile phase water-ethanol (7:3). 
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where V is the retention volume (the Henry constant) (Vm,cma/g or V~,cm3/m2),-AH 

is the change of adsorption enthalpy (differential heat of adsorption), A ~  is the stan- 
dard changes of differential entropy of adsorption, R and T are the gas constant and 

temperature respectively. 
On Fig. 6 the dependencies of In Vm on 1/T for the adsorption of K-strophanthin-/~ 

(the other cardiac glycoside) on four modified silica gels are presented. From this figure it 
can be seen that the smallest energy of interactions of the glycoside from water- ethanol 

solution expressed by - A H  is observed on the silica gel with bonded methyl groups while 
the highest interaction energy is observed on silica with bonded phenyl groups. This 
adsorbent has the largest concentration of carbon atom force centers. It is very easy also 
to investigate the effect of the eluent composition on adsorption equilibrium constant (the 
retention volume) by liquid column chromatography [12]. 

In Vm (cm 3/g) 

100% H20 

C2HsOH 

~ ~ 1 5 %  C2H 5 OH 

~ C 2 H  5 OH 

O - ! ;  "-~,,O" %1- C2HsOH 10% 

f 1 2- 20% 
3 - 30% 
4-45% 

2 5- 60% 
6- 80% 

3 

4 
m 

..o ..-'<r~ 5 
_o-o-o-o- 

m . . O . , O . . O . 4 ~  6 

- 1  I I I I I I I I I I I 
3.0 3.2 3.4 3.0 3.2 3.4 

1 0 3 / T ,  K -1 

Figure 7. Dependence of the retention volume of cymarin on temperature for eluents with dif- 
ferent ethanol concentrations on LiChrosorb SI-100 and on the same adsorbent with bonded 

diphenylsilyl groups. 

Fig. 7 shows the in V m v s .  1/T plots for cymarin on silica gels with hydroxylated surface 
and silica gel with bonded diphenylsilyl groups. On both the hydroxylated silica surface 
and on the surface with bonded diphenylsilyl groups Vm of cymarin sharply decreases 
with the increase of the ethanol concentration in the eluent as usual in reversed-phase 
liquid chromatography. With the increase of the ethanol concentration in the eluent the 
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Figure 8. Dependence of In V m and -AH- values on the number of carbon atoms of the modifying 
group bonded to the silica gel surface for cymarin from water-ethanol (7:3) eluent. 

differential enthalpy of adsorption from a water-ethanol mixture used as the eluent de- 

creases but in a different manner on the two surfaces. By increasing the ethanol content 

up to 20%, the value of - A H  changes slowly on modified silica and very sharply on the 

silica gel with a hydroxylated surface [12]. 

By Vm values of cymarin on silica gels with bonded different groups at constant eluent 

composition, it is possible to evaluate qualitatively the influence of the intermolecular 
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interactions between cymarin and these functional groups. 

Fig. 8 shows that the retention volume of cymarin increases rapidly with the chain 

length up to about Cs and then varies relatively slowly when the chain length increases 

from Cs to Cls. The - A H  values also increase with the increase in the carbon number of 

the bonded groups up to C7 - Cs and then remains practically constant. As can be seen 

from Fig. 8 the same relationship is observed for silica with phenylsilyl groups [12]. 

Thus liquid chromatography makes it possible to determine the equilibrium constant 

at small coverage (the retention volume or Henry constant) and to characterize the com- 

pounds adsorption from multicomponent solutions. From the dependence of retention 

volumes on temperature the changes of enthalpy and entropy of adsorption can be calcu- 

lated. 

On study of different structure compounds adsorption on adsorbents with different 

surface chemistry the thermodynamic characteristics of adsorption may be used to find 

the correlation between the structure of adsorbed molecules and these thermodynamic 

characteristics and to understand the role of different functional groups bonded to the 

surface. 

2.4. A d s o r p t i o n  of c o m p o u n d s  f rom wa te r  solut ion on h y d r o x y l a t e d  silica 

The study of compounds adsorption from water solutions on silica is very important 

because this process can be used for the purification of water from pollutants. The mecha- 

nism of different substances adsorption may be determined from the retention volumes in 

liquid chromatography [12]. The free hydroxyl groups are the most active among the hy- 

droxyl groups on the silica surface capable of forming hydrogen bonds with the molecules 

in solution [13]. The mean surface concentration of these groups is about 2 . 6 0 H / n m  2 

[14]. For this reason those parts of the silica surface which do not participate in the forma- 

tion of hydrogen bonds with the dissolved molecules, occupy a rather significant portion of 

0 6  

[ I I I I I 

0 l0 20 30 40 min 

Figure 9. Separation of benzene, toluene, ethylbenzene and propylbenzene on silica gel LiChro- 
sorb SI-100 from water at 20~ 
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the total surface. In addition dispersion in interactions of any molecules are also occurring 

with the silica framework. Due to this, even hydrocarbons positively adsorb from water 

on the silica surface and the hydrocarbon mixture can be separated on a column packed 

by silica gel from water (Fig. 9). 
With the increase of the alkyl chain length of some mono-n-alkyl benzene derivatives, 

the retention time increases as in the case of reversed-phase liquid chromatography. 

Vm, cm3/g 

4.0 

2.0 
- 2 

6 7 8 9 nc 

Figure 10. Dependence of retention volume of benzene and some of its derivatives on the number 
carbon atoms on silica gel from water (1) and from n-hexane (2). 

Fig. 10 shows the dependence of Vm for benzene and its derivatives on the number of 

carbon atoms in their molecules for silica gel with hydroxylated surface when using water 

and n-hexane as the eluent. With hexane the retention volume rises starting at benzene 

up to toluene and then decreases with the increase of the alkyl chain due to the stronger 

interaction of the chain with a chemically similar eluent such as n-hexane. In the case of 

water as an eluent, benzene and its derivatives are retained stronger than from hexane, 

although the surface with silanol groups strongly adsorb water. The strong adsorption of 

hydrocarbons on the hydroxylated silica surface from aqueous solutions can be explained 

on the basis of the strong dispersion interactions with silica and the weak interactions 

with water. 
The investigation of the dependence of the retention volume of benzene and its mono-n- 

alkyl derivatives on the temperature permits to evaluate some other thermodynamic cha- 

racteristics of adsorption. Fig. 11 illustrates the relationships between In Vm and 1/T for 
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Figure 11. Dependence ofln Vm values for benzene and some of its alkyl derivatives on reciprocal 

temperature. Adsorbent-silica gel, eluent-water. 

benzene, toluene, ethylbenzene, cumene and propylbenzene on the hydroxylated surface 

of silica gel from aqueous solution. 
With the increase in the alkyl chain, the slope of the plots, i.e. the change in the 

differential adsorption enthalpy ( - A H )  increases. Fig. 11 also shows that, branching of an 
alkyl chain with a given number of carbon atoms leads to a weakening in the retention 

and to a decrease in - A H .  
In adsorption from solutions the contributions of the intermolecular interactions be- 
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tween the solute and the adsorbent and between the solute and the solvent (eluent) are 

important. Although the differential heat of adsorption of water vapour on silica gel with 

a hydroxylated surface is higher than for benzene, the weak intermolecular interaction of 

the hydrocarbons with water and their dispersion interaction with the silica framework 

forces their molecules to be ejected from the bulk aqueous solution to the hydroxylated 

silica gel surface. In this way the weak dispersion intermolecular interaction between the 

hydrocarbon and water and the dispersion but stronger interaction between the hydro- 

carbon and the silica determine the adsorption of hydrocarbons from aqueous solutions. 

In order to explain the role of the hydrogen bonds which could be formed between the 

solute molecules dissolved in water and the silanol groups of the silica surface the retention 

volumes of a series of polar compounds such as pyridine, cyclohexanone, acetone, diethyl 

ether, ethyl acetate, dioxane and some polar benzene derivatives were determined [12]. 

For these compounds the hydrogen bonds with surface silanol groups at the adsorption 

from gas phase had already been investigated by spectral and calorimetric methods during 

gas-phase adsorption [9]. The greatest values of Vm and - A H  are observed for pyridine 

and the smallest for dioxane. In this series the strong base has the highest values of Vm 

and - A H  when the interaction with the surface silanol groups predominates. 

2.5. Eva lua t ion  of molecular groups contributions to the adsorption 

equilibrium constant 
The main problem in adsorption from solutions is to predict the isotherm of adsorption 

as well as in liquid chromatography the retention of compounds on the basis of molecular 

structure of solutes and surface chemistry of adsorbent. Unfortunately the geometry of 

adsorbent surface is unknown as well as the structure of the solution near the adsorbent 

surface. Owing to this the calculation of adsorption equilibrium constant for the adsor- 

bents used for adsorption and liquid chromatography is very complicate and in many 

cases is practically impossible. 

However the most general method of estimation of the retention volumes (the Henry 

adsorption constant or the equilibrium adsorption constant at small coverage) is based on 

linear free energy relationships [15-21]. Each molecular group or fragment can be assumed 

to make its own contribution to the retention of a molecule. The assumption that each 

group is independently adsorbed, i.e., additivity of interaction with the surface is fulfilled. 

This is a rough approximation because in large molecules such groups can be located at 

different distances from the surface and therefore the energy of their interaction with the 

surface will differ. During the adsorption from solutions when the interaction of an adsor- 

bed molecules with the eluent is of great importance, the difference in adsorption energy 

of similar groups becomes smaller, although for some groups the energy of interaction is 

different from the average energy of interaction of similar groups with the adsorbent. If it 

is shown experimentally that one group differs greatly from other similar groups then it 

should be considered as a separate group with its own contribution to retention. 

According to such assumption 

in Vm - E ai-ni (2) 

where Vm is the retention volume of compound, calculated from the column retention vo- 

lume V~ (Vm - V~/m), ai is the logarithm of retention volume of i-th group 
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(ai = In Vmi), ni is the number of functional groups of a one type in a molecule, m is 

the mass of adsorbent in a column. If the specific surface area of adsorbent, s, is known 

so V~ value can be calculated (V~ = Vm/S). The retention volumes Vm and V~ are equal 

to the Henry constant of adsorption equilibrium, K1, corresponding to the initial linear 

part of the adsorption isotherm expressed in adsorption per g or m 2. However in a many 

cases both the mass of adsorbent in a column and the specific surface area of adsorbent 

are unknown. The capacity factor k' (dimensionless value) which is proportional to the 

constant of adsorption equilibrium is usually used for the characterization of retention of 

compounds. In such cases 

in k' - ~ ai" ni (3) 

where ai is the logarithm of capacity factor of the i-th group (ai = in k~) at the phase ratio 

the stationary to the mobile phases equal to 1, and ni is the number of the i-th groups in 

a molecule. It is probably possible to use this approach because in many cases for HPLC 

systems the phase ratio does not differ too much from 1. 
The RF values from thin layer chromatography also can be used for the calculation of 

the contributions of molecular groups to the retention of molecules. From the experimental 

RF value the capacity factor k' can be calculated [22] by the equation: 

In k' = ln(1 - RE)/RF = RM (4) 

where k' is the capacity factor, RF is the retardation factor and RM is the logarithm of 

capacity factor k'. In accordance with the equation (3) 

RM = Ink' = ~ ARMi. ni (5) 

where Z~RMi is the contribution of the i-group to the retention (to the in k') and ni is the 

number of i-groups or fragments in a molecule. 
To calculate the contributions of all molecular groups to retention (adsorption equili- 

brium constant) ai, ARMi under some standard conditions, it is necessary to determine the 

retention volumes VM (Va) or capacity factor k' or RM values from RF data for a number 

of compounds possessing different amounts of such groups and to solve the systems of 

linear equations (2 or 3 or 5) by the least -squares method. 

OH [ / 0 ~  ~0 

CH2OH CH 3 @ 

H O O 

OC OCH 3 

Figure 12. Formula of cardiac glycoside and its possible functional groups. 

The molecules of cardiac glycosides and also steroid hormones can be assumed to 

consist o f -OH (C12),-OH (C16) , -OH,-O- ,  > C = O , - H C = O , - C H n  (n = 0 -  3) groups 

(see formula of cardiac glycoside) [18,19]. 
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From the experimental data on retention of cardiac glycosides [18,19] the contributions 

of these groups to the retention have been calculated the values of which are presented in 

Table 1. 

Table 1 
Value of a i - -  In V~i for various functional groups of cardiac glycosides and steroid hormones. 
Adsorbent-silica with bonded diphenylsilyl groups; eluent - water-ethanol (65 �9 35); temperature 
50~ 

Functional -OH (C12) -OH (C16) -OH - 0 -  > C = O  - H C : O  -CHn 

group 

ai -1.4603 - 0.8188 - 0.6055 - 0.2315 - 0.1598 - 0.7854 0.2444 

As shown in Table 1 the retention of steroids is decreased by all hydrophilic groups 

to a certain extent whereas-CHn groups increases the retention. The contributions of 

hydroxyl groups at C12 and at C16 to retention of steroids are quite different from the 

contribution of other hydroxyl groups of glycone and aglycone. 

Correlation of experimental In V~ values with those calculated by the additive scheme 

(~  aini) is shown in Fig. 13. The experimental and calculated values are shown to correlate 

well (r - 0.964) for such different and complicate molecules. 

The molecules of cardiac glycosides can be presented by other number of different 

functional groups [20]. These molecules consist of a steroid part, the aglycone, and of the 

glycone, which is a mono-, di-, tri- or tetrasaccharide. Assuming that the >C<,  >C=,  

> C H - , - C H 2 - , - C H 3  and =CH-groups  have similar contributions to retention [19], the 

cardiac glycoside molecules can be presented by the following functional groups '-CHn (n 

= 0 -  3 ) , - O - , - H C = O , - C O O -  and -OH. However, not all hydroxyl groups are known to 

be equivalent. In a glycone the hydroxyl groups can form, due to their close arrangement, 

intramolecular hydrogen bonds, although a weak one, while in an aglycone the hydroxyl 

groups are isolated and their contribution to the interaction with the eluent molecules 

will be different. In addition it has also been observed that in position C12 the effect of 

the hydroxyl group on retention is more significant than, for example, in position C16 (see 

Table 1). Thus, the hydroxyl groups can be classified as glycone hydroxyl groups (-OHG), 

and aglycone hydroxyl groups (-OHA), and among the latter the hydroxyl g roups-OH 

(C12) and -OH (C16) should be considered separately. In [20] considering steroid hormones, 

together with the cardiac glycosides, a few additional functional groups should also be 

specified such as > C = O , - C - C -  and -OHAR the latter referring to an estrogen hydroxyl 

group in position C3. 

Obviously for steroids a greater number of functional groups present in different po- 

sitions could be distinguished. However, excessive experimental data would be required 

such a case and, still, it would be impossible to determine the exact contribution of each 

group, due to the difference of these groups with regard to the adsorbent surface and 

interaction with the eluent molecules. Therefore it is necessary to select a minimum num- 

ber of functional groups, which should, however, be sufficient to properly describe the 

experimental data. 
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Figure 13. Correlation between the experimental  values (ln V~) of cardiac glycosides (open dots) 
and steroid hormones (semi-closed dots) and the calculated values ( ~  aini) according Table 1. 
The numbers correspond to the compounds for cardiac glycosides: 1 - G-st rophanthin ,  2 - 
K-strophanthoside,  3 - corelborine-Tr, 4 - eryzimoside, 5 = convallatoxin, 6 = olitoriside, 7 
= K-strophanthin-/~,  8 = desglucocheirotoxin, 9 - strophanthidin,  10 - glucogitoroside, 11 - 
eryzimin, 12 - strophanthidin acetate, 13 - desacetyl lanatoside C, 14 - cymarin, 15 - lana- 
toside C, 16 - digoxin, 17 - lanatoside B, 18 = oleandrin, 19 - gitoxin, 20 - lanatoside A, 21 
= digitoxin, 22 - acetyl digitoxin, and for steroid hormones" 1' - prednisolone, 2' = hydrocor- 
tisone, 3' - estriol, 4' = prednisone, 5' = cortisone, 6' - adrenosterone, 7' - corticosterone, 8' 
= prednisone acetate, 9 t - cortison acetate, 10' - estradiol, 11' - testosteron, 12' - ethynyle- 
stradiol, 13' - methanedrosteonolone, 14' - pregnine, 15 t - methylestradiol,  16' - estrone, 17' 
= methyltestosterone, 18' - progesterone, 19' - desoxycorticosterone acetate, 20' - mestranol,  
2 1 ' -  megestrol acetate. 

Using the  equa t ion  (3) the  con t r ibu t ions  of indiv idual  groups to re ten t ion  AI = lnk~ 

can be ca lcula ted  f rom the  expe r imen ta l  k' values for some steroids.  T h e  ca lcula ted  ai 

values are p resen ted  in Table  2. 

T h e  d a t a  of Table  2 show t h a t  in the  case of c h r o m a t o g r a p h y  on hydrophob ic  adso rben t  

surface, using aqueous e thano l  as the  eluent ,  only - C H n  a n d - C - C -  groups  increase the  

value i n k '  and  accordingly,  the  re ten t ion  of s teroid molecules.  All the  hydrophi l ic  groups  

reduce  the  In k' value and the  re tent ion .  It is also clear f rom Table  2 t h a t  different type  

hydroxyl  groups  are not  equivalent .  

F rom d a t a  of Table  2 and s t ruc tu ra l  formula  of s teroid molecules can be ca lcula ted  the  

I n k '  by equa t ion  (3) and then  k' of steroids.  T h e  compar i son  of the  expe r imen ta l  in k' 

values and calcula ted  ones are p resen ted  on Fig. 14. 



690 

Table 2 
Values of ai - In k~ for various functional groups, on silica with the bonded octadecylsilyl groups 
at 50~ using ethanol-water (35:65) eluent 

Functional -CHn - O -  > C - O  - H C = O  - C O O -  -OHG 
groups 

ai 0.198 - 0.269 - 0.031 - 1.718 - 0.136 - 0.432 

Functional -OHA -OHAR -OH(C12) -OH(C16) - C - C -  
groups 

ai - 0.700 - 0.226 - 2.283 - 0.896 0.084 

In k' 

- 1 3 4  

3 -  , 

t 

2 -  l y  9 

1 8 t  13 

~ 6  1 2 3 4 
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Figure 14. Correlation between the experimental and calculated values of In k' of cardiac glyco- 
sides and steroid hormones, at 50~ on silica gel with bonded octadecylsilyl groups from eluent" 
ethanol-water (35:65). The numbers correspond the compounds on Fig. 13. 

From k' values of steroids determined at different temperatures from eluent of various 

compositions the differential enthalpy of adsorption from solution ( - A H )  at small cove- 

rage for some eluent composition can be calculated from: 

In k' - - A H / R T  + AS~ + In (6) 

where k' is capacity factor of compound and ~; is phase ratio. The values of ai - In k~ 

can be calculated for the same eluent compositions and temperatures by equation (3). 

Then the contributions of individual groups of molecules to the differential enthalpy of 

adsorption ( -AHi )  can be calculated by equation (7)" 

In k ~ -  - A H i / R T  + AS~ + c (7) 
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where k[ is the contribution of individual group of molecule to the capacity factor and 

-AH--i is the contribution of individual groups to the differential enthalpy of adsorption 

and c is constant. 

Table 3 
Changes in the differential enthalpy of adsorption ( -AH) of some cardiac glycosides and ste- 
roid hormones from aqueous ethanol used as the eluent, on silica gel with bonded octadecylsilyl 
groups 

Substance 

- A H ,  kJ / mol 

ethanol concentration in the eluent 

30% 35% 45% 

Cardiac glycosides: 

K-strophanthoside 11.3 5.9 

K-strophaant hin-b 15.2 11.6 7.1 

Convallatoxin 16.0 11.9 3.9 

Strophanthidin 12.4 4.1 

C ymarin 17.4 13.1 4.2 

Lanatoside C 24.3 18.6 7.1 

Digoxin 23.6 18.0 5.8 

Lanatoside B 37.3 30.7 17.6 

Gitixin 29.1 17.6 

Lanatoside A 45.1 33.0 19.2 

Digitoxin 40.2 32.5 18.6 

Steroid hormones 

Hydrocortisone 26.3 23.0 12.0 

19-nor-testosterone 28.8 25.1 14.4 

Estradiol 32.9 31.1 19.5 

Ethynylestradiol 35.7 31.6 18.5 

Pregnine 31.6 26.8 14.5 

Progesteron 36.3 32.5 20.6 

On Table 3 the enthalpy of adsorption of some steroid compounds are presented for 

different eluent compositions and on Table 4 the contributions of individual groups to the 

enthalpy of adsorption from solution for the same eluent composition is presented [20]. 

It is clear from Table 3 that the increasing of ethanol concentration in the eluent result 

in the decreasing the enthalpy of adsorption of steroids from solutions. 

While for hydrophobic groups the heats of adsorption are positive, for most of hy- 

drophilic groups the heats of adsorption are negative and serves to measure the heat of 

desorption from the surface under a given eluent composition. With the increasing of 

ethanol concentration in eluent the heats of adsorption of hydrophobic groups decrease 

as well as for hydrophilic groups the heats of desorption. These results is particularly 

attractive because it is impossible to experimentally measure these values in adsorption 

from solutions. 
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Table 4 
The contributions of steroids functional groups to the differential entropy of adsorption from 
ethanol-water eluents ( -AH i) on silica with bonded octadecylsilyl groups 

Functional gruop 

- A H i ,  kJ / mol 

ethanol concentration in the eluent 

30% 35% 45% 

-CHn 2.0 1.6 0.9 

- O -  - 2 . 7  - 3 . 8  - 1.7 

> C = O  0.8 0.9 1.4 

- H C = O  - 13.2 - 11.2 - 5.8 

- C O 0 -  - 4.8 - 0.6 - 1.3 

-OHc - 2.0 - 1.3 - 0.6 

-OHA - 7.4 - 3.5 - 3.1 

-OHAR 4.2 5.8 7.6 

-OH (C~2) - 18.7 - 14.4 - 12.4 

-OH (C16) - 6 . 8  - 2.9 - 1.3 

- C - C -  2.7 0.5 0.06 

The data of Table 1 - 4 make it possible to understand the mechanism of adsorption of 

steroid compounds on hydrophobic surface of adsorbents from water-  ethanol solutions 

and the role in adsorption of different functional groups of these substances. 

The other mechanism of cardiac glycosides adsorption is realized on adsorption on 

hydroxylated silica gel. From RF values [23] the ln k' = RM of cardiac glycosides were 

calculated by the equation (5). From these data it was possible to evaluate the contribution 

of more polar groups to the retention because in Ref.[23] the cardiac glycosides with more 

different aglycones were used for thin layer separations. It was possible to consider as 

separate not o n l y - O H  (C12) a n d - O H  (C16) but a l s o - O H  (C14),-OH ( C s ) , - O H  (C3), 

-OH ( C l l ) a n d - O H  (C10). The hydroxyl groups at C14 and C1 was considered as identical. 

Thus the cardiac glycoside molecules can be presented by the following functional groups: 

-CHn (n = 0, 1, 2, 3 ) , - O - , - H C = O , - C O O - , - O H G , - O H  (C12),-OH (C16),-OH (C14 and 

C1) , -OH ( C s ) , - O H  (C3) , -OH (Cll) and -OH (C10) (see formula of cardiac glycoside, 

Fig. 12). 

The contributions of these groups to the retention (lnk~ - ARMi) determined by solving 

of system of linear equations (5) are presented on Table 5. 

It is clear from Table 5 that  in reversed phase chromatography-CHn groups increase the 

retention (ln k~ > 0) and all hydrophilic groups decrease it (ln k~ < 0), but in normal 

phase chromatography t h e - C H n  groups decrease the retention cardiac glycosides and 

hydrophilic groups increase the retention owing to the hydrogen bonds these groups with 

silanol groups on surface of silica gel. The mechanism of adsorption of cardiac glycosides 

is different in these cases. 

The contributions of hydroxyl groups to the retention are quite different because of dif- 

ferent geometric arrangement, in a molecule and owing to this the forming of hydrogen 

bonds of different energy. The most strong interactions of hydroxyl groups of glycone 
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Table 5 
The contributions of functional groups or fragments of cardiac glicosides to retention (/kRMi) 
on silica gel from benzene-ethanol (3 �9 1) mobile phase at room temperature  and in k~i on silica 
with bonded diphenylsilyl groups from water-ethanol  (65" 35) at 50~ [24] 

Func t iona l  gruop ARMi in k~ 

- C H .  - 0.096 0.193 

- O -  0.052 - 0.136 

- H C = O  0.115 - 0.659 

- C O 0 -  0.218 - 0.278 

-OHG 0.593 - 0.491 

- O H  (C12) 0.309 - 1.533 

- O H  (C16) 0.285 - 0.809 
- O H  (C14 and C1) 0.762 

- 0.600 

- O H  (C3) 0.612 - 0.720 

- O H  ( C n )  0.343 

- O H  (C10) 0.403 

51~.~ 3 

I I I I 
0 1 2 3 

Z A R M i  n i 

Figure 15. Correlation between the experimental and calculated values of RM of cardiac glycosi- 
des on silica gel from benzene-ethanol (3 �9 1) mobile phase. The names of 63 cardiac glycosides 
can be find in Ref.[23]. 
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and of hydroxyl groups of aglycone in position of C14, C1, C3 and C5 is observed. The 
contributions of other polar groups to the adsorption of glycosides on silica are relatively 

small. The RM values of cardiac glycosides calculated by using of/kRMi from Table 5 and 

formula of glycosides are compared with the experimental values of RM on Fig. 15. 
According to Fig. 15 generally there is a rather good agreement between these value if to 

take into consideration not very precise RF values in thin layer chromatography. 

The adsorption from solutions of polycyclic aromatic hydrocarbons, alkylbenzenes and 
benzene derivatives is of great interest from many points of view. To understand the 

mechanism of their adsorption and to predict the equilibrium adsorption constant also it is 

possible to use the contributions of functional groups of fragments of molecules to retention 

in reversed-phase and normal-phase liquid chromatography [21]. The contributions of 

different molecular groups as well as the dependence of these contributions on mobile 

phase composition have been evaluated from experimental data in work [25]. 

It is possible to propose that polycyclic aromatic hydrocarbons and some of their 

derivatives can be presented b y - H C = ,  > C = , - C H 2 -  and -CH3 groups only (Fig. 16 a). 

1 

1 

6 

1 

Figure 16. Molecular groups of hydrocarbons to be considered as different; (a and b) polycyclic 
aromatic hydrocarbons, (c) alkylbenzenes. 
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Table 6 
The ai values for various functional groups of polycyclic aromatic hydrocarbons. Adsorbent" 
#-Bondapak Cls, methanol-water (65 : 35) eluent, ambient temperature 

Functional group (1) -HC= (2) > C =  (3) -CH2- (4) -CH3 

ai 0.124 0.224 0.238 0.306 

In k' 
_ 

4-  o'y 

3 

4 S 

ZO 
1 2 o  

I 

0 1 2 3 Za in i  

Figure 17. Correlation between the experimental In k ~ and calculated ~ aini according to the 
data of Table 6. 
1= benzene, 2= naphthalene, 3= acenaphthylene, 4= biphenyl, 5= acenaphthene, 6= fluorene, 
7= phenanthrene, 8= anthracene, 9= 2,3,-dimethylnaphthalene, 10= 9,10-dihydrophenanthrene, 
11- 9,10,-dihydroanthracene, 12= fluoranthene, 13= pyrene, 14= bibenzyl, 15= 9-methylan- 
thracene, 16= 2-methylphenanthrene, 17-- 2-methylanthracene, 18= 1,2-dihydropyrene, 19= 
1,2,-benzofluorene, 20= 2,3-benzofluorene, 21= p-terphenyl, 22= triphenylene, 23= 1,2,6,7,-te- 
trahydropyrene, 24= 1,2,3,4,-tetrahydrofluoranthene, 25= tetracene, 26= 9,10-dimethylanthra- 
cene, 27= chrysene, 28= 5,12-dihydrotetracene, 29= 1,2,3,6,7,8-hexahydropyrene, 30= 1,2,3,4,5, 
6,7,8-octahydroanthracene, 31- perylene, 32= 3,4-benzofluoranthene, 33-- 7,12-dimethylbenz 
(a)-anthracene, 34= 9,10- diphenylanthracene. 

The contributions of these groups to retention on adsorbent #-Bondapak C18 from metha- 

nol-water (65:35) eluent at ambient temperature were calculated from the retention data 

of 34 polycyclic aromatic hydrocarbons [25]. it should be noted that, according to such 

proposition, the isomer molecules such as phenanthrene and anthracene as well as tetra- 

cene and chrysene respectively are to be considered as similar although the experimental 

values of their capacity factors are different. 

In Table 6 the ai values for some groups of polycyclic aromatic hydrocarbons are presented. 
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Table 7 
The calculated ai values for various functional groups of polycyclic aromatic hydrocarbons for 
the condition as in Table 6 

Functional group ( 1 ) - H C =  ( 2 ) - H C =  (3) > C =  (4) > C -  

ai 0.035 0.112 0.393 0.217 

Functional group (5) > C =  ( 6 ) - C H 2 -  ( 7 ) - C H 2 -  ( 8 ) - C H 2 -  

ai 0.714 0.131 0.319 0.157 

In k' 
5 [  

.rio, 
t~ 

o $  

$$  

30 

r~2g 

Ilr - I I I I 

0 1 2 3 4 E a ini  

Figure 18. Correlation between the experimental In k ' and calculated ~ aini by using data of 
Table 7. The numbers correspond to the compounds on Fig. 17. 

The comparison of the experimental and calculated from the data  of Table 6 and formula 

of compounds the i n k '  is presented on Fig. 17. The correlation between these values is 

not quite good. The largest difference is observed for the smallest flat molecules such as 

benzene, naphtalene, acenaphthylene and for non-planar  molecules such as p-terphenyl,  

1,2,3,4,5,6,7,8-octahydroanthracene and 9,10-diphenylanthracene. The calculated Ink '  of 

phenanthrene and anthracene, tetracene and chrysene are the same respectively. 
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To take into account the differences in the retention of isomer polycyclic hydrocarbons and 

also non-planar arrangement of some groups of partly hydrogenated and phenylderivatives 

of polyaromatic molecules, the more number of groups should be considered as different 

(Fig. 16 b). 

In Table 7 the calculated ai values for various groups are presented. 

On Fig. 18 the comparison of the experimental in k' and calculated S ai n i values by the 

data of Table 7 are presented. 

The correlation between the experimental and calculated in k' values is better for such 

approach by means of which the differences in the retention of the isomer polycyclic aro- 

matic hydrocarbons molecules such as phenanthrene, anthracene and tetracene, chrysene 

respectively can be calculated. Since the ai values of polycyclic aromatic hydrocarbons are 

positive in reversed-phase chromatography (Table 6 and 7), so for compounds with the 

larger number of groups the retention volume (equilibrium adsorption constant) will be 

Ink' 
0.2 

$0 

6 8 10 12 14 nc 

Figure 19. Dependence of In k' on the number of carbon atoms of alkylbenzenes according to 
the data of [26]. 
1= n-decylbenzene, 2= n-octylbenzene, 3= m-diisopropylbenzene, 4= n-heptylbenzene, 5= 
n-hexylbenzene, 6= l-propyl-2,4,6.-triethylbenzene, 7= neopentylbenzene, 8= isopentylben- 
zene, 9= 1,3,5,-triethylbenzene, 10= isobutylbenzene, 11= n-amylbenzene, 12= p-diisopro- 
pylbenzene, 13= l-ethyl-4-tert.-butylbenzene, 14= n-butylbenzene, 15= p-tert.-butyltoluene, 
16= p-propylbenzene, 17= ethylbenzene, 18=tert.-butylbenzene, 19= m--ethyltoluene, 20= cu- 
mene, 21= l-propyl-2,4,6,- trimethylbenzene, 22= cyclopentylbenzene, 23= l-ethyl-4-isopro- 
pylbenzene, 24= m-xylene, 25= benzene, 26= toluene, 27= 1,3,5,-trimethylbenzene, 28= p-xyle- 
ne, 29= 2-methyl-3-phenylbutane, 30= l-ethyul-2,4,6,- trimethylbenzene, 31= o-ethyltoluene, 
a2= o-xylene, aa= 1,2,4-trimethylbenzene, a4= 1,2,3-trimethylbenzene, 35= 1,2,3,4-tetrame- 
thylbenzene, 36= pentamethylbenzene, 37= hexamethylbenzene, 38= naphthalene. 
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larger too, depending on the ai values of cause. In this case the adsorption of such compo- 
unds is determined by mainly by dispersion interaction of each group with hydrophobic 

surface of adsorbent and by strong hydrogen bonds of eluent molecules. 
In a case of adsorption of alkylbenzenes on hydroxylated silica gel from hydrocarbons 

the most important are hydrogen bond of aromatic ring with silanol groups of adsorbent 

surface and dispersion interaction of alkylbenzene molecules with hydrocarbon eluent 

molecules. 
The correlation between the retention and number of carbon atoms in a molecules can 
not be found. On Fig. 19 the dependence of the alkylbenzenes retention on hydroxylated 

silica from n-pentane on the number of carbon atoms of these molecules is presented from 

data of [26]. 
It is possible to determine only qualitative regularity from such dependence for polyme- 

thylbenzenes and mono n-alkylbenzenes. 
In [26] the difference in the retention of alkylbenzene derivatives having the same 

groups in various position (o-, In-, p-) was observed . So to take this experimental fact 

into account, it was suggested that the alkylbenzene molecules consist of groups: (1) 

-HC=, (2) >C=, (3) >C= (m), (4) >C= (p), (5) >C= (o), (6) >C<, (7 ) -HC<,  (8) 

-CH2-, (9)-CHa ( see Fig .16 c). 
The contributions of these groups to retention (a~ values) evaluated from the retention 
of 38 alkylbenzenes on hydroxylated silica from n-pentane at room temperature [26] are 

presented on Table 8. 

Table 8 
Values of ai for various functional groups of alkylbenzenes. Adsorbent" Silasorb, eluent: 
n-pentane, ambient temperature 

Functional group (1 ) -HC= (2) >C= (3) >C= (m) (4) >C-- (p) (5) >C= (o) 

a i - 0.074 0.120 0.128 0.152 

Functional group (6) >C< ( 7 ) -  HC< (8 ) -  CH~- (9)-CH3 

0.241 

ai 0.334 0.149 - 0.072 - 0.264 

It is clear from Table 8 that the increase of the number -CH2- a n d - C H a  groups in a 
molecule results in the decreasing of the molecule retention on the whole. Whereas the 
introducing of-CHa groups in benzene ring in o-position as well as the branching of alkyl 

chain result in higher retention owing to the large contributions of >C= (o), >C<, or 

-HC< groups to retention. 
The comparison of the experimental and the calculated Ink'  values obtained by using 

the contributions to retention of different groups (Table 8) and the number of groups in 
a molecule is presented on Fig. 20. The calculated and experimental In k' values are in 
a quite good agreement. Thus in the case of normal-phase chromatography it is possible 

to find the differences of contribution to the adsorption equilibrium constant of various 
functional groups of alkylbenzenes. 
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Figure  20. Compar i son  of the  exper imenta l  I n k  ~ and calcula ted  values of ~ aini  f rom the da t a  
of Table 8 for a lkylbenzenes  on silica gel f rom n - p e n t a n e .  

Table 9 
Values of ai for various funct ional  groups of benzene derivatives.  Adsorbent"  Nucleosil  10 R P  
18, t e m p e r a t u r e  25~ eluent:  me thano l  ( M e O H ) -  t e t r ahyd ro fu rane  ( T H F )  - water  ( H 2 0 )  of 

volume fract ion (0 .35"  0.35 "0 .30)  

F u n c t i o n a l  a i F u n c t i o n a l  ai F u n c t i o n a l  

g r o u p  g r o u p  g r o u p  

- H C  = 0.026 > C = O  - 0 . 9 5 2  - O H  (Ar)  - 1.205 

> C = 0.159 - NH2 - 0.991 - C O O  - - 0 .879 

> C - (o) 0.328 - O - - 0.221 - N < 0.556 

> C = (m ,p , )  0.472 - H C  = O  - 1.259 - N H -  0.013 

- C H 2 -  0.299 - C N  - 1.286 - N - - 1.513 

- CHa  - 0.182 - O H  - 2.167 - NO2 - 0.704 

- H C  < 0.949 - C 1  - 0.093 

T h e  c o n t r i b u t i o n  of  f u n c t i o n a l  g r o u p s  to  r e t e n t i o n  d e p e n d s  on  t h e  c o m p o s i t i o n  of  elu- 

en t .  To d e t e r m i n e  t h e  d e p e n d e n c e  of  t h e  r e t e n t i o n  on  e luen t  c o m p o s i t i o n  it is no t  s imp le  

p r o b l e m  espec i a l l y  for  m u l t i c o m p o n e n t s  e luen t s .  If to  d e t e r m i n e  t h e  d e p e n d e n c i e s  of  con-  

t r i b u t i o n s  of  f u n c t i o n a l  g r o u p s  to  r e t e n t i o n  on e l u e n t  c o m p o s i t i o n  so it is poss ib l e  to  

c a l c u l a t e  t h e  r e t e n t i o n  (ln k ' )  of  m a n y  c o m p o u n d s  on  t h e  w h o l e  for  t h e  d i f fe ren t  e l uen t  
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compositions. For this purpose the data for 32 compounds [27] were used. The calcula- 

ted ai values for some functional groups on adsorbent: Nucleosil 10 RP 18 from eluent 

containing water, methanol and tetrahydrofurane at 25~ are presented in Table 9. 

Using ai values it is possible to evaluate the retention of molecules for mobile phase 

MeOH-THF-H20 (0.35:0.35:0.30). On Fig. 21 the comparison of calculated and experi- 

mental Ink'  values for 32 solutes is presented. The correlation between the calculated and 

experimental data is quite high. 

The dependence of ai values on mobile phase composition can be expressed by the 

projection of lines with the same meaning of ai values on a concentration triangle. On 

Fig. 22 the dependence of a i for - HC= and - C1 groups and on Fig. 23 for - OH and 

-NH2 groups are presented. 

In k' 

1.0 3 ' 1 ~  

3'0 
2g_b- o f  

-0.5 25 2 ~  27 

/ o2e 

-0.5 -tO 
7 

-1.0 o 6  

I ~ , I I I oj 
-1.5 -1.0 -0.5 0 E a in i 

Figure 21. Correlation between the experimental Ink'  values [27] and calculated by using data 
of Table 9 for the mobile phase composition MeOH-THF-H20 (0.35:0.35:0.30). 
1= benzyl alcohol, 2= dimethyl phthalate, 3= 2-phenylethanol, 4= 1-phenylethanol, 5= phenol, 
6= acetophenone, 7= 3-phenylpropanol, 8= benzonitrile, 9= benzaldehyde, 10= o-nitroaniline, 
11- diethyl phthaiate, 12= p-nitroacetophenone, 13= m-nitrophenol, 14= quinoline, 15= 
o-cresol, 16- aniline, 17= nitrobenzene, 18-- 2,4-dimethylphenol, 19= m-dinitrobenzene, 20= 
benzophenone, 21= anisole, 22-- benzene, 23- N-methylaniline, 24= chlorobenzene, 25- tolu- 
ene, 26= naphthalene, 27= anethole, 28= N,N-dimethylaniline, 29= diphenyl ether, 30= ethyl- 
benzene, 31= biphenyl, 32= anthracene. 

It is clear from Fig. 22 that the hydrophobic groups increase the adsorption of molecules 

in water rich solution but at higher concentrations of organic compounds in solution these 

groups decrease the adsorption of compounds owing to stronger interactions with eluent 

molecules. As for hydrophilic groups (hydroxyl and amino groups) so these groups in 
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all concentration region decrease the adsorption of molecules on the whole because of 

hydrogen bonding with all molecules of solution containing such compounds as water, 
methanol and tetrahydrofurane (Fig. 23). 

Thus chromatography as analytical method of determination of equilibrium concentra- 

tion can be used for the adsorption study from solutions both volatile and non-volatile 

compounds. Moreover the retention data and their dependence on temperature make it 

possible to determine very easily the adsorption equilibrium constants and thermodynamic 

H 2 0  

a 
i,-CH= 

0.37 
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0.16 
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~0.40 
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I~ - - - - - -  ~-1 .05  
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Figure 22. Dependencies of ai values for - HC= and - C1 groups on mobile phase composition 
(MeOH-THF-H20). Adsorbent" Nucleosil 10 RP 18. 

characteristics of adsorption from solutions at small coverages which is rather complicate 

under static conditions. The calculations of the contributions of functional groups to the 

equilibrium constant and to the heat of adsorption may be used for the understanding 

the mechanism of adsorption and are the quantitative characteristic of molecular interac- 
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tion on adsorption from solutions. The contributions of molecular groups to the retention 
volume can be used also for the prediction of the retention times and the optimization of 
the compounds separation by liquid chromatography. 

H20 

/ ~  ai,-OH 

-13571 i # ~.,9 

/ l i  
-1-71;7,/ /  ( ~0.8"~ ~".1"~0"~ -()'80 

-1.94j$ i ~  . . . .  -,.t,~ , ,~ 

-1.36- _ _ fl.45 
M e O H  -1.33 -1.67 THF 
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-1.46/ ~-o.8o 
/ , /  ! ./ ,,..,, ~II~ "069 
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Q ~ 5  

-118 "67P-" "/ a g o g . / ' ~ : - l . O g \ e  _1 aft lk�9 
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Figure 23. Dependence of a i values for -OH and -NH2 groups on mobile phase composition 
(MeOH-THF-H20). Adsorbent: Nucleosil 10 RP 18. 
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Chapter 3.3 
Equilibria of adsorption from solutions on the silica surface 

V. A.Tertykh and V. V.Yanishpolskii 

Institute of Surface Chemistry, National Academy of Sciences of the Ukraine, 

252022 Kiev, Ukraine 

1. I N T R O D U  C T I O N  

Silicas with chemically modified surface are widely used in practice of high-performance 
and affinity chromatography, in catalysis by grafted enzymes and metal complexes, for 

concentrating ions and organic substances, for prolonged and controlled release of phar- 

maceutical and other active compounds. Depending on the problem to be solved, there 

are various requirements for the interaction of the surface sites with molecules or ions. For 
example, in high performance liquid chromatography the interactions should not be very 
strong, while for immobilized catalysts the bond to the surface must be particularly strong 

so as to ensure stability while working. Prediction of the behaviour of grafted compounds 
requires a quantitative description of such interactions and of the effect of various factors 
upon them. 

The main problem of the quantitative description of equilibria involving a solid surface 

is to estimate the composition of one phase, e.g. an adsorbent, by the composition of 

the other phase. Mathematical description of equilibrium systems is based on equations 
resulting from the mass action law and from the material balance [1-4]. It should be no- 

ted that such approaches (being independent of each other) are used for a description 
of biological systems, adsorption, complex formation of metal ions with ligands, dissocia- 

tion of acids and bases [5- 11]. They have identical mathematical and thermodynamical 
principles although some definitions differ slightly due to historical reasons. In particular, 

researchers use dissociation constants when describing biological systems and acid-base 

equilibria [8-131, and association constants (a stability constant) are usually applied when 
describing a complexation process [2,14]. All these research areas merge practically into 

one on studying surface equilibria that requires their simultaneous consideration. 

Let us discuss a complex formation in the case of two interacting particles A and B 

according to the scheme 

A + B  ~ " AB 

where A may be an adsorption site of the starting or modified surface, an active enzyme 
centre, a binding site of antibody or receptor, an immobilized ligand of various structures, 

and B may correspondingly be the other particle forming; a complex with A being an ion 
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of hydrogen or of metals, an inorganic ion, a substrate or inhibitor of enzymes, an antigen 

or hormone. One can also consider other corresponding combinations of interacting pairs 

of A and B. Such a complexation may result in an adsorption complex, enzyme-substrate 

complex, enzyme- inhibitor complex, antigen-antibody complex, donor-acceptor comple- 

xes, and surface chemical compounds. In the present paper a binding site is denoted by 

L, a sorbed particle by M, and if multistage surface reactions are concidered, during the 

first stage L-sites are sites of the initial complexing, M is a modifying molecule, during 

the second stage a grafted particle M is regarded as an L for the subsequent formation of 

adsorption complexes and surface compounds. 
The present paper considers equilibria of adsorption on surface beginning from a simple 

case of uncompeting sorption on a monobasic site, sorption in the presence of competition, 

adsorption on dibasic sites, adsorption of polybasic organic molecules on monobasic cation 

and anion exchanger or dibasic ampholyte. 

The equilibria of complexation of metals with ligands are classified as best studied. 
The results of their investigations are summarized in the well known reference books [14]. 

For ligands grafted to a solid matrix it is very expedient to employ experiments carried 

out for complex formation in solution in order to predict the properties and the stability 
constants of the grafted ligands with various metals. Almost all the methods for calculating 

constants in solutions, especially for the stepwise complexing, are based on considering 
the metal ion as a centre for binding various ligands. In the case of complex formation 

on a surface, when the potential ligands are held by chemical bonds with solid matrix, it 
is more convenient to consider the grafted ligand as a centre for metal ion binding. This 
does not change the essentials of the treatment, but helps to avoid the difficulty of defi- 
ning the concentration of the grafted ligands. The well-known methods for determining 

the stability constants of complexes in solution depend on measurements of equilibrium 

concentrations of ligands [1,2,14]. In order to determine these stability constants for the 

complexing on a surface it is necessary to use equations based on equilibrium concen- 

trations of metal ions. Only then one can realize all the advantages of transferring the 
ligands into a heterogeneous state, namely the simplicity of separating metal complexes 
from solution without changing the equilibrium concentration of metal ions in solution. 

For a given sorbent the concentration of ligands on the surface is constant. The equili- 
brium concentration of the grafted ligands changes only when the initial concentration of 

metal ions is varied. Varying the ratio between the volume of the solution and the mass of 

sorbent changes merely the amount of ligands in the system. Their concentration on the 

surface, i.e. at the site of complex formation, does not change, and the composition of the 
complexes formed remains the same [15-17]. This makes it possible to speak of "complex 
formation sites" on the surface [16,17]. It should be emphasized that in the case of poly- 

dentate sorption site the experimental determination of stepwise complexation stability 

constants on a surface is very complex. The same situation arises in solution on going from 

monodentate to polydentate ligands. Thus, on going from ammonia to ethylenediamine 
or triethylenetetramine one considers not the stepwise constants for each donor nitrogen 
atom, but a single constant for ethylenediamine or triethylenetetramine molecules. On 
passing to macrocycles with fixed donor atoms one speaks of the binding of metal ions 

[18,19] by the macrocyclic molecule, which is considered as a site for bonding metal ions 
with a single stability constant. A similar situation is observed for ligands containing se- 

veral carboxyl groups, such as citric acid and ethylenediaminetetraacetic acid, and also 



for 8-hydroxyquinoline and other molecules including biomolecules whose binding sites 

have complex and unknown structures mostly [5,6,8-11]. Further in a similar manner we 

shall also consider adsorption sites on silica surface irrespective of their dentateness and 

structure. 

2. EQUILIBRIA OF SILICA SURFACE SITES C O M P L E X I N G  W I T H  THE 
O N E - V A L E N C E  CATIONS IN A Q U E O U S  SOLUTIONS ( A C I D - B A S E  
P R O P E R T I E S  OF SURFACE A D S O R P T I O N  SITES) 

2.1. M o n o b a s i c  s i tes  w i t h o u t  c o m p e t i n g  a d s o r p t i o n  

Let us consider the equilibrium reactions on surface sites, assuming that  they obey 

the laws observed in solution. Such a consideration will allow us to see how the immo- 

bilized ligand will behave on condition that its properties are unchanged. Accordingly, 

experimental differences found will allow us to judge a change in ligand properties after 

immobilization. 

On adding a sample of sorbent with grafted complex-forming sites[L]0 to a solution 

containing metal ions at an initial concentration [M]0, complex formation between them 

will reduce the concentration of metal ions to an equilibrium value [M], which can be 

determined experimentally by a lot of methods. The equilibrium concentration of the 

adsorption sites, [L], is difficult to determine experimentally. But, as it is known [3-10,20], 

the equilibrium constant in such cases can be determined also without using this value. 

This interaction can be represented in the form : 

kl _ 
[L] + [M] ~k_l- [LM] (1) 

The association constant/~ or dissociation constant Kd for such process is usually expres- 

sed on the basis of the of mass action law [1-4,9,21] in the form: 

/ 3 -  1 = [LM] = kl (2) 

Z d [M][L] k_ 1 

by analogy with the description of this equilibrium in solution. Thus, if the value of 

/3 and the rate constants kl and k-1 for the forward and reverse reactions are known 

both the thermodynamic and the kinetic parameters of the equilibrium on the surface 

can be described. From Eq. (2) and the material balance condition for the binding site, 

[L]0 = [L] + [LM], we can obtain the following equation: 

/3[LI0[M] (3) 
[LM] = 1 +/3[M] 

for the isotherm of sorption of the metal ions or other species on the binding site in 

the absence of competing reactions (Fig.l). This equation is identical to the Langmuir 

equation, which was pointed by Hitchcock as early as 1926 [22], and, in principle, describes 

a complex formation irrespective of its occurrence, in a solution or on a surface. Formally 

it is thermodynamically all the same whether a binding site is soluble, fixed on the solid 

surface or is present in biological tissues. Differences are in that the total concentration 



708 

[L]0 is known for solution studies, and as regards the surface the information on the 
amount and nature of adsorption sites is mostly absent. The methods for determining of 
their number by interaction with certain substances including a titration and evaluation 
of capacity by metal ion sorption are also based finally on surface equilibria and hence 
require account of equilibrium (1) and an equation of a type (3). For example, in the case 

of proton adsorption Eq. (3) has the following form: 

[L]0[H] (3a) 
[LH] -  Ka + [HI 

Usually, when determining the ionization constants of acid-base groups on surface a use 
is made of not this equation but of the Henderson-Hasselbalch equation: 

a = p K d + l o g  ILl (3b) pH - pKa + log 1 ~  [LH] 

However, there is no contradiction here since Eq. (3) and the Henderson-Hasselbalch 

equation (3b) are equivalent. 

~ '  0.8 ~ 4  
1 _ _ _ _ 1  

0.6 " a -  6 

, . . . 0 . 4  7 - 8  

0.2 = 10 

0 - . . , ~ , -  I ~ 1 2  

14 12 10 8 6 4 2 0 
pM 

Figure 1. Adsorption isotherms without competition, pM = -log[M], numbers in the legend 
are values of log/3. The curves were calculated from Eq. (3). 

Taking into account the material balance equation for the metal ions, [M]0 = [M]+[LM], 

we obtain from (2) the equation: 

[LM]-  /3[M]0[L] (4) 
1 +/3[L] 

analogous to that derived for the equilibrium in solution and its relationship to various 

complexing functions is shown in Ref. [23]. 
Since in aqueous solutions there is actually competition for the ligands between the 

metal ions [M] and protons [H], Eq. (3) applies only to the interaction of completely 
deprotonated surface sites with metal ions. In practice partially deprotonated ligands are 

usually involved. 
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2.2.  M o n o b a s i c  s i tes  w i t h  c o m p e t i n g  a d s o r p t i o n  

In this case, the equilibrium on the surface has the form: 

[LH] ~ K~ " [HI + [L] + [M] ~ /3 -~ [LM] 

/3 = [LM] = 1 K~- [L] [H]  (5) 
[MI[L] Ka'  [LH] 

where K~ is the dissociation constant of a sorption site. In this case the equation of a 

sorption isotherm of metal ions or other particles has the form: 

[LM] - /~[L]0[M] = [L]0[M] (6) 
[H] ( [ H ] )  

I + ~ + ~ [ M ]  Kd 1 + ~  +[M] 

~, 1 ~ "TTTTTTTTTTTTTTT"2TT 

~' o.8 
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0.2 
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~1~ 0 I I l ~ l l ~  | ] I I I I I I I ] I I 
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; 4 

• 3 
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pH 

Figure 2. Degree of substitution of surface sites by metal ions versus pH. The curves were 
calculated from Eq. (6) using /~ - 10 5 1/mol, K~ - 10 -4 mol/1, numbers in the legend are 
equilibrium concentrations of metal ions pM - - log [M]eq. 

[HI 
As it is seen from Eq. (6) and Fig.2, at tiM << 1 + - ~  to attain the complete substitution 

of adsorption sites is generally impossible. In particular, such an equilibrium takes place 

for titrating a silica by alkaline metal ions (for instance, Na+) �9 

-S iOH 4K~-~ H+ + - S i O + N a  + - fl -~ - S i O - N a  + (7) 

Equilibria (5) and (7) can be also represented in the form of the proton sorption isotherm 

(Fig.3): 

[L]0[H] (8) 
[ L H ] -  K~(1 +/3[M]) + [H] 

Equitions (6) and (8) are of a more general character than Eq. (3)is, as during adsorption 

from aqueous solutions there is always a competition of particles being adsorbed. 

However, this circumstance is not always taken into consideration and dissociation con- 

stants of surface sites are determined by the Henderson-Hasselbalch equation, which does 
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Figure 3. Isotherms of proton adsorption in the presence of competing metal ions. The curves 
were calculated from Eq. (8) using ~ - l0 s 1/mol, Ka - 10 .9 mol/1, numbers in the legend are 
equilibrium concentration of metal ions pM - - l o g  [M]eq. 

not take into account a competi t ive interaction with metal  ions and can be valid only for 

/3M << 1. In addition, within the scope of the theory explaining the influence of a surface 

electrostatic potential  on t i t ra t ion curves of polyelectrolytes it is believed tha t  silica par- 

ticles assume a negative charge when ionizing silanol surface groups [24-26]. This must  

lead to overest imation in experimental ly  determined pK values. The real or intrinsic con- 

stant  does not depend on the surface charge here. An influence of an electrostat ic effect 

on a t i t ra t ion course and on a dissociation constants  is taken into account when s tudying 

organic polymers including proteins [12,20,27] and modified silicas [28,29]. 

As is known [24,28 ] in most cases disperse silicas have globular s tructure.  For ri- 

gid spheres of a b radius with an uniformly dis t r ibuted charge the following equat ion is 
proposed: 

c~ 

- ~ - 0.868wZ (9) pH pkint + log 1 -  c~ 

where 

a3 
e2(1 357(1 

2ekT b l + x a  b l + x a  

Here e is the electron charge, e is the dielectric constant  of the medium,  a is the distance 

of the max imum approach of a small ion and a spherical particle, often taken equal to 

(b+  2.5A), X is the Debye-Hiickel parameter ,  3.57 is the constant  coefficient for aqueous 

systems at 25~ on condition that  distances are measured in angstroms),  pkint is the 

intrinsic ionization constant ,  Z - - a n  is the average value of the total  charge of a particle 

(it is equal numerically to the number  of protons having formed on dissociation), n is the 

number  of dissociating groups in a particle. 

It follows from Eq. (9) tha t  when a macromolecule is in the shape of a globe, the  

intrinsic ionization constant  for a definite type of ion-exchangeable  sites is changed in the 

presence of a charge so that" 

pk - pkmt - 0.868wZ - pkint - 0.868wan (10) 

o r  

k -  kint e2wZ 
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In aqueous solutions at 25~ X~ is a function of only ionic strength, # (X~ - 0-33#�89 

and the above-mentioned expression for a~ assumes the form: ( 1) 
1 0.33#~ 

m 
1 3.57 b 1+0 .33a#5  

Taking into account that  non-porous aerosil particles have a spherical structure, this 

theoretical t reatment is applicable also in this case. A silica represents a heterochain 

inorganic polymer of silicic acid. However, most of its modifications are difficult to cha- 

racterize in such terms as molecular mass and amount of functional groups per monomer 

unit and this question is still under discussion. However, such estimates can be made 

for aerosil, a highly disperse silica produced by combustion of silicon tetrachloride in the 

oxygen-hydrogen flame. 

Depending on the specific surface area the aerosil particle diameter is 5-50 nm [30]. 

Thus, from the geometric dimensions of particles one can calculate the molecular mass, 

specific surface area of aerosil, and concentration of surface Si atoms in one particle. Let 

us use the notation given in [24]: nt = full number of silicon atoms in a particle, ns = 

number of silicon atoms on the particle surface, d = diameter of the particle, p = density 

of silica, 2.2 g /cm 3. 

Thus, the number of residues of SiO2 and hence of silicon atoms located in a particle 

is equal to: 

n t 

pTrd3N 

6M 

where M is the molecular mass of SiO2 (60.1), N is the Avogadro number. From the nt 

value we find ns" 

n s  

2 

Using the value of aerosil surface area determined as: 

6 
S s p  

pd 

one can calculate the number of silicon surface atoms and molecular mass for one particle 

of aerosil with a certain surface area (see Figs. 4 and 5). For example, for aerosil with 

a surface area of 182 m2/g, a particle diameter of 15 nm, a molecular mass of 2.34-106, 

in a particle 38900 silicon atoms and 5500 out of them are on the particle surface. Here 

it is supposed that the particles are monodisperse, though, as known, there is a definite 

distribution of diameters of particles [30]. 

The application of this model (Figs. 6 and 7) shows that  the degree of distortion of 

a titration curve decreases upon an increase in the ionic strength of a solution, and we 

must obtain an intrinsic constant, of pkint by extrapolating experimental values of pK~ to 

the zero degree of ionization. 

However, it is found experimentally that  not only a stretching of a titration curve occurs 

but also an increase in the intrinsic ionization constant of silanol groups (a decrease in 

pkint) is observed with increasing the ionic strength (a shift of a t i tration curve into the 
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Figure 4. Dependence of quanti ty of surface silicon atoms of one particle on specific surface area 
of aerosils. 
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Figure 5. Dependence of molecular mass of one particle on specific surface area of aerosils. 
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Figure 6. Effect of ionic strength (numbers in the legend are concentrations of NaC1 in mol/1; 

soluble: is hypothetical  curve without influence of electrostatic potential  of surface, i.e. Z - 0) 
on t i t rat ion curves of silica with a particle diameter  of 15 nm, pK~ =7, a number  of dissociating 
groups in a particle n = ns/2. The curves were calculated from Eq. (9). 
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Figure 7. Effect of particle diameter on titration curves of silica (pKa - 7, ionic strength 0.01). 
The curves were calculated from Eq. (9), n = n~/2, soluble as in Fig.6. 

acid range). In addition, the value of the slope of a plot on pK~ - c~ coordinates exceeds 

considerably the experimentally observed values. Thus, in Ref. [26] this slope is 2.5-2.9 

and does not depend practically on the ion strength, while according to Eq. (9) it is equal 

to 16 for 0.1 M NaC1 and 6 for 4 M NaC1. 

This behaviour may be explained if equilibrium (5) and isotherms (6) and (8) are taken 

into account. Then an intrinsic ionization constant kint is equal to K~(1 + fl[M]) and the 
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Figure 8. Effect of ionic strength on titration curve of silica with a particle diameter of 15 nm. 
Numbers in the legend are concentrations of NaC1 in mol/1, soluble as in Fig.6. Curves were 
calculated from Eq. (11) using pK~ = 10,/3 = 200 l/tool. 
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Henderson-Hasselbalch equation assumes the form: 

pH - p K a -  log(1 + ~M) + log ~ - 
1 - c ~  

0.868wZ (11) 

With allowance for the data of Ref. [26] Fig. 8. gives estimated curves for ti tration 

of silica with a particle size of 15 nm (182 m2/g) and a dissociation constant of silanol 

groups pKa = 10. As seen from the figure, the account of influence of an electrostatic field 

of the ionized surface and a competition of hydrogen ions and sodium ions allows us to 

explain partly all anomalies of titration curves of silica without introducing supplementary 
postulates. 

Thus, if the stretching of titration curves is related to an electrostatic effect, then 

its influence is considerably less than that predicted by the theory [12,20]. The observed 

stretching of the titration curves may be also due to the presence of several types of acidic 

sites [31]. This result is very important as it raises a possibility to explain the considerable 

scattering of data on the dissociation constant for silanol groups of silica surface cited in 

literature [24,26,31,32]. Thus, it may be claimed that the acidity of silica silanol groups is 

close to that  of orthosilicic acid and all the observed experimental variations are caused 

by geometrical characteristics of particles and experimental conditions, namely, by the 

value of ionic strength and nature of applied metal cation (the value of/3). For example, 

for 4M NaC1 the observed (apparent) increase in the acidity approaches 3 units of pK (a 

decrease of pK from 10 to 7,1) and with/3 for Na + being equal to 200 1/mol. 

2.3. A d ibas ic  su r face  s i te  

It is known that  surface silanol groups can act as ligands upon complex formation 

with bivalent metal ions [33]. In this case the adsorption site must be a divalent one and 

equilibria may be represented in the form as follows" 

K 1  _ 
[LH2] -- - [HI + 

K 2  _ 

[LH] ~ - ILl + [HI 
+ + 

[M] [M] 

[LHM] [LM] (12) 

The form of the sorption isotherm will obviously depend on the form of the deprotonated 

site which forms a complex with the metal. In calculating equilibrium constants in solution 

it is usual to consider only completely deprotonated ligands, and we shall also confine our 

analysis to this case, although both the forms [L] and [LH] may be important in complex 
formation. 

The sorption isotherm for a completely deprotonated dibasic site is described by the 
relation: 

[LM] - ~[L]o[M] (13) 

1 + + KIK2 +/3[M] 
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If only a single deprotonated form [LH] were involved in complex formation, which is 
actually unreal, the sorption isotherm would have the form: 

/31[L]o[M] (14) 

[LHM]-  (1 + _~1] + ~ ] )  +/31[M1 

(14) Though, in fact, according to Eq. (12) there may be present both the forms [LHM] and 
[LM], it is also possible to infer that there exist such cases (e.g., intermediate stages during 
catalysis and chemisorption) when only one of them is of importance. As an example the 
relationships of the Eq. (14) type describe the dependence of the activity of enzymes 
(including immobilized ones)on pH [11,34]. Equations (13) can be written as: 

[LM]-  /3[L]o[M] 
F +/3[M] (15) 

(15) where F is the Michaelis pH-function [10,11] corresponding to the deprotonated form 
of the sorption site which is involved into complex formation. These functions express the 
fraction of any ionic form of the binding sites. This fraction is equal to their overall amount 
divided by the corresponding pH function of the n-basic site. The pH functions for the 
completely deprotonated site have been given in a general form in Ref. [15]. However, the 
authors [15] used not the dissociation constants Kd but the protonation constants Kp. This 
circumstance must be taken into account, because the first dissociation constant is equal to 
the reciprocal of the last protonation constant; for example, for a tribasic site Kal = 1/Kpa. 
It should be noted that when [HI << K1 and [H] << K2 isotherms (6) and (13) assume 
the form of isotherm (3), i.e., they describe the interactions of completely deprotonated 
sites. However, it should be noted that modified silicas may rarely be obtained with the 
monofunctional surface and hence with the identical binding sites. In this case the sorption 
isotherm consists of a sum of several isotherms for each of the binding sites. For example, 
for two types of binding sites the experimental isotherms consist of a sum of two isotherms: 

/3~ [LI]o [M] /32 [gII]o [M] (16) 
[LM]-  FI_~/31[M] + F II -q{-/32[M] 

where [LM] = [LIM] + [gIIM] is the total amount of molecules bound, [gI]0 is the overall 
concentration of binding sites of the first type, [glI]0 is that of another type, F I and F II 
and ~1 and/32 are the corresponding acidity functions and association constants for sites 
of the first and second type. In fact, a set of equilibrium constants with different partition 
functions can be observed on a surface. [35-37]. However, this does not influence the 
general character of dependencies. 
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3. E Q U I L I B R I A  OF T H E  SILICA S U R F A C E  SITES C O M P L E X I N G  W I T H  
T H E  O R G A N I C  M O L E C U L E S  (CATIONS,  A N I O N S ,  Z W I T T E R - I O N S )  

3.1. Binding of competing molecules with surface sites 
Let us consider in which way the presence of interfering molecules or ions [M1] that 

also interact with grafted ligands ILl will affect the sorption of target molecules or ions 
[M]. Equilibria in this case can be represented by the scheme: 

~ 

0. 

,4  ,= 

PM 1 

PK1 

Figure 9. Dependence of sorption of molecules M on concentration (pM1 = - log M1) and disso- 
ciation constants of competing molecules. Curves were calculated from Eq. (18) using Ka = 10 .5 
mol/1, [M] = 10 -s mol/1. 

in this case the adsorption isotherm (Fig.9) has the following form: 

[LM] = [LJo[M] (18) 

Ka (1 + [ ~ @ ) + [ M ]  

As it is seen, equilibrium (17) and isotherm (18) are similar to those represented by Eqs. 
(5) and (6) respectively. 

3.2. Binding of competing molecules with adsorbing molecules 
When the soluble ligand (inhibitor) [I] competes for molecule [M] with the ligand 

grafted to the surface, equilibria, can be written down as follows: 

[L] + [M] ~Ka~[LM] 
+ 

KI 
[I] ~ ~ [MI] (19) 
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Since in this case free and inhibitor-coupled molecules ([M] + [MI]) will be in a solution, 
it is convenient to use the degree of binding of molecules is, i.e. the ratio of the amount 
of surface-bonded molecules to their total amount in the system. It should be noted that 
this value in Refs.[38,39] is called a distribution coefficient that does not correspond to 
the physical sense of this coefficient used commonly in chromatography: 

[LM] [L] 
: ( [ I ] )  (20) 

[M]0 Kd I+KII +[L] 

Equilibria (19) can also be described in terms of the total concentration ([M] + [MI]) - 
[M],q in the solution" 

[LM] = [L]0[M]eq (21) 

( Kd 1 q-KII -}-[M]eq 

From (21) the distribution coefficient may be expressed as: 

[LM] _ [L]0 
D 

[M]o. 
/ 

Kd (1 + KI J zr- [M]eq 

- IIl  (22) 

3.3. D e p r o t o n a t e d  surface site and  p r o t o n a t e d  molecules  in solut ion 
If a complex is formed by a deprotonated form of surface sites [L] (for example,-COO-,  

=SiO-) and a protonated form of the adsorbate [MH] (for example, R-NH +) then the 
equilibria have the form: 

[L] + [H] K 1  [LH] 

K2 
[MH] -- ~- [M] + [H] 

Kd T; 

[LMH] (23) 

The equation of the isotherm for such an equilibrium will be as follows: 

[LMH] = [L]o[M]eq (24) 
+ K 2  Ka (1 + [K~)(1-~)  -}- [M]eq 

where [M]eq = [M] + [MH] is the total concentration of adsorbate molecules in solution 
(Figs.10,11). 
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Figure 10. Competition of adsorption of protonated molecules and protons on deprotonated 
surface sites. Curves were calculated from Eq. (24) using Kd = 10 -5 mol/1, K1 = 10 -5 mol/1, 

K2 = 10 -1~ mol/1, numbers in the legend are equilibrium concentrations of molecules pM = 
- log [M]eq. 
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Figure 11. Competition of adsorption of protonated molecules and protons on deprotonated 
surface sites. Curves were calculated from Eq. (24) using Kd -- 10 -1~ mol/1, K1 - 10 -5 mol/1, 

K2 - 10 -1~ mol/1, p M -  - l o g  [M]eq. 
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3.4. P r o t o n a t e d  s u r f a c e  s i t e s  a n d  d e p r o t o n a t e d  m o l e c u l e s  in s o l u t i o n  

When the complex is formed by a protonated form of surface sites and a deprotonated 

form of a molecule in solution (Fig.12), then equilibria and equations of the isotherm have 

the form: 

Zl  D_ 

[L] + [H] [LH] 
+ 

[M] 
Kd T+ 

[LHM] 

+[HI ~K2-~ [MH] 

(25) 

[LMH] - 
[L]o[M]eq 

K1 [H]~ 
K d ( I + ~ - ~ )  ( l + K 2 ]  +[M]e q 

(26) 
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Figure 12. pH-dependence of adsorption of deprotonated monobasic molecules on protonated 
surface sites. Curves were calculated from Eq. (26) using Kd -- 10 .5 mol/1, K1 = 10 -1~ mol/1, 
K2 = 10 .5 mol/1, numbers in the legend are equilibrium concentration of molecules pM - 

- l o g  [ M ] e q .  

3.5. M o n o b a s i c  s u r f a c e  s i te  a n d  p o l y b a s i c  m o l e c u l e s  ( p o l y e l e c t r o l y t e s )  

in s o l u t i o n  
Let us consider a case of the interaction of polybasic molecules (which are all amino 

acids and proteins [39,40]), with adsorption surface sites. As an example, let us consider 

the dissociation of a tribasic molecule (lysine, arginine): 

K1 _ E 2  _ E 3  _ 
[ M H 3 ]  ~ - [MH2]+[H] -- - [MHI+[H]  -~ - [M]+[H] 

+2 + 1 0 - 1 (27) 

where the numerals designate charges of corresponding molecules. Adsorption sites on a 

surface can be cation-exchangeable,  anion-exchangeable  or possess amphoteric  properties. 
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Figure 13. pH-dependence of adsorption of deprotonated dibasic molecules on protonated surface 
sites (anion exchanger). Curves were calculated from Eq. (30) using Kd = 10 -5 mol/1, K = 10 -9 
mol/1, K1 = 10 -5 mol/1, K2 = 10 -6 mol/1, numbers in the legend are equilibrium concentrations 
of molecules pM = - log[M]eq. 

Let us consider the case, when the adsorbate interacts with protonated or deprotonated 

surface sites. It follows from this that molecules can be bound when they have a charge 

at least +1 o r -1 .  Evidently, this molecular state is described by two successive ionization 

constants which determine a transition between these molecular states. 

It is seen from equilibrium (27) that  only K2 and K3 determine a relationship between 

molecules with charges +1, 0 , -1 .  It can be assumed for any protein that: 

[MH2] K 1  ~ [MH] + [H] ~_K2~ [M] + [HI 

+1 0 - 1 (28) 

where K, and K2 are ionization constants of amino acid residues responsible for a change 

in the protein. Thus, a [MH2l-form will be bound on a cation exchanger, and a [M]-form 

on an anion exchanger. As Scopes has shown [39], adsorption of proteins despite their 

complex structure can be however described practically quantitatively by one "apparent" 

dissociation constant. If one takes into account that  adsorption sites dissociate also in the 

range of pH to be studied, then equilibria in a general form can be represented as follows: 

K 
[LH] ~ ~ [L] + [H] 

+ + 

[M] [MH2] 

Kd Tl Kd T$ 
[LHM] [LMH2] (29) 

For an anion exchanger the isotherm (Fig.13) has the form: 

[LMH] -- [L]o[M]~q 
[H] ~ \ 

) + [M]~n K d ( I + [ H - ~ )  ( I + ~ 2 ] + K I K 2  / 

(30) 
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Figure 14. Adsorption of protonated dibasic molecules on deprotonated surface sites (cation 
exchanger). Curves were calculated from Eq. (31) using Kd = 10 .5 mol/1, K = 10 .5 mol/1, 
K1 = 10 -s mol/1, K2 = 10 -9 mol/1; numbers in the legend are equilibrium concentrations of 
molecules pM = - log[M]eq. 

but for a cation exchanger (Fig.14) it is 

[LMH2] - [L]0[M]eq (31) 

Kd 1 +  1 + ~ +  [HI2 +[M]eq 

From equilibrium (28) it is seen that  K1 and K2 constants determine the value of 

the isoelectric point of amphoteric molecules. In a general form the isoelectric point is 

equal to: 

p I -  (pK1 -~- pK2) (32) 
2 

Thus, the equations of isotherms (30) and (31) can be used to determine the isoelectric 

points of proteins by the dependence of their sorption on pH. This approach is realized 

in Refs. [41,42]. However, it should be noted that this determination is only possible for 

a low affinity of protein molecules to surface sites. As Figs. 12 and 13 show, for a high 

affinity (a low Kd) a significant sorption is observed also at pH>pI  for cation exchangers 

and at pH<pI  for anion exchangers. 

3.6. D ibas i c  su r f ace  s i tes  a n d  d ibas ic  m o l e c u l e s  ( p o l y e l e c t r o l y t e s )  in s o l u t i o n  

Rather frequently the surface sites of modified silicas can also consist of two and 

more types of centres of diverse nature. For example, during modification of silica, with 

7-aminopropyl-  triethoxysilane the surface practically always contains both =SiOH and 

-CH2CH2CH2NH2 groups. In this case the surface shows amphoteric properties and just 

as for polyelectrolytes we can write: 

K1 _ K2 _ 
[LH2] - - [LH]+[H] ~ - [L]+[H] 

+1 0 - 1  (33) 
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For convenience with regard to the notation for dissociation constants of surface sites 
and adsorbed molecules, Eq.(28) can be rewritten in the following form: 

K3 K4 
[MH2] ~- : [MHI+[H] ~ ~ [M]+[H] 

+1 0 - 1 (28a) 

As is seen from Eqs. (33) and (28a), in this case the consideration of equilibria becomes 
complicated, because the surface may interact both with the [MH2]- and [M]- types of 

an adsorbate. Under the assumption that the interaction involves only oppositely charged 
surface sites and adsorbed particles, it is possible to write the following equilibria: 

[LH2] ~-K1 ~ [LH] + [H] ~K2 = [L] + [H] 
+ + 

[M] [MH2] 

T & Kd~ K~2 Tl 
[LH2M] [LMH2] (34) 

If the sorption is observed only for the [M]-type (Kin << Kd2), the isotherm equation 
takes the form 

[LH2M] - [L]o[M]eq (35) 

Kdl 1 + ~ + [H]2 1 + + KaK4 + [M]eq 

and when the adsorption involves only the [MH2]-type (Kdl >> Ka2), we get the following 
equation" 

[LMH2] - [L]o[M]eq (36) 

[n] [n] 2 1 + + + [M]e q 
Kd2 1 + ~-2 + K IK2 - ~  [H] 2 

Fig. 15 displays the pH dependence of the degree of covering of the ampholyte surface 
with positively charged dibasic molecules. For negatively charged molecules (Eq. (35)), 
we can observe a nearly similar dependence. The only distinction is in the fact that 
for molecules with positive charges [MH2] the ascending curve sections are governed by 
the surface properties and the descending ones are determined by adsorbed molecule 
properties, while for negatively charged molecules [M] the situation is quite the reverse. 
As it is seen from Figs.13-15 when on the surface there are at the same time both acid and 

base sites (ampholyte), the ascending and descending curve sections are more steep than 
in the presence of only acid or only base sites (quadratic dependence on the concentration 
of hydrogen ions) respectively. 

From the isotherms reported one can easily determine the distribution coefficient, i.e., 
the relation of concentrations of the sorbed and dissolved substance (equation (22)). In a 
general form, the distribution coefficient, may be represented as follows: 

D - [L]o (37) 
FKd + [M]eq 
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Figure 15. Adsorption of protonated dibasic molecules on deprotonated dibasic surface sites 
(ampholyte). Curves were calculated from EQ.(36) using Ka2 = 10 -5 mol/1, K1 = 10 -6 mol/1, 
K2 = 10 -6 mol/1, K3 = 10 -s mol/1, K4 = 10 -9 mol/1; numbers in the legend are equilibrium 
concentrations of molecules pM = - log[M]r 

where F = FsFM is the acidity function whose form is governed by the nature of the 

system studied, Fs is the acidity function of surface sites, FM is the acidity function of 

adsorbed molecules (see, for example, above mentioned isotherms (24), (26), (30), (31), 

(35), (36) or the expression obtained for the case of a competition of soluble molecules 
for an adsorption site or a competition of soluble ligands for an adsorbing molecule (Eqs. 
(18), (21)). 

4. R E L A T I O N  O F  T H E  S O R P T I O N  I S O T H E R M  T O  T H E  P A R A M E T E R S  

U S E D  I N  C H R O M A T O G R A P H Y  

A distribution coefficient is used widely in various areas involving two-phase systems 

[43,44] to describe behaviour of immobilized enzymes, electrode systems, different kinds of 
chromatographic separation and, in particular, makes it possible to correlate analytically 

parameters describing equilibria on a surface with parameters of column and thin-layer 

chromatography, whose success is determined mostly by extensive use of pristine and 
modified silicas as adsorbents and supports. 

The principal equation of liquid chromatography has the form [45,46]: 

VR = VM + DVs (38) 

where VR is the retention volume, VM is the dead volume of the column, and Vs is the 
volume of the stationary phase (the volume of the liquid, the area of the surface, or the 

mass of the adsorbent), and D is the thermodynamic distribution coefficient, equal to the 

ratio between the concentrations of substance in the stationary and mobile phases. 
In practice the capacity coefficient: 

k I - D ( Vs 
~M)  (39) 

k 

is used more frequently. 
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Figure 16. Dependence of distribution coefficient on pH. Curves were calculated from Eq. (33) 
using [L]o = 10 -4 mol/g, F from Eq. (24) with K1 = 10 -4 mol/1, K2 = 10 -1~ mol/1, numbers 
in legend are pKd = log Kd, [M]eq << FKd. 

By substituting (39)in (38) we obtain 

V R - V M (1 + k I) (40) 

Substituting Eq.(37)into Eq. (39) yields" 

k I -  ILl~ ( Vs ) (41) 
--  F K d  n t- [M]eq ~ M  

Substituting (41) into (40) gives the relation between the parameters of the modified 
silica (ILl0 and ~), the retention volume, and the equlibrium concentration [M]eq of ions 
in solution, which makes it possible to obtain stability constants from chromatographic 
data. The value of k I can also be determined by thin-layer chromatography [45]: 

1 
k I = 1 (42) 

Rf 

where Rf is the ratio between the rates of motion of the zone and of the solvent front. 
As seen from equation (41) the k' value can be varied by means of varying F that 

depends on pH and the nature of adsorption sites and adsorbate, and of varying Kd that 
is determined for a particular compound [M] only by properties of adsorption sites. Equ- 
ations (40) and (41) can be used to estimate k' and VR. Thus, in liquid chromatography 
it is necessary that values of k' should be between 1.5 and 4. In this case by varying the 
pH and consequently F, required values of the apparent constant Kapp = FKd can be 
obtained. In concentrating ions and for using grafted metal complexes in catalysis the re- 
tention volume, and consequently also k', should be very large. In affinity chromatography 
at first very large values of k' are necessary to separate interfering proteins at first stages, 
following which they must be lowered by adding competing compounds[38,39,47,48]. As 
in the case of metal complexes, this can often be achieved by changing the pH of the 
medium. 
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5. C O N C L U S I O N S  

Thus, the consideration of equilibria for the interaction of surface sorption sites with 
ions (or other species) in solution makes it possible to derive relations between many of 
the parameters used in various fields of application of pristine and modified silicas. Some 
of the results obtained are summerized in Table 1. 

Table 1 
Acidity function (pH-function) (See Eq. (37)) of various types of the sites (Fs) and of the 
adsorbed molecules (FM) 

Acidity function 

Equilibria Fs FM 

(.I"l) Deprotonated monobasic sites and ca- 1 +-~--- 
tions in solution 

Completely deprotonated dibasic sites 1 + + K1K2 
and cations in solution 

Single deprotonated dibasic sites and 
cations in solution 

Deprotonated surface sites and proto- 
nated molecules in solution 

Protonated surface sites and deproto- 
nated molecules in solution 

Monobasic surface sites (anion exchan- 
ger) and dibasic molecules (polyelectro- 
lytes) in solution 

Monobasic surface sites (cation exchan- 
ger) and dibasic molecules (polyelectro- 
lyres) in solution 

Dibasic surface sites and dibasic mole- 
cules (polyelectrolytes) in solution (ne- 
gatively charged molecules) 

Dibasic surface site and dibasic mole- 
cules (polyelectrolytes) in solution (po- 
sitively charged molecules) 

[K• K2 
1 + + [H] 

1 t [n] 1 + K2 
Zl [H] 

K1 [H] 
1 +  1 +  

[HI 

K 1 + [HI [H] 2 
1 + [H---)- ~ + K1K----~ 

K1 K1K2 1 + [H] 1 + + 
K 

K1 K1K2 ~4] 1 + ~ + [H]----- V- 1 + + [HI2 
K3K4 

Ka KaK4 [H]2 1 + + 
1 + + KIK2 [-~ [H] 2 

It should be emphasized that although the isotherms presented apply only to the simple 
case of a single kind of sites on the surface, they reflect correctly behaviour of grafted 
ligands (surface chemical compounds). 
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C h a p t e r  3.4 

A d s o r p t i o n  f r o m  d i l u t e  s o l u t i o n s -  s o m e  nove l  a s p e c t s  

P. Nikitas 

Laboratory of Physical Chemistry, Department of Chemistry, 

Aristotle University of Thessaloniki, 54006 Thessaloniki, Greece 

1. I N T R O D U  C T I O N  

The conventional approach which is followed in the theoretical description of adsorption 

from solution is based on the solvent-replacement reaction [1-5]: 

A~ + h i s  s ~ A~ + h i s  b (1) 

which describes the adsorption of the i-th solute (Ai) from the bulk (b) of a non electrolyte 
solution at the surface phase (s) via the replacement of ni solvent molecules (S). The 

adsorption isotherms arise directly from this equation by applying the mass action law 
and they are usually expressed in terms of mole fractions and the corresponding activity 

coefficients of the constituents in the bulk solution and at the adsorbed layer. Problems 

appear in the calculation of the activity coefficients, which is strictly achieved on the basis 
of molecular theories, like the regular solution theory. A number of models based on this 

approach are presented and discussed in [5]. 
Recent studies [6-14] on adsorption from electrolyte solutions on energetically homoge- 

neous electrode surfaces, like the surface of the Hg electrode, show that at least for aqueous 
solutions the above approach should be re-examined in two respects: first in what concerns 

the adsorption mechanism (1) and second the treatment of the intermolecular interactions 

at the surface solution. The adsorption mechanism (1) should be re-examined since, using 
a thermodynamic method proposed for the determination of the size ratio parameter ni ,  

the value ni = 1 + 0.2 has been found for a variety of experimental systems, despite the 

fact that the adsorbate molecules can have dimensions considerably different from those 
of the solvent molecules [6-11]. In what concerns the intermolecular interactions, in the 

presence of polar molecules a significant contribution arises from the electric field across 

the surface solution, which is created by their dipoles [7,12-14]. Similarly, an electric field 

is established when ions, either from an electrolyte in the bulk solution or from impuri- 
ties, penetrate the surface solution. In both cases this field is expected to have a dominant 

effect on the surface activities. 
In this chapter the above phenomena are examined in detail. As a result new adsorp- 

tion isotherms are developed, which can take into account changes in the surface layer 
dielectric constant, thickness and orientation of the adsorbed species during the adsorp- 

tion process. The effect of ions adsorption is also examined. Finally, their extension to 
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include heterogeneity effects, which are frequently encountered during the adsorption on 

solid surfaces, is considered. 

2. THE SIZE RATIO P A R A M E T E R  

2.1. Definit ion of the size ratio parameter  
In adsorption studies the size ratio parameter,  n, is defined as the number of solvent 

molecules replaced from the adsorbed layer by one molecule of the adsorbate. This is a 

definition at a molecular level. An alternative definition of n as a purely thermodynamic 

quantity is given by the ratio 

AA/As (2) 

where and As are the partial surface areas of the adsorbate (A) and solvent (S) 

respectively at the adsorbed layer. The relationship between the molecular and the ther- 

modynamic size ratio parameter can be established only if we assume a certain model for 

the adsorbed layer. This is a t tempted below. 

2.2. A thermodynamic  determinat ion of n 
Recently we have proposed a thermodynamic method, which allows the experimental 

evaluation of n [6-8]. The prerequisites needed for the application of the method are the 

following: the adsorbed layer should be composed of solvent and constant orientated ad- 

sorbate molecules and its thickness should be equal to one molecular diameter of adsorbate 

molecules. These conditions can be safely detected experimentally and if they are fulfilled, 

n may be obtained from surface pressure data by means of the following equation [8]: 

n - lira 0(1 - B) (3) 
0 1 B(1/x~ 0) b b XA/X S 

where 

B - exp {ln a b - I IAs/RT + A} (4) 

and 

A - - l i m  {ln abA-IIAA/RT} (5) 
0 ~ 1  

In these equations O is the adsorbate surface coverage calculated from surface pressure 

data by means of the Gibbs adsorption equation, x b, Xs b are the mole fractions of the 

adsorbate and solvent respectively in the bulk solution, a~ is the activity of the adsorbate 

in the bulk solution, II(= 7 o -  7) is the experimental surface pressure of the adsorbed 

film, 3' is the surface tension of the test solution, 3 ̀o is the value of 3, of the pure solvent, 

R is the gas constant and T is the temperature.  
It is seen that n is derived by means of two extrapolations. Due to these extrapolations 

the method is extremely sensitive to experimental errors and for this reason it is applicable 

only to air / solution and liquid / liquid interfaces. Up to now the method has been applied 

to the air / aqueous, Hg / aqueous, and Hg / methanolic solution interfaces. In all cases 
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the value n - 1 + 0.2 was found, despite the considerable differences in the size of the 

adsorbates used [6,7,10]. 

2.3. M o l e c u l a r  s igni f icance  of n 

The molecular significance of n and particularly of the value n = 1 -t-0.2 can be 

emerged only if we analyse it in terms of molecular models of the adsorbed layer. Thus, 

let us suppose that at an adsorbed layer with thickness of one diameter of the adsorbate 

molecules the solvent molecules do not associate on the adsorbing surface and form m 

layers on it. In this case, the area of the adsorbed layer A can be expressed as: 

A = NASA -t- Ns(Ss/m) (6) 

where SA, aS are the projected areas of the adsorbate and solvent molecules on the ad- 

sorbing surface and N A, Ns are the number of molecules of the adsorbate and solvent at 

the surface solution. However, from Euler's theorem we have [15]" 

A -  NAAA -t- NsAs (7) 

and therefore 

n = AA/As - mSA/Ss (S) 

where m_>l. Now if we take into account that  in aqueous solutions Ss ~ 0.1 nm 2 and 

Sn > 0.24 nm 2, then the value n ~ 1 clearly indicates that  the solvent cannot exist in the 

form of monomers. 

The value n ,~ 1 can be explained if we assume that clusters of solvent molecules 

with dimensions similar to the adsorbate molecules pre-exist on the electrode surface. 

In this case AA ~ As and therefore n ~ 1. However, it is rather improbable that  the 

water molecules adjust themselves into displaceable clusters equivalent to the area of the 

adsorbate for various sizes of the latter [16]. 

A more reasonable explanation of the value n ~ 1 is given in [11]. Suppose that the 

solvent molecules associate at the surface solution to form clusters Sc with dimensions 

quite greater than those of the adsorbate molecules. Such clusters are not expected to 

behave like compact organic molecules and therefore they can break upon the adsorption 

of the adsorbate. 

In particular, according to this adsorption mechanism, each adsorbate molecule A cuts 

from Sc a smaller cluster SA of solvent molecules with equivalent to A dimensions and 

displaces it towards the bulk solution, where it is disintegrated into g monomeric solvent 

molecules. Thus, irrespective of the size of the original solvent clusters Sc the adsorbate 

molecules do not "see" either these clusters or the monomeric solvent molecules but only 

the clusters SA, which have always dimensions equal to those of the adsorbate molecules. 

In this respect the adsorbed layer behaves as if it were composed of adsorbate A molecules 

and solvent clusters SA with equal dimensions. For this reason, this adsorption mechanism 

is compatible with a value of n close to unity. Moreover, if it is analysed within the frames 

of classical thermodynamics, we obtain that  the adsorption equilibrium may be described 

by the following equation [11]" 

_ ~ 0 ,b  0 b  ( 9 )  
# n  -- #SA -- #,~ -- g # ~  -- # n  -- g#s '  + k T  in { a ,~ /  (a~)  g}  
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where gA denotes in general the adsorbate chemical (for neutral adsorbates) or electro- 

chemical (for ionic species) potential at the surface solution, la~A is the surface chemical 

potential of the clusters SA and lai u is the chemical potential of the i-th species in the bulk 

solution. If the adsorbate is a neutral compound, its surface chemical potential may be 

symbolised by lA~. instead of gA- 
Equation (9) shows that, at least formally and despite the fact that the solvent clusters 

Sa pre-exist only potentially and appear just at the moment of the adsorption process, the 

equilibrium properties of this process can be described in terms of the chemical potentials 
of the clusters SA. 

At multicomponent surface solutions the existence of large solvent clusters Sc affects 
the mathematical formulation of the equilibrium equations as follows. Suppose that the 

adsorbed layer is composed of polar solvent molecules, which form clusters Sc bigger than 

the adsorbate molecules, and N monomeric adsorbate species, A1, As, ... , AN, which may 
be N distinct states of the same adsorbate or N different adsorbate molecules. According 
to the arguments presented in [17] and above, the adsorption process may be described 

by the following system of equilibrium equations: 

-- s O,b {ab ( b)gi} 
l a A i -  l a S i -  l a b i -  gilt b - -  l a ~ , b  _ gilaS + kT In a~ / a (i = 1 ,2 , . . . ,  N) (10) 

which show that the adsorbed layer behaves as a surface solution composed of 2N species: 

N adsorbate species A1, As, . . . ,  AN and N kinds of solvent clusters $1, Ss, . . . ,  SN, 
with dimensions equal to those of A1, As, . . . ,  AN, respectively. Note again that these 
solvent clusters exist only potentially at the adsorbed layer and appear just at the moment 

when a bulk adsorbate molecule assails an original cluster Sc. It is evident that if the 

adsorbate species Ai have different dimensions, then the clusters Si will also have different 

dimensions. 
We should point out that in [17] the chemical potentials la~: in Eq. (10) have been 

substituted by rilaslS, where r i  - -  g i / g l ,  since [17]" 

However, this substitution must be avoided, because Eq. (11) in fact presumes the equ- 

ilibrium among the solvent clusters $1, Ss, . . . ,  SN. But such an equilibrium cannot 
be established, since these solvent clusters are not independent species and exist only 

potentially at the adsorbed layer. 
If the solvent does not associate on the adsorbing surface, or its association does not 

affect the adsorption mechanism which takes place via the displacement of single solvent 

molecules, then the equilibrium is described from the well known system of equations: 

-- _ s - - n  b O,b O,b {ab ( b)ni} 
lAAi ni#s - -  lAbA i alas - -  l aAi  - -  nilas -+- kT In Ai / a ( i -  1, 2, . . . ,  N) (12) 

where ni -= gi. 
To sum up the application of the thermodynamic method for the determination of n 

has given rather strong indications about the formation of large water clusters, which 

in aqueous solutions favour an adsorption mechanism like that described by Eqs. (9) 

and (10). There are also indications that the same behaviour is likely when adsorption 
takes place from non aqueous but polar solvents, like methanol. In contrast, the surface 
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behaviour of non polar solvents remains obscure. Thus, a lot of work on this topic is still 
to be carried out. 

3. S U R F A C E  C H E M I C A L  P O T E N T I A L S  F O R  S P E C I E S  A D S O R B E D  O N  

H O M O G E N E O U S  S U R F A C E S  

3.1. I n t r o d u c t i o n  

The equilibrium properties of an adsorbed layer can be examined based on the chemical 

or electrochemical potentials of the constituents of this layer and the equilibrium equations 

derived in the section above. This is the simplest approach, although problems might 

appear in the description of the adsorbed layer properties during a surface phase transition 
[18]. Alternatively, the chemical potentials may be used for the determination of the grand 

ensemble partition function of the adsorbed layer, which in turn is used for the derivation 
of the equilibrium equations. This approach is mathematically more complex, but it leads 

to a better description of an adsorbed layer when it undergoes a phase transformation 

[18]. The present analysis for simplicity is restricted to the first approach. 

The chemical potential of an adsorbed species is affected by differences in size of the 

constituents of the adsorbed layer, the interactions of the adsorbed particles with the two 
bulk phases, and the particle-particle interactions within the adsorbed layer. The diffe- 
rences in size of the adsorbed particles may be taken into account by means of lattice 

statistics [13,19-22]. The interactions of an adsorbed particle with the two adjacent bulk 

phases are, to a good approximation, independent of the surface composition, provided 
that the adsorbing surface is energetically homogeneous. Therefore, in this case they can 
be taken into account by adding a constant to the chemical potentials. In contrast, when 
the adsorbing surface is energetically heterogeneous, a more precise treatment, which de- 

pends on the topography of the surface, is needed [4,5]. Finally, in what concerns the 

particle-particle interactions, the short-range London type interactions may be taken 

into account by means of lattice statistics. Such studies are already known in literature 

[4,19,23-29]. These interactions are expected to have a predominant contribution to the 

chemical potentials in case of adsorbed layers composed of non polar molecules. In con- 
trast, in adsorbed layers composed of polar solvent or/and adsorbate molecules the main 
contribution to the chemical potentials should arise from the long-range dipole-dipole 
Coulombic forces. 

Within the frames of the regular solution approach adopted in [4,19,23-29] the dipole- 

dipole interactions are treated similarly with the short-range ones and for this reason in 
many cases no distinction between these interactions is made. The dipole-dipole interac- 

tions arise from the electric field which is established due to the dipoles of the adsorbed 
particles. This feature is taken into account here to develop an alternative approach to 

treat these interactions. The treatment concerns adsorbed layers on energetically ho- 

mogeneous surfaces. This is a necessary step in formulating an adsorption theory for 
heterogeneous surfaces, which is presented in section 5. 
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3.2. A n a l y t i c a l  e x p r e s s i o n s  for  c h e m i c a l  / e l e c t r o c h e m i c a l  p o t e n t i a l s  

of  a d s o r b e d  spec ies  

Consider an adsorbed layer with area A and thickness 1 composed of N species, which 

may be the solvent molecules, molecules of neutral organic adsorbates and ions of various 

types, which are denoted by 1, 2, ..., NI. The ions may have differences in size. For this 

reason we further assume that  the locus of the centres of ions 1, 2, ..., ml determines the 

plane 1 of Fig. 1, the locus of the centres of ions ml + 1, ml + 2, . . . ,  m2 determines 

the plane 2, etc. Thus, a general subdivision of the adsorbed layer into m sublayers with 

thickness ll, 12, . . . ,  lm is adopted. 

If one or more species have polar molecules, then due to their dipole moment vectors 

an electric field may be established in the adsorbed layer. In particular, the normal to 

the adsorbing surface components of the dipoles leads to the development of a potential 

drop across the adsorbed layer. We denote the total potential difference across the entire 

adsorbed layer by A~ = ~ a _  ~pm, where ~a, ~pm are the inner potentials at the adsorbing 

surface and at the plane m, respectively. Similarly, the in-plane components of the dipoles 

may establish a potential drop, A~p, along an arbitrary axis y parallel to the adsorbing 

surface (Fig. 2). The in-plane field appears only when configurations of rows of dipoles 

parallel to the adsorbing surface are formed. In contrast, if the dipole in-plane components 

are randomly oriented throughout the surface, then A~p = 0. 

(1) (2) (m-l) (m) 

l 1 
1 2 

1 
i n  

a 1 2 m-1 m 

Figure 1. A schematic division of an 
adsorbed layer into m sublayers in the 
presence of ions with different radii. 

Y 
I, 

A 

p 

Figure 2. A schematic model of an adsorbed 
layer with thickness 1 and area A. 

In order to examine the effect of the electric field of the dipoles to the chemical / 

electrochemical potentials, we define the new thermodynamic function 

(I) - U - TS + pV - QnA~ - QpA~ (13) 

where U, S, V are the internal energy, entropy and volume of the adsorbed layer, respec- 

tively, p is the pressure, T is the temperature,  Qn is the induced charge on the surface 

of the adsorbed layer which is adjacent to the adsorbing surface and Qp is the induced 

charge due to the potential drop A~p at the lateral area Ap of the adsorbed layer depicted 

in Fig.2. 
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The total differential of the internal energy is given by [15,30,31]" 

N 

dU - TdS - pdV + ,),dA + dU el q- E #idNi (14) 
i=1 

where the infinitesimal work due to the electric field dU el may be expressed as [31]" 

I n  

dUel= f 9~drydA + f ~dsdV - E ~kdQ k (15) 
A V k=l 

Here, cr denotes the charge density and ~ the inner potential. Note that the adsorbed ions 

are located at the planes 1, 2, ..., m- l ,  whereas plane m determines the thickness of the 
adsorbed layer. The charge of these ions is counterbalanced by the charge of the "diffuse" 
layer, which extends from plane m up to the homogeneous electrolyte solution. Hence, 

from the electroneutrality condition of the whole interface we have: 

Q~ _ _Q~ _ Q2 - . . . -  Qm-~ (16) 

and therefore 

I n  i n  

dUel  =- E Zie09 ~idNi - E z i e ~  (17) 
k=l k=l  

where zi is the charge number of the i-th ions, e ~ is the proton charge and ~i is the inner 

potential of the plane where the centre of an i-th ion is located. That is, ~i can take 
the values ~1, ~2, . . . ,  ~m-1. If this expression of dU el is introduced into Eq. (14) and 

take into account: a) Euler's theorem expressed by Eq. (7) and b) the definition of the 

electrochemical potential of ions from 

~ ' i -  #i "-I- z ie0~  i (18) 

then we obtain for the total differential of �9 the following expression: 

dO - - S d T  + Vdp - QndA~ - A~dQn - QpdA~ - A~bdQp + 
N 

+ Z ( ~  -z ie~ + 7 A') dNi 
i=1 

(19) 

We should point out that the sum in this equation includes charged ions as well as un- 
charged species. In the later case zi = 0 and the electrochemical potentials gi become 

chemical potentials #~. 
The induced charge Qn may be expressed in terms of A~ and Ni as follows. If P is 

the total polarization of the adsorbed layer due to the normal to the adsorbing surface 
components of the dipoles, then under the assumption that the induced polarization is 

proportional to the field A~/1 we have [14,32]: 

N N 

P - VQn/A - Q n l -  P ,  - P,~ = ~ P m N i -  E C~inNiAq~ (20) 
i=l i=l 
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Here, P,  is the dipole polarization, due to orientation of the permanent dipoles normal to 
the adsorbing surface, P~ is the induced polarization, caused by translation effects, Pm is 
the average value of the permanent dipole vector normal to the adsorbing surface of the 
i-th species and ain is its polarizability. From the electrostatic theory of dielectrics, as 
well as from simple molecular models, we know that Pin is constant and independent of 
the electric field when the adsorbed species retain a certain orientation on the adsorbing 
surface. When an adsorbed species reorientates, then we can examine this process by 
assuming the existence of q distinct polarization states of the adsorbed species on the 
adsorbing surface. These distinct states of an adsorbed molecule can be treated as q 
different adsorbed species, with different values of Pin. Therefore, a reorientation process 
on the adsorbing surface may be treated by increasing the number of the adsorbed species. 
Equation (20) yields: 

N 

Qn - E (Pin/1- ainA~/12) Ni (21) 
i=l 

An alternative expression of Qn may be derived if we assume that the electric field across 
the monolayer is homogeneous only across the subregions defined above. Then from the 

Gauss theorem of electrostatics we obtain: 

s (~ ,~a  ~1) i / l l  - Qn (22) 

CO ( ~ 1  ~92) A/12 - Qn + Q1 

CO ((,t9 m - I  --  (tO TM) A/lm - Qn + QI + . . .  + Qm-I 

where e0 is the permitivity of a vacuum and QI 

(23) 

(24) 

, Q2, . . . ,  Qm-1 are the charges due to the 

adsorbed ions at the planes 1, 2, ..., m-1. The sum of these equations yields the following 

expression for the induced charge Qn" 

N 
Q, - c0AA~/1-  ~ zie~ pi)/1 (25) 

i=1 

where pi is the radius of the i-th ions. We note again that the sum of Eq. (25) includes 

and uncharged species with zi - 0. 
Similar calculations yield the expressions" 

N 
Qp = E (Pip / lp-  aipAV/l~p)Ni (26) 

i=l 

and 

Qp = c0ApAV/lp (27) 

The physical meaning of Ap, lp is given in Fig. 2, where for simplicity an adsorbed layer 
with the shape of a rectangular parallelepiped is shown. 



737 

Equations (21), (25)-  (27), in combination with Eq. (19), yield: 

{ N } 
d(I) = -SdT + V d p -  e0A~Ap/lp - ~ aipNiA~/12p d A ~ -  

i=l { N N } 
- coA~A/1 - Y~ zie~ 1 - P i ) / l  - E C~inNiA99/12 dA~+ 

i=l i=1 
N 

-~ E {~'i -- z ie~ m -}- 7 A i -  P in /k~/1  + CtinA~2/12 - PipA~)/ lp  n t- CtipA@2/12} dNi (28) 
i=1 

At this point it is worth noting the following. The adsorbed layer is not an autonomous 
phase [15] and therefore the validity of Eq. (28) may be questioned. However, we have 
shown in [33,34] that the interactions of the adsorbed layer with the two phases which 
form it, i.e. the adsorbent and the solution, do not affect the form of this equation, since 
they may be included in the entropy S of the adsorbed layer. 
Equation (28) by cross-differentiation gives: 

( O (-~i - zie~ -[- "TAi - PinAc2/l + ainAc22/12 - Pip/k~/lp + aipA~2/12P) ) T, p, Af;, N i 
0A~ 

_ _ ;0  (~0A~x/1-  Z z~~ ~i / /1-  Z ~ n N i ~ / ~ / ~  
/ 0Hi T, p, A~?, A~, Nkei ) 

-- -coA99Ai/1- zie~ fli)/l + C~inA99/12 (29) 

which, after integration along a path of constant temperature, pressure, potential diffe- 
rence A~ and composition, results in: 

# i -  zie~ m -4- "7Ai- Pin/k~/1-4- ain/kC?2/12 - Pip/k~b/lp -t- aip/k~b2/12p -- 

#~(T, p, Ar - coAq;2Ai/21- zie~ - pi)A~/1 - ainAg92/212 (30) 

The term #~'(T, p,A~,N1, N2,...) can be expressed as a function of A~ if Eq. (30)is 
differentiated with respect to A~ assuming constant T, p,A~, Ni values and make use of 
the cross-differential result: 

0 (#-i -- zie~ A-3'Ai- Pin/k99/1 + ai, A~2/12- PipA~/lp + aipA~2/l~))T, p,/k~p, Ni 

_ (0  (coACAp/lp - }-~ aipNi/kr ) 

0Hi T, p, A~, A~, Nk#i 

= -CoZX~Ail/12p + aipA~/12p 

Then after integration we obtain: 

~7(T, p, ZXV, N~, N~,...) - #~(T,p, N1, N 2 , . . . ) -  r + aipA~b2/21~ 

(31) 

(32) 
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which in combination with Eq. (30) results in: 

#~ - #l(T, p, N,, N 2 , . . . ) +  zie~ m + zie~ - p i ) /1 -  "/Ai + PmA~/1 + PipA~b/lp- 

eOein(A~o/1)2Ail/2 - e0eip(A~b/lp)2Ail/2 (33) 

Here, the quantities ein and eip a r e  defined from: 

s = 1 + cn~eoAil s  1 + C~ip/eoAil (34) 

and, according to the usual Laplace-Debye equation [35], they express "distortional" 
dielectric constants of the monolayer when it consists exclusively of the i-th species. 

It is seen that in order to compute an explicit dependence of the chemical potential ~i 
on the surface composition, the dependence of A~ and Ar  upon the composition of the 

adsorbed layer is needed. This interconnection arises directly from Eqs. (21), (25) - (27), 
which yield: 

N 

 v/1- E {Pin + zie~ fli)} 0i/e0e.lAi (35) 
i=l 

N 

A~b/ lp  --  E Pip0i /Co~plAi  (36)  
i=l 

In these equations 0i is the surface coverage of the i-th species defined from: 

0i = Niai /A (37) 

and c~, Cp are "distortional" dielectric constants of the adsorbed layer, since they are 
given by: 

N N 

s = E s a n d  Cp "- E Cip0i (38) 
i=l i=l 

Equation (aa) expresses the electrochemical potential of every neutral or ionic species 
adsorbed at an uncharged interface. It can be simplified considerably when the adsorbed 
layer consists of only two components, neutral solvent (S) molecules and adsorbate (A) 
neutral or ionic species. Then Eq. (aa) yields: 

{gA -- ga( 0 -- 1)}/kT - {#~, - #;,(0 - 1)}/kT - (7 - 7 ~ AA/kT 

nLZAe0 [~m _ ~ m ( 0  __ 1)]/kT + nBn(1 - 0)2/eAne 2 + nBp(1 - 0)2/eApe~, (39) 

{ ~  - ~ ( 0  = 0 ) } / k T  = {#;  - ~ ; (0  = 0 ) } / k T  - ( 7  - 7 ~  
2 2 2 +B,0 /s163 "~- Bp02/s  (40)  

In these equations 70 and 70. are the values of the surface tension 7 in the limits aba + 0 

and aba -+ 1, respectively, 0 is the surface coverage of the adsorbate and the constants Bn, 
Bp are given by: 

Bn - - ( e A ,  Psn - esnPa~As/Aa) 2/2AseolkT (41) 
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Bp - - (eApPsp -- espPAp) 2/2Ase01kT (42) 

If there is no anisotropy of the polarizability, then e - s  - s  and Eqs. (39), (40) are 
further simplified to: 

{gA -- gA( 0 = 1)}/kT - {#~, - #~(0 - 1)}/kT - (3' - ,~0") AA/kT+ 

+ZA e~ [(to m - -  ( p m ( 0  - -  1)]/kT + nB(1 - 0 ) 2 / e A  C2 (43) 

{#~ - #~(0 - 0)} /kT - {#~ - #~(0 - 0)} /kT - (7 - 7 ~ As/kT + B02/ese 2 (44) 

where B - Bn + Bp. 

In Appendix we show that the expression of chemical potentials given by Eq. (33) takes 
into account the long-range lateral interactions among the adsorbed particles due to the 

normal to the adsorbing surface components of their dipoles. Similarly it can be shown 
that the in- plane interactions of their dipoles contributes also to the expression of Eq. 
(33). In what concerns the short-range interactions and / or the repulsive long-range 
Coulombic interactions among adsorbed ions, they are implicitly included in the term 
#~(T, p, N1, N2,. . .) .  Indeed this term is the chemical potential in the absence of the fields 
Aqp, A~b and changes in the area A. That is, #*(T, p, N1,N2,. . .)  expresses the chemical 
potential of the i-th species when the adsorbed layer behaves like a bulk solution. Thus, 
we may write in general: 

~7(T, p, N1, N2,. . .)  = p[s(0i = 1) + kT In a~ = 

# [x(0 i -  1 )+  kT in fXxi-  #~~ i - 1 )+  kT in fi~ (45) 

where #~(0i = 1) is the value of #I(T, p, N1, N2,. . .)  in its standard state, a~ is the activity 
of i, xi is its surface mole fraction, fx is the corresponding activity coefficient, 0i is the 

surface coverage of the i-th species and fi ~ is the corresponding to 0i activity coefficient. 
Analytical expressions of these coefficients are discussed below. 

Finally, we should make the following clarification in what concerns the surface chemical 
potential of the solvent clusters appearing in Eq. (10). The various solvent clusters do not 
have different surface coverages, since the following relationship is valid: 

NslAsa/A = Ns2As2/A . . . . .  Ns~As~/a = 0s (46) 

Therefore, the surface chemical potential of the i-th solvent cluster may be expressed as 

# ~ i  - #s~ + kTlnf~ 0s 7Asi + Psin/k~/l + PsipA@/lp - Si - -  

- C o C S i n ( A c 2 / 1 ) 2 A s i l / 2  - C0CSip(Ar (47) 

where, according to the arguments presented in the previous section, the partial area Asi 
is equal to that of the i-th adsorbate. 

3.3. Changes  in the  adso rbed  layer  th ickness  
When the adsorbate molecules have dimensions considerably different from those of 

the solvent molecules, then changes in the adsorbed layer thickness cannot be ruled out. 
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In order to take into account this feature, we suppose that in general 1 is a function of Ni. 
In this case Eq. (28) extends to: 

N 

d(I) - d(I)(1- c o n s t a n t ) -  A~ y~ (2ai~NiAq~/13 - PinNi/12) dl (48) 
i=l  

which eventually results in" 

g i -  •-i(1- constant) -(A~o/1) (zke ~ -- eoA~oAk/21) Nk ~ - 

( 0 1 ) / 2  (49) - e~  )2A 

where d~(1 - constant) and ~i(1 - constant) are given by Eqs. (28) and (33), respectively. 

4. A D S O R P T I O N  I S O T H E R M S  F O R  H O M O G E N E O U S  S U R F A C E S  

4.1. M u l t i c o m p o n e n t  a d s o r p t i o n  
Suppose an adsorbed layer composed of N+I  species, which may be molecules of diffe- 

rent charged or uncharged species or some of them different states of certain adsorbates 
or solvent molecules. If we denote by S one of the solvent states on the adsorbing surface 
and by i (= 1, 2, ..., N) the adsorbate species, then use of Eqs. (10), (33), (47) and (49) 
yields the following system of adsorption isotherms: 

In (0 i / 0 S ) n t- in (fi ~ / f0 . . . .  Si) In (iliad') z i e ~  zie~162 pi)/lkT 

- (b i  - bs)Ago/1 + (ci - cs)(Ago/l) 2 - (di - ds)Ar  + (el - es)(A~b/lp) 2 + 

+(A~/1)  Nk(Zke ~ -- eoA~Ak/21) {(01/0Ni) - (01 /0Nsi )} /kT+ 

+e0(A~/ lp)  2A{(01/0Ni) - ( 0 1 / 0 N s i ) } / 2 k T ,  (i = 1, 2, . . . , N )  (50) 

where 

0,b *s 
lnfli - {#o ,b-  gi#s - ~ - * +  # s i } / k T -  gilna~ (51) 

b i -  Pin/kT, ci = r (52) 

d i -  eip/kT, e i -  e0gipAil/2kT (53) 

Note that Eq. (50) holds for both neutral and ionic adsorbates provided that zi - 0 must 
be used for uncharged species, whereas for small ions bi = di - 0 is valid. 

The term with the activity coefficients in Eq. (50), In (fi~176 may be calculated from 
the corresponding expressions presented in [23-29]. Moreover, the application of this iso- 
therm necessarily requires a functional dependence of 1 upon Ni (i -- 1,2,...,N). The sim- 

plest expression which may be adopted is the linear one: 

N 

1 -  ~ liOi + lsOs (54) 
i=l  
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where li, ls is the thickness of the inner layer composed exclusively of species i and solvent 
molecules (S), respectively. 

4.2. L imi t ing  cases 

The generalised adsorption isotherms, Eqs. (50), can be used to generate simpler iso- 
therms applicable to real systems. Here, for simplicity we examine the following adsorption 
processes at monolayers of constant thickness: a) the single adsorption of a neutral or io- 
nic adsorbate which possess a constant orientation at the monolayer, (b) the reorientation 
from a flat position to a normal one of a neutral adsorbate, and c) the co-adsorption of 
two adsorbates. 

4.2.1.  A d s o r p t i o n  of a constant  or ienta ted  adsorbate  

The adsorption isotherm of a constant orientated adsorbate may be derived directly 

from Eq. (50) if we put i = A. However, a more compact expression of this isotherm is 
obtained if Eqs. (39), (40) are substituted in Eq. (12). Then it may be expressed as: 

0 { / 
In ~ ( 1  0) n + in [f0/(f0)n] _ In (/3abA) --zAe~ - --zy-nBn (1 - 0) 2 02 

C n CAn CSn 

:y (55) 
s s s 

where, according to the arguments presented in section 2, n is close to unity at polar and 
n = g at non polar solvents. The equilibrium constant/3 is here given by: 

s O,b 0 b l n / 3 -  { ( 3 ' 0 - - 3 ' 0 * ) A A - - g A ( 0 - - 1 ) + n # s ( 0 - - 0 ) + # A  --g#s'  } / k T - g l n a ~  (56) 

When the adsorbed molecules have isotropic polarizabilities, Eq. (55) is further sim- 
plified to: 

in (1 - 0) n + In [fo/(fs  0) _ In (/3a~) zAe~ nB (1 - 0) 2 - pO 2 (57) 
e~ [0 + (1 - O)/p] 2 

where 

p=cA/cs (5S) 

The activity coefficients are affected from differences in size, the short-range lateral in- 
teractions among the adsorbed particles and in the case of adsorbed ions from the repulsive 
Coulombic interactions among these ions. Analytical expressions for the activity coeffi- 

cients may be obtained either from statistical mechanical models or experiment. Thus, an 
approximate expression, arising from monolayer models under mean field approximation, 

is the following [12,13,21]: 

In [fo/(fo)n] _ ~n -- 1)In ~1 -- 0 + 0q/n)+ A~Sq~l(1 -- ~ ~ ~ ~ ~ 0 ) ~  - 0~q/n + ~-zq in nq I~9) 

where 

q = ( z n -  2n + 2)/z (60) 
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A as = z {wAs - (WAa + w s s ) / 2 } / k T  (61) 

Here, z is the co-ordination number of the lattice and Wkj is the interaction energy between 

the species k (=A,S) and j (=A,S). In Eq. (59) the first term of the r.h.s, expresses the 

contribution due to the difference in the sizes of the adsorbed molecules if in non polar 

solvents the solvent molecules do not associate to form clusters. 

A more general expression for the interaction term, when it is expressed as a function of 

mole fractions, can be obtained from the experimental properties of binary non electrolyte 

solutions. Such an expression arises when the excess free energy of the adsorbed layer 

expands to a power series and is discussed in [36,37]. 

The properties of the adsorption isotherm expressed by Eq. (57) depend upon the 

strength of both the dipole-dipole and the short-range particle--particle interactions. An 

ideal behaviour is predicted when the adsorbed particles are neutral organic molecules, 

the magnitude of the short-range interactions is such that A As = 0 and the dielectric 

properties of the adsorbed layer fulfil the condition B = 0. 

1 . 0  " ! "' I . . . . . .  

- | 0  1 

0.0 

ln(13aA b) 

Figure 3. Adsorption isotherms calculated from Eqs. (57) - (59) using n = 1, ZA : 0 ,  A AS = 0, 
p = 0.5 and values of B/(eA)3 indicated in the figure. 

Deviations from the ideal behaviour affect the adsorption process in various ways. 

Thus, from the known properties of Eq. (57) when B -- 0, ZA = 0 and n = 1, the following 

conclusions can be deduced [38,39]: the parameter  A As may take negative as well as 

positive values. In the first case, the attractive London type forces among dissimilar 

molecules predominate over those among similar species. For this reason, the adsorbate 

molecules tend to smear almost uniformly among the solvent molecules leading to rather 

flat adsorption isotherms. In the second case the attractive forces among similar molecules 

prevail over those among dissimilar molecules. This favours a tendency of the similar 
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molecules to form clusters at the adsorbed layer, which eventually may lead to a phase 

transition. For this reason the adsorption isotherms acquire progressively a sigmoid shape. 

In contrast to the interaction parameter  A As, the parameter B of the dipole-dipole 

interactions is always lower or equal to zero. This means that  the electric field established 

at the adsorbed layer from the dipoles of the adsorbed species does not favour the occur- 

rence of surface phase transitions. Indeed, Fig. 3 shows that  as B decreases the adsorption 

isotherms become progressively more flat. The inability of an adsorbed layer to undergo 

a phase transition when A As = 0 and  B r 0 can be also shown from the absence in this 

case of critical properties. Indeed, if we differentiate Eq. (57) with respect to 0 and take 

into account that  at the critical point 01n (/3a~)/00 = 0, we obtain 

1 - 0  + nO 2nB 

0(1 - 0) e a 
= 0  (62) 

~  . . . .  

ln(~aA b) 

Figure 4. Adsorption isotherms calculated from Eqs. (57) - (59) using n - 1, ZA -- 0, A As - 0, 
PAn -- 0, B/(eA) 3 -- --1 and values of p indicated in the figure. 

However, this equality can never hold, since n _> 1, B _< 0 and c > 0. Therefore, in 

contrast to the short-range interactions which may favour the formation of surface nuclei 

that  lead to phase transition, the electric field of the adsorbed dipoles favours the opposite 

process, i.e. the smearing of the adsorbed solute molecules among the solvent molecules. 

That  is, the electric field A~/1 in fact increases the adsorbate surface solubility. 

The magnitude of the dipole-dipole interactions depend upon the "distortional" die- 

lectric constants eA and as. Their effect to the adsorption isotherms is rather complicated 

depending on whether they affect the value of B or not. Fig. 4 shows adsorption isotherms 

calculated from Eq. (57) with a constant value of B/(eA) a but various values of the ratio 

p = eA/es. This condition can be achieved if we assume that  a) the in-plane field is 
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negligible due to a random distribution of the adsorbed dipoles and b) PAn = 0. It is 

seen that  the decrease of the solvent dielectric constant at the surface solution results in 

a small increase of adsorption at low surface coverages, which is followed by a decrease in 

adsorption at surface coverages higher than 0.4. 

The surface pressure of the adsorbed film can be calculated from the solvent chemical 

potential, which, due to its uniformity, leads to: 

s O,b #s-#~(0-0)-#s b-#s -kTlnaUs (63) 

This equation in combination with Eq. (44) yields: 

I IAs /kT - - [ # ;  - #; (0  - 0)1/kT + In a~ 
B pO 2 

e~ [0 + (1 - O)/p] 2 
(64) 

where for the first term of the r.h.s, of the above equation the following expression, valid 

at monolayer models under mean field approximation [12,13,19], may be used: 

. z 

[#~ - #s(0 - 0 ) ] /kT  - In(1 - 0) - ~ ln (1  - 0 + 0q/n) + A As 
02q2/n 2 

(1 - 0 + 0q/n) 2 
(65) 

Using the above equations we have a t tempted to reproduce the experimental data of 

two series of adsorbates: one series of neutral organic adsorbates and a series of small 

ionic adsorbates both adsorbed on the energetically homogeneous surface of Hg. In par- 

ticular, we have analysed the experimental data of t r i -n-octylphosphine oxide (TOPO),  

dodecyldiphenyl-phosphine oxide (DDPO) and bu t -2 -yne- l ,4 -d io l  (BD) adsorption on 

Hg, as an example of neutral organic adsorbates adsorption. Data were taken from [40-43]. 

The ionic adsorbates used were the inorganic ions C1-, Br-  and I- ,  the adsorption of which 

has been studied in [44-46]. Note that  all the above data  concern adsorption on a charged 

Hg electrode. For this reason we have chosen only those data which correspond to the 

potential of zero charge, where the Hg surface is uncharged. 

Comparison tests are shown in Figs. 5 and 6. In Fig. 5 the experimental surface pressure 

data of the adsorbed film of the neutral organic adsorbates are compared with calculated 

values from Eqs. (57 ) -  (59), (64), (65) using n = 1. In Fig. 6 the comparison is carried out 

between experimental and calculated values of the charge ~r of the specifically adsorbed 

anions. This charge is connected with the surface coverage via the following equation: 

o- = - 0 ( M / A ) e  ~ (66) 

where M/A is the number of adsorption sites per unit area. The surface coverage 0 is cal- 

culated from Eqs. (57) and (59). It is seen that  the theory describes almost quantitatively 

the adsorption features of both systems. 

In order to choose the molecular parameters used in the various calculations, we have 

worked as follows: recent studies [47,48] on the ratio p = eA/eS have shown that in the case 

of neutral organic compounds adsorbed at the solid / liquid or liquid / liquid interface its 

most probable value ranges from 0.3 to 0.5. In contrast, at the air / solution interface or 

in the case of small inorganic anions adsorption r may take values greater than 1. For this 

reason we have adopted the value p = 0.4 for all organic adsorbates used in the present 
publication. Then the two parameters,  A As and B/(eA) 3, were obtained by a least squares 

procedure. 
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lna~ 

Figure 5. Comparison between experimental  and calculated surface pressure da ta  for T O P O  (+ 
+ +) ,  DDPO (x x x) and BD (o o o) adsorpt ion at the Hg/solut ion interface. Data  were taken 
from Refs. [4O-43]. Curves were cakuiated from Eqs. (57) - (59) ,  (64) and (65) with n = 1, 

ZA = 0 and p = 0.4. Other parameters  used: (TOPO)  A As = 0, ln/3 = 7.3, B/(eA) 3 = -6.5, 
k T / A s  = 2.55mN-1m; (DDPO) A As = 0, In/3 = 6.0, B/(SA) 3 = -6 .5 ,  k T / A s  = 3 .27mN- lm;  

(BD) A AS = 1, in/3 = 2, B/(~A) 3 = -6 .0 ,  k T / A s  = 9.79mN -1 m. 

2 

c, m o l / d m  3 

Figure 6. Adsorption isotherms for I - ,  B r -  and C1- adsorpt ion on Hg from aqueous solutions. 
Points are experimental  da ta  taken from Refs.[44-46]. Curves have been calculated from Eqs. 

( 5 7 ) -  (59), (66) - (68) with n = 1, ZA = --1, p = 2.5, B/(~A) 3 = --0.01. Other  parameters  

used: ( I - )  ln/3 = -5 .1 ,  A As = - 1 2 ,  M / A  = 6-1018 sites m-2;  ( B r - )  ln/3 = -7 .1 ,  A As = -9 .5 ,  

M / A  = 7.5-1018 sites m-2;  (CI - )  In/3 = -6 .8 ,  A As = - 7 ,  M / A  = 8.8-1018sites m -2. 
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In what concerns the tests of the ionic isotherm, they can be carried out only if an 

analytic expression of q~m is available. That is, the present theory must be necessarily 

combined with a diffuse layer theory. Therefore, the validity of these isotherms depends 

to a certain degree on the validity of theory of the diffuse layer adopted for the calculation 

of ~m. For simplicity we used the Gouy-Chapman theory and the well known equation [49]: 

~m (in V) = 0.05141 In {K + v/K 2 + 1} (67) 

where 

K = 0(M/A)e~ 

7.67.10-4v/~dTc (68) 

Here, e d is the dielectric constant of the diffuse layer which is approximated to that of the 

bulk solution, and c is the bulk 1:1 electrolyte concentration in mol/1. 

Since in all calculations the value n = 1 was chosen, the number of lattice sites per unit 

area M/A was calculated from the crystal radii of ions, assuming an hexagonal lattice 

structure. The bulk activity of the ions a b was approximated by the mean activity of the 

salt calculated from the Debye-Huckel equation. Finally, an estimation of the magnitude 

of B/(eA) 3 shows that this parameter ranges from -3 to 0. Indeed if we assume that 
Ps = 6.10-3~ 1 = 5- 10-1~ M/A = 6 .10  is sites m -2 and eA = 2, then: 

B/c~ = -P~(M/A)/21eoeAkT ~ - 3  (69) 

This value tends to zero when Ps decreases and CA increases. In the present calculations 

we have chosen p = 2.5 and B/(CA) 3 = --0.01. The latter value arises from Eq. (69) if we 

use the molecular parameters adopted in [48]. However, we should point out that extensive 

tests using various values of p = eA/eS and B/(eA) 3 ranging from -3 to 0 have shown that 

in all cases of ionic adsorption a great negative value of A as is necessary to achieve a good 

representation of the experimental data. But in this case, i.e. when a great negative value 
of A As is used, the shape of the adsorption isotherm is exclusively determined from A As. 

That is, the dipole-dipole interactions have a negligible effect on the specific adsorption of 

ions and therefore the corresponding term in the isotherm may be ignored in approximate 
calculations. 

4.2.2. A d s o r p t i o n  of r e - o r i e n t a t e d  species 
Unsymmetrical solute molecules usually re-orientate on the adsorbing surface [38,50-58]. 

In addition, electrochemical studies on the properties of the inner part of the electrical 

double layer have shown that the solvent molecules are likely to re-orientate at the sur- 

face solution during an adsorption process [1,59,60]. Thus, the re-orientation of adsorbed 

species on the adsorbing surface is a feature which cannot be ignored, at least at certain 

cases. Here, for simplicity we restrict our study to the adsorption behaviour of a neutral 

solute, the molecules of which exhibit two distinct orientations at the adsorbed layer. 

If we denote the two adsorbate states by 1 and 2, then the adsorption isotherms are 

given by Eq. (50) with i = 1.2. Alternatively, we can take into account that the equilibrium 
in this system can be represented by: 

# 1  - -  /z~l --- # b  _ g l # b  (70) 
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#~ - /z~  - ( r -  1)#~1 = (gl - g2)# b ( 7 : )  

where the second equation represents the  surface equilibrium between the two states of 

the adsorbate A. Then the adsorption isotherms may be expressed as" 

in (01/0S) .71_ In o o (fl/f~) - In (fllSa~) - (be - bs)Aqp/l + ( q  - Cs)(A~/1) 2 -  

- ( d l  - -  ds)A~b/lp + (e~ - es)(Ag,/lp) 2 ( 7 2 )  

in (02/0~)+ In [cO/(cO) ~] = In (/~2sa b) - ( b 2 -  rbs)Acp/l+ 

- -  d )zXr + - (73) 

where r = A2/A1 and the fields A~/1, Ar  are given by Eqs. (35) and (36). 

These equilibrium equations were used to describe the adsorption properties of 

4-methylpyridine on Hg at the potential  of zero charge. For simplicity we have assu- 

med a negligible effect from the shor t - range  interactions and the in-plane field. Tha t  is, 

we have adopted the approximations:  

in (f0/fo) _ In (CO/(fs0) r) - - 0  and A~b - -0  ( 7 4 )  

O 

E 
=I. 

/ / '  

b" 

0 " ~  

0 .00 

b m o l / d m  3 
a A , 

Figure 7. Adsorption isotherms for 4-methylpyridine adsorption on Hg from aqueous solutions. 
Points are experimental data taken from Refs. [57,58]. Curve ( - - )  represents the total ( r )  
adsorption isotherm, curve ( -  - - )  represents the wriation of F1 ~nd curve ( - . - )  the varia- 
tion of F2. They have been calculated from Eqs. (72) - (75) using r = 1.4;1 = 5-10 -1~ m; 
bl - bs = 4.8 1V-l; b2 - rbs = -0.27 1v-l ;  cl - cs = -10 lZV-2; c2 - rcs - -13.5 12V-2; 
In , i s  = 3.9; ln132s - 4.4; cl = 2; Ps = - 3 - 1 0  -.30 C m; M/A = 3.33-1018 sites/m 2 and 
T = 298 K. 
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Fig. 7 shows experimental and calculated adsorption isotherms for 4-methylpyridine 

adsorption on Hg. Data were taken from [57,58]. The surface concentration of 4-methyl- 

pyridine was calculated from: 

F --- 1-'1 q- F2 = 01/A1 -1-02/A2 (75) 

with A1 = 1.8-10 ~ cm2mo1-1 and A2 = 2.53-109 cm2mo1-1 [57]. 

The molecular parameters used in the calculations are those obtained in [17] from the 

field dependence of the adsorption of 4-methylpyridine. It is seen that  the theoretically 

calculated data are in good agreement with the corresponding experimental data, indica- 

ting the validity of the model under consideration. In this case we can use the model to 

obtain a more detailed picture of the structure of the adsorbed layer. For example, whe- 

reas the experimental data give no information about the two states of 4-methylpyridine 

on Hg [57], this information can be taken from the predictions of the model. This is done 

in Fig. 7, where the dependence of the partial surface concentration of the two adsorbate 

states upon the bulk activity of 4-methylpyridine is depicted. 

4.2.3. Co-adsorpt ion  of two adsorbates  

The co-adsorption of two adsorbates exhibits striking similarities with the re-orientation 

process examined above, since in both cases more than two species are present at the ad- 

sorbed layer. If we denote by r the ratio r = AB/AA, then the adsorption isotherms arise 

directly from Eq. (50) and may be expressed as: 

In (0A/0S)+ In (fo/f0) _ In (3gsa~) -- zAe~ - zAe~ p A ) / l k T -  

--(bA -- bs)A~;/1 + (CA -- cs)(A~;/1) 2 - (dA -- ds)A~h/lp + (CA - -es ) (A~/ lp )  2 (76) 

In (0B/0S)-~-In (fl~/fs ~) --In (J~BsabA) --zBe~ -zBe~ pB)/lkW- 
- ( b ~  - r b s ) A V / 1  + (cB - r ~ ) ( / X V / 1 )  ~ - ( r i b  - r d s ) / X ~ / l ~  + (~B - r~s)(/XV;/l~) ~ (77) 

In case of neutral organic adsorbates (ZA = zB = 0) we can approximately assume that  

the short-range interactions have a negligible contribution and delete the two terms with 

the activity coefficients in Eqs. (76) and (77). This approximation is not valid when one or 

both adsorbates are ionic species. In this case the activity coefficients should be expressed 

in terms of the surface composition. As we have already pointed out, the expressions for the 

activity coefficients developed in [23-29] may be used for this purpose. These expressions 

can be simplified considerably when only one of the co-adsorbates, say adsorbate A, is 

an ionic species. Then if we again assume that the short-range London type interactions 

have a negligible contribution, the activity coefficients may be expressed as: 

- a (1- In - 0  

where Ai=--ZWAA/2kT. 

Fig. 8 shows typical adsorption isotherms of a neutral adsorbate in the presence of a se- 

cond one. The model predicts the expected decrease in adsorption due to the co-adsorption 

of the second adsorbate. However, a more interesting case, not predicted by previous 
theories, is that  depicted in Fig. 9. This figure shows the effect of specifically adsorbed 
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0 B 

1.0 

0 .5  

F igure  8. Adso rp t i on  i so the rms  of an a d s o r b a t e  B in the  presence  of a c o - a d s o r b a t e  A in the  
following reduced  concen t ra t ions :  ln/3aA = - 1 0 0 ,  - 1 ,  0, 1, 2 ( f rom top to b o t t o m ) .  T h e y  
have  been  ca lcu la ted  f rom Eqs. (76) - (78) using the  following p a r a m e t e r s :  r = 4; zA = zB = 0; 

1 = 6- 10-1~  b A - b s  = 3 1V- l ;  b B -  rbs  = 4 1 v - l ;  CA--CS = --3 12V-~; cB - - r c s  = --3 12V-2; 

EA = 3; Ps  = - 2 . 1 0 - 3 ~  M / A  = 4 .  1018si tesm-2;  A i = 0 and  T = 298 K. 

1.0 i i 

. . - - -  :-_-_--_i_ : - - - -  

U B . . ("-  " ~ - -  ~ . . . .  
I 

0.6 

0 .4  

0 .2  

F igure  9. Adso rp t i on  i so the rms  of a n e u t r a l  organic  a d s o r b a t e  B in the  presence  of specifi- 
cal ly adso rbed  inorganic  anions A of an 1:1 e lec t ro ly te  in the  following concen t ra t ions :  c (in 

mo l -dm -3 )  = 0 ( - - ) ;  0.1 ( -  - - ) ;  1 ( . - . ) ;  2 ( -  �9 - )  and  5 ( . . . . .  ). T h e y  have been  calcu- 

l a t ed  f rom Eqs. (76) - (78) using: r = 3; za  = --1; ZB = 0;1 = 6-  10 -1~ m; PA = 2.5-  10 -1~ m; 

SA = 25; eS = 9; ln/3 = --3.5; bB - rbs  = 4 1V-I ;  cB - rcs = - 3  12V-2; Ps  = - 2 -  10 -3~  
M / A  = 8 .33 .  l0  is sites m - 2 ;  Ai = - 9 . 5  and  T = 298 K. 
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anions on the adsorption of a neutral adsorbate. The molecular parameters were selected 
to approximate the adsorption of Br- anions on the uncharged Hg surface. We note 
an unexpected behaviour; the presence of specifically adsorbed anions may increase the 
adsorption of a neutral adsorbate. This happens in our example at concentrations of 
electrolyte lower than 2M and it is due to changes in the field A~/1 caused by the adsorbed 
anions. 

Indirect experimental evidence of this phenomenon can be found in [61], where it has 
been observed that the free energy of adsorption of ethylene glycol on Hg in the presence 
of specifically adsorbed CI-, Br- and I- ions is much higher than the expected value in 
the absence of these ions. 

5. A D S O R P T I O N  ON H E T E R O G E N E O U S  S U R F A C E S  

5.1. T y p e s  of surfaces 
The results presented above show that the adsorption characteristics on energetically 

homogeneous adsorbing surfaces are determined by three main factors. The short-range 
interactions expressed by the parameter A AS, the dipole-dipole interactions, the contri- 
bution of which in the simple case of single adsorption is determined by the parameters 

p -'- EA/E S and B/(eA) a, and the co-adsorption of other adsorbates. On solid surfaces an 
additional factor should be taken into account. It is the heterogeneity of the adsorbing 
surface. 

Previous studies [4,5,62] have shown that the heterogeneity of the adsorbing surface 
can be modelled by assuming two types of surfaces: surfaces with random and patchwise 
topography. In the first case the adsorption sites with different adsorption energy are 
randomly distributed over the adsorbing surface, whereas in the second case the adsorption 

sites with equal energy are present in groups or patches, where each patch is considered 
an autonomous phase. Surfaces with medial or regular distribution of the adsorption sites 
have been also considered in some adsorption studies [5,63,64]. 

5.2. A d s o r p t i o n  i so the rms  on r a n d o m  and pa tchwise  surfaces  
The work carried out in [5,62-66] allows the direct extension of the adsorption isotherms 

developed in the previous section to heterogeneous surfaces. Here, for simplicity, we restrict 
our study to extend only the adsorption isotherm (57) with n = 1 and ZA = 0 to random 

and patchwise surfaces. 
If we denote by 0i the partial surface coverage of the adsorbate A, i.e. the surface 

coverage on sites with adsorption energy Ui, then the partial adsorption isotherm valid 

for the adsorption on these sites may be written as: 

- B  ( 1 -  0) 2 -  pO 2 } (79) 
1 - 0i 0 ie-Ui /kT = ~abexp {--AAS(1- 20)}exp e) t [O + (1-- O)/p]2 

when the adsorbing surface have a random site distribution, and 

- B  (1 -Oi )2 -pO~  } ~ e - U i / k T  ~abAexp {--AAS(1 -- 29i)} exp C~, [9i + (1 9i)/pJ 2 1 - 0i 
(so) 
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for surfaces with patchwise topography. In both cases the total adsorption isotherm may 
be calculated from: 

oo 

0 -  y~ 0iMi/M ~, f 0ix(U)dU (81) 
i --oo 

where Mi is the number of adsorption sites with energy Ui and x(U) is the site energy di- 
stribution function. It is evident that the summation in Eq. (81) is replaced by integration 

only when 0i is a continuous function of the adsorption energy U (= Ui). 
The integral of Eq. (81) is usually calculated numerically. An analytical solution can 

be achieved on random surfaces when their heterogeneity is described by the uniform 
distribution [66]: 

0 U < U m - Uo,  U > U m --1- Uo (82)  

x(U) - 1/2Uo U m -  Uo  < U m  -Jc Uo  

Thus, if Eqs. (79) and (82) are substituted in Eq. (81), we obtain the adsorption isotherm 

2_~ 1 + Ke ~ (83) 
0 = in 1 - Ke -~ 

Here, K denotes the r.h.s, of Eq. (79) and A = U0/kT is an heterogeneity factor which 
increases with increasing heterogeneity of the adsorbing surface. Homogeneous surfaces 
correspond to A = 0. At patchwise surfaces Eq. (80) should be solved numerically with 
respect to 0i and the total adsorption isotherm is determined again numerically from Eqs. 
(81) and (82). 

0.8  

0 .6  

0.4 

0.2  

k=O 

- o 

~.=10 

b , m o l / d m  3 
a A 

Figure 10. Adsorption isotherms on random (--)  and patchwise ( -  - - )  heterogeneous surfaces 
calculated from Eq. (83) and Eqs.(80)- (82), respectively, using the following parameters: 
p = 0.4; A As - 1; in ~ - 6; B/(eA) 3 -- -6.5 and A values indicated in the figure. 
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Fig. 10 shows that the type of the heterogeneity of the adsorbent does not play an 

important role in the adsorption process. At both models of surfaces, i.e. at random and 

patchwise surfaces, at low surface coverages the curves of the isotherms for heterogeneous 

adsorption lie above the corresponding isotherm for homogeneous adsorption, while the 
inverse holds at high 0 values. This is a typical behaviour and it is attributed to the fact 

that at low coverages the adsorbate molecules are adsorbed preferentially on the most 

active sites, whereas the less active sites come into play at high coverages where all the 

active sites have been occupied [65]. The difference in the adsorption isotherms on random 
and patchwise surfaces are in general quite small and therefore as a first approximation 

Eq. (83) can be used to interpret adsorption data of single adsorption on heterogeneous 
surfaces. 

6. C O N C L U S I O N S  

The treatment presented above has shown that classical thermodynamics fed with a 

minimum of modelistic assumptions can be used for the determination of the explicit 
dependence of the electrochemical potentials of adsorbed species upon the dipole-dipole 

interactions among these species. The electrochemical potentials can be further used for 

the derivation of the adsorption isotherm and more general the equilibrium properties of 
adsorbed layers at uncharged interfaces. 

It was found that the obtained isotherms are markedly different from those which take 
into account only short-range interactions, like the Flory-Guggenheim isotherm for local 
adsorption. The dipole-dipole interactions play an important role in the properties of 

adsorbed layers, since they smear the adsorbed solute molecules among the solvent mole- 

cules, increasing the adsorbate surface solubility. Another interesting implication caused 

by the electric field of the adsorbed dipoles is the increase in the adsorption of a neutral 

adsorbate in the presence of specifically adsorbed anions, a property which is not predicted 
by previous models although experimental evidence of this phenomenon does exist. 

The proposed thermodynamic treatment has two main advantages. It keeps the mode- 
listic assumptions to a minimum and it is relatively simple. The first advantage increases 

the applicability and reliability of the treatment, since there is no need for questionable 

structural assumptions and / or drastical approximations, like those involved in stati- 
stical mechanical treatments. The second advantage allows many interesting adsorption 

phenomena, like co-adsorption and re-orientation processes as well as the effect of the spe- 
cific adsorption of ions and the heterogeneity of the adsorbing surface on the equilibrium 
properties of adsorbed layers, to be readily taken into account. 

A P P E N D I X  

In section 3 the contribution to the surface chemical potentials arising from the field of 
the potential drop A~ was derived from the combination of classical thermodynamics with 

the electrostatic theory of dielectrics. This contribution may be alternatively calculated 
as follows. Suppose that in general an adsorbed layer with M lattice sites, area A and 
thickness 1 consists of Ni neutral molecules of the i-th species, i = 1, 2, . . . ,  N. If 
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these species behave like point dipoles situated in vacuo, then the contribution of the 
electrostatic interactions to the Helmholtz energy of the adsorbed layer, A el, is given by 

[12, 67-701" 

N 
A e l -  U d-d -4- E ctiNiAqP2/212 (A.1) 

i=l 

where the first term of the r.h.s, of Eq. (A.1) is the dipole-dipole interaction energy and 
the second one is the energy required to produce induced dipoles. 

If we assume a random distribution of the adsorbed molecules over the lattice sites, 
then a mean electric field equal to A~/1 acts to each site. In this case the dipole-dipole 
interaction energy U a-a may be expressed as [70,71]" 

u d _ d  1 N 
(A~/I) y~ (Pin - ~ inA~/ l )  Ni (A.2) 

i=1 

Therefore, A el may be written as: 

A el 1 N  ( i = ~ l )  2 
- -2.=i~1 (PinNi)A~/1 - 2e0enlA1 PinNi (A.3) 

where we have taken into account Eq. (35) with zi = 0. Now the contribution to the 

chemical potentials from the field Ac~/I may be calculated from: 

#~1_ 0 A d / 0 N i _  PinA~/1-  (A~/I) 2 Ail/2 (A.4) 

If this equation is compared with Eq. (33), we readily conclude that the more general 
quasi-thermodynamic treatment presented in section 3 takes into account the dipole-dipole 
interactions among the normal components of the dipole moment of the adsorbed species. 
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1. I N T R O D U C T I O N  

In aqueous solutions surfaces are often charged and the surface charge is an important 
parameter with respect to many properties of dispersed materials. The surface charge will, 
for example, affect the "reactivity" of the surface, adsorption of ionic species, wetting and 
adhesion characteristics of particles and their colloidal stability. There is an element of 
arbitrariness in deciding which charge we identify as the surface charge. For most mineral 
oxides it is generally accepted that at least part of the surface atoms combine with water 
to form surface oxygen groups. The surface charge may result from adsorption and/or 

desorption of protons on the oxygen groups. 
Apart from the surface charge resulting from proton adsorption or desorption, particles 

may also become charged by other mechanisms. For instance, constituent ions of the 
crystalline solid may adsorb and contribute to the surface charge. For clay type minerals 
for which the surface is composed of edges and plates, the edge charge is due to dissociation 
of surface hydroxyls, but the plate charge is due to isomorphic substitution. Furthermore 
various ions may adsorb "specific" (i.e. through non-coulombic interaction forces) and 

also this adsorption contributes to the surface charge. 
To distinguish between the charge contributions of the different ions we define the 

"primary surface charge density", ~rs, of a mineral surface as: 

ers = r (FH -- Foil) (1) 

where F is the Faraday and Pi the adsorbed amount of ion i (H +, OH-) in mol/m 2. 
Foil is the amount of OH- that associates with adsorbed protons under the formation 
of water. The definition of ~r~ is chosen for two reasons: (1) protons and hydroxyl ions 
have an active role in the protonation of the surface oxygens of mineral oxides and (2) 
protons and hydroxyl ions are inevitably present in aqueous solutions. The advantage of 
this definition is that the primary surface charge can be obtained relatively easy through 
potentiometric proton titrations of mineral suspensions. With the present definition of er~ 
we call protons and hydroxyl ions "primary charge determining ions" or briefly "charge 

determining" (c.d.) ions to distinguish them from the other ions. 
For most oxides there is a pH at which the proton and hydroxyl ion adsorption just 

compensate each other, this pH is called the point of zero charge or pzc [1]. In general 
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for low pH ors will be positive, for high pHcrs will be negative. The more acidic the oxide, 
the lower is the pzc. Note that the pzc is, in general, not equal to the isoelectric point, 
or iep, a surface property that can be measured by e.g. electrophoresis [2]. The pzc is 
strictly derived from Eq. (1): as = 0, whereas the iep is a more general electrokinetic 
property related to overall charge neutrality of a particle (not only related to the proton 
or hydroxyl ion adsorption). 

In general a mineral oxide surface in contact with an electrolyte solution of a given pH, 
outside the pzc, will develop a primary surface charge. In order to satisfy the requirements 
of electroneutrality the adsorption of primary c.d. ions is followed by a positive adsorption 
of counter-ions and negative adsorption of co- ions in the immediate vicinity of the 
surface. The charged interface plus the solution region in which the surface charge is 
counter balanced is called "the electric double layer". Due to the opposing actions of 
energy (coulombic) and entropy the counter-ions and co-ions are distributed in a diffuse 
layer. This situation is very similar to that around ions in electrolyte solutions as described 
in the Debye-Hiickel theory [3]. The main difference is that near a surface the potentials 
can be much higher than around simple ions. 

In this chapter the electrical double layer of mineral oxides will be described. Firstly the 
solution part of the double layer will be considered, secondly the surface charge part. For 
the latter a distinction will be made between homogeneous and heterogeneous surfaces. 
Considering the oxide surface as homogeneous leads to a relatively simple description of 
the double layer. This description is the starting point for the treatment heterogeneous 
double layers. Apart form the adsorption of primary c.d. ions to the surface specific 
or non- coulombic adsorption of ions will be considered. The often made distinction 
between "indifferent" electrolytes and ordinary electrolytes will be followed, unless stated 
otherwise. Ions of an indifferent electrolyte are assumed to adsorb through coulombic 
interactions only, they do not adsorb specifically. It is frequently assumed that most 
simple 1-1 electrolytes are indifferent when the electrolyte concentration is not too high. 

2. D O U B L E  L A Y E R  M O D E L S  F O R  F L A T  S U R F A C E S  

2.1. Diffuse double  layer or G o u y - C h a p m a n  model  
Before discussing the surface charge itself the solution side of the double layer will be 

considered. Following Gouy [4] and Chapman [5] a rigid impenetrable planar surface with 
a given charge density in contact with an indifferent electrolyte solution is analysed. The 
ions in solution respond to the force field of the surface and form a diffuse charge layer 
adjacent to the surface. For all ions i the distributions in the field of the surface can be 
described by the Boltzmann law. If it is assumed that the ions are point charges which 
only interact through coulombic forces this distribution can be expressed as: 

Ci(Z)- ci(cxz) exp { -wiF~(z) } R T  (2) 

where ci(z) is the concentration of ions i at distance z from the surface, Ti the charge 
number of the ions, including their sign, F the Faraday and ~b(z) is the potential in the 
double layer. The reference point for the potentials is the bulk solution where r = 0 
and the concentration of each type of ion is its bulk concentration. The potential r 
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is assumed to be a mean field electrostatic potential, for the subtleties of potentials in 
the double layer we refer to [6]. Equation (2) is in agreement with the statement that 
counter-ions are attracted and co-ions are repelled by the charged surface. 

The space charge density p(z) neutralizing the surface charge is related to the local 
electrolyte concentrations. For a symmetrical indifferent electrolyte p(z) can be written as: 

p(z) = rF  {c+(~,) - c_(z)} (3) 

where the local concentrations are given by Eq. (2) and ~- = % = T_. The additional 
relation between the potential ~ and the space charge density p(z) is given by the Poisson 
equation that for a flat interface reads: 

d ~  -p(z)  (4) 
dz 2 g0gr(Z) 

where Co is the permittivity of vacuum and Or(Z) the relative dielectric constant at distance 
z from the surface. In the Gouy-Chapman (GC) approximation Or(Z) set equal to its value 
in bulk solution. By combining Eqs. (2) to (4) a differential equation is obtained that 

describes the variation of ~b with location in the diffuse layer: 

i { / d2~b = rF% exp - exp (5) 
dz 2 e0er RT RT 

where Cs = c+(cxz) = c_(cxD). Equation (5)is the GC form of the Poisson-Boltzmann (PB) 

equation. Integration of Eq. (5) gives the field strength: 

- - sinh (6) 
dz e0c~ 2-~ 

A second integration yields the potential distribution according to the GC theory: 

t anh{  TF ~b (z) } ART - tanh { TF~bd } exp ( -  n z ) 4 R T  (7) 

where Ca is the potential at the onset of the diffuse layer and n is defined by: 

,8, 
has the dimension of a reciprocal length and x-i  is called the "Debye length". For 

aqueous solutions of symmetrical electrolytes Eq. (8) reduces to: 

2 =  2F2cs r2 (9) 
RTcocr 

When the primary surface charge is compensated by ions in the diffuse layer only and 
the diffuse layer starts at the surface plane, ~ba equals the average, smeared out, surface 
potential ~b~ and the electroneutrality condition requires that cr~ = --era with ~ra the diffuse 

layer charge. 
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The relation between the diffuse charge density era and the diffuse layer potential ~ba 
can be obtained from Eq. (6) and realising that according to Gauss law: 

/10/ 
- , - 0  

-era - (SRTe0erCs)~ sinh ( r Ft'ba ) 
2RT (11) 

The negative sign in Eq. (11) means that a negative value of ~bd (or ~bs) leads to a positive 
charge in the diffuse layer. Equation (11) can also be reversed to express ~b~ as a function 
of era: 

e d -  ~ arcsinh (8RTeoerC~)0.s (12) 

The GC theory also allows us to calculate the ionic components of charge of a diffuse 
layer, i.e. the charge densities due to the surface excess amounts of the cations and anions 

that compensate the surface charge [7, 8]: 

a+,a -(2RTe0erCs) ~ exp 2RT - 1 (13) 

and 

- (2RTe0er%)~ [exp ( rF~bd ~ 1] (14) er-,d - 2RT / - 

For low potentials where the exponentials may be replaced by their linear terms these 
equations show that er+,a = -er-,a. For high potentials the counter ion charge increases 
exponentially and the co-ion charge approaches a limiting value: 

erco-io~ (large [Vsl) - 1(2RTg0grCs)~ I (15) 

for room temperature this amounts to 59v/~ mC/m:  when c~ is in mol/dm 3. 
Differentiation of er~ with respect to ~b~ provides the relation for the differential capa- 

citance of the diffuse layer: 

Ca - e0erX cosh 2RT (16) 

For small potentials cosh x goes to unity and Eq. (16) reduces to: 

Ca = e0era (17) 

Equation (17) shows that under these conditions the diffuse double layer can be seen as a 
the plate condenser with dielectric constant e0er and a plate distance a-1. Therefore a-1 
is also called the double layer thickness. Under the same conditions simplified expressions 

can be obtained for ~ba and era. For low potentials the approximations tanh x = x and 

sinh x = x can be used and Eqs. (7) and (11) reduce to respectively: 

~b(z) : ~ba exp(-nz) (lS) 
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--ad - e0er~r (19) 

The expressions for low potentials are the so called Debye-Huckel (DH) limits of the 

diffuse double layer model. 
The implication of Eq. (11) or (19) is that if we assume Ca to be constant, ad becomes a 

function of the ionic strength. Conversely if ad is assumed to be constant, r is a function 
of x. Both the constant charge and the constant potential case are idealisations, in practice 
neither Crd nor r may stay constant, nevertheless keeping the salt concentration constant 

during an experiment simplifies the situation considerably. 
The GC theory of the double layer has been useful in developing a good understanding 

of double layer behaviour. All equations shown apply to symmetrical electrolytes, for 

non-symmetrical and for mixed electrolytes the treatment is essentially the same [9, 10, 
11]. For other geometries numerical solutions exist [12]. More rigorous treatments and 
discussions about the structure of the diffuse double layer can be found in Refs. [13,14]. 
A simple way to avoid, at least partly, the limitations of the GC theory is by taking into 
account the finite size of the ions in the first molecular layer near the surface as suggested 

by Stern [15]. Although also this approach has been criticised [16] experience has shown 

that the SGC models work very satisfactory in practice. 

2.2. S t e r n - G o u y - C h a p m a n  double  layer  mode l  and specific adso rp t ion  
In the Stern-Gouy-Chapman (SGC) theory the double layer is divided into a Stern 

layer, adjacent to the surface with a thickness dl and a diffuse (GC) layer of point charges. 
The diffuse layer starts at the Stern plane at distance dl from the surface. In the most 
simple case the Stern layer is free of, charges. The presence of a Stern layer has considerable 
consequences for the potential distribution: across the Stern layer the potential drops 
linearly from the surface potential r to the potential at the Stern plane, Cd. Often r is 
considerably lower than r especially in the case of specific adsorption (s.a.). 

| 

I . .  

Z Z 

Figure 1. Potential decay for the SGC model. (a) In the absence of specific adsorption; (b) with 
weak specific adsorption of counterions. 
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The potential drop ( r  r is related to the Stern layer capacitance C I :  

0"* s 
- ( 2 0 )  

where a~ is the net charge density at the surface plane and C1 is a positive quantity 

defined as: 

C1CO (21) 
Ca "- dl 

with cl the relative permittivity of the medium in the Stern layer and dl is of the order of 

the diameter of water molecules. Equation (21) can be compared to Eq. (17) expressing 

the diffuse layer capacitance for low potentials. 

The values of both dl and ea are affected by the type of surface and separation of 

the two quantities is not necessary if C 1 is considered as one (adjustable) parameter that 

accounts for differences in the solution part of the double layer for different surfaces. For 

mineral oxide/aqueous electrolyte solution interfaces Ca has a high value (1 to 2 m F / m  2) 

[17], i.e. assuming that dl is of the order of a molecular diameter, e l  turns out to be of 

the same order of magnitude as C r of the bulk solution. The relatively large value of C1 

as compared to that for the AgI or Hg aqueous solution interface is due to the presence 

of the surface hydroxyls [18]. In principle C1 is also a function of the charge density, but 

in practice C1 is often considered to be constant. 

The Stern layer concept can be used with or without specific adsorption of s.a. ions. 

Even in the absence of specific adsorption the first consequence of the SGC model as 

compared to the GC model is that the distinction between c.d. ions and other ions becomes 

more pronounced: ~bs is the leading potential for the c.d. ions, Cd that of the other ions. 

In the presence of s.a. ions one has to decide at which plane these ions adsorb. The 

most simple choice is that the s.a. ions are located at the Stern plane. This choice is 

appropriate for ions that form outer sphere complexes with the surface sites or for ions 

that have no affinity for the proton sites. Specifically adsorbing counterions that are 

forming inner sphere complexes with the surface groups screen the primary surface charge 

very effectively and the difference between primary and secondary surface charge becomes 

vague. In this case it is appropriate to place the s.a. charge at the surface plane, or partly 

at the surface plane and partly at the Stern plane. 

When the s.a. charge is subdivided over two planes, the fraction of the charge brought 

to the surface plane can be determined using Paulings concept of bond valence [19]. In 

solution many s.a. ions are surrounded by a primary hydration shell or with oxygen groups. 

According to the bond valence principle the central ion in such a complex distributes its 

charge over the co-ordinated ligands and the bond valence, u, is the charge of the central 

ion divided by its co-ordination number. When it is assumed that s.a. ion X z binds with 

nx of its ligands to the surface groups, it brings a charge fraction nxUx to the surface plane 

and a fraction (Zx - nxux) to the Stern plane. That is to say, the total s.a. charge of X, 

ax, is separated into two contributions: (nxUx/Zx)ax is placed at the surface plane and 

{(Zx - n.Ux)/Z.}ax at the Stern plane. The s.a. charge, a0, at the surface plane is then: 

O'o = E nxUxOx (22) 
x Zx 
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where the summation covers the specific adsorption over all species X. The s.a. charge, 

era, at the Stern plane becomes: 

o1 z(  x-n  x)ox 
x Zx 

In the above equations the cri values include the charge sign and electroneutrality of the 

double layer requires that: 

O" s + O" 0 -[- O" 1 AV O" d - -  0 (24) 

In practice one has to decide for each s.a. ion what type of complex it forms with the 

surface sites. 
In order to calculate the surface potential it should be realised that ~b~ can be divided 

in two parts: 

~s = ( r  ~a)+ Ca (25) 

By combination of Eq. (25) with Eq. (20) and using or* = cr~ + ao and --~rd = cr~ + cr o + cr~ 

one obtains: 

G _  a o + a ~  2 R T  { -O'd } 
C~ + - - ~  arcsinh (26) 

(8RTc0crCs) 1/2 

Note that ~s is the leading potential for the adsorption of c.d. ions, whereas both ~ 

and Ca determine the adsorption of s.a. ions that form inner sphere surface complexes 

(see Eq. (53)). Equation (26) is quite general. In the absence of s.a. both or0 and ch are 

zero and cr~ = --era. For s.a. ions that form outer sphere complexes nx = 0, or0 = 0 
and cr~ + or1 = -aa .  For inner sphere complexes the full Eq. (26) holds and one has to 

decide whether a mono-dentate or a bi-dentate complex is formed. The advantage of the 
above way of modelling is that specificity is introduced by giving each type of ion its own 

"screening ability" without introducing adjustable parameters. 
In general it is difficult, if not impossible, to measure ~ directly. At best one can 

measure changes in Cs as a function of the solution concentration of c.d. ions using the 
ISFET technique [20, 21]. However, in most cases ~ has to be calculated with Eq. (26) 

using measured values of cri. A way to derive ~d from experimental data is by equating 
~d to the electrokinetic potential ( [2]. For low values of the ionic strength this is a good 

approximation. Once ~d is known ~ra can be calculated with Eq. (12) and or0 + Crl can be 
calculated using Eq. (24) when cr~ is obtained from potentiometric titrations. For a given 

value of the Stern layer capacitance ~ can now be calculated using Eq. (26). 

2.3. Triple layer mode l  
In all situations discussed so far only one Stern layer capacitance is required. In litera- 

ture it is however often assumed [7, 8, 22] that diffuse ions can approach the surface up 
to the Stern plane and that s.a. ions are located at a newly defined adsorption plane, the 

inner Helmholtz plane. The inner Helmholtz plane is located in between the surface plane 

and the Stern or outer Helmholtz plane. The double layer model composed of an inner and 
outer Helmholtz layer plus a diffuse layer is generally called the triple layer (TL) model. 
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The potential drop over the inner Helmholtz layer and the outer Helmholtz layer can be 
described by two capacitances: the inner and the outer Helmholtz layer capacitance. 

Although for ideally flat interfaces it is physically elegant to make a distinction be- 
tween an inner and an outer Helmholtz plane [7, 8], this distinction is hardly relevant for 
ordinary solids where the presence of surface irregularities makes it impossible to obtain 
unique values for the capacitances of both Helmholtz layers. Therefore rather arbitrary 
assumptions have to be made about at least one of the capacitances, whereMter the other 
capacitance value is used together with other model parameters as fitting parameter. The 
value of 0.2 F /m 2 often assumed for the outer Helmholtz layer capacitance is not realistic 
for oxide surfaces [18, 23] and may lead to obscurities with the other fitting parameters. 

In authors opinion regulation of the screening of the surface charge by specific ad- 
sorption can adequately be incorporated by placing the s.a. ions at either the Stern plane 
(outer sphere complexes) or surface plane (inner sphere complexes). When a higher degree 
of sophistication is required Paulings bond valence principle [19] can be used to partition 
the valence of the s.a. ion over the surface plane and the Stern plane as indicated above. 
This also allows to discriminate between mono-dentate and bi-dentate binding. There- 

fore, and to avoid superfluous parameters that make the double layer model unnecessary 
complex the use of the Stern layer model in which the inner and outer Helmholtz plane 
coincide is strongly recommended. Especially when the surface is treated as pseudo ho- 
mogeneous it overdone to introduce at the solution side of the double layer arbitrary 
details. 

3. D O U B L E  LAYER M O D E L S  F O R P E R M E A B L E  PARTICLES 

3.1. Donnan  model  
The SGC model is developed for rigid particles. Treatment of particles that are highly 

porous or permeable for ions, as is e.g. the case for some silicas, can be done on the 
basis of a Donnan model [24, 25, 26]. In this case the particle charge is considered to 
be restrained in about the particle volume by a hypothetical membrane permeable to 
small ions only. The membrane separates two phases: the bulk solution and the Donnan 
phase. The Donnan phase volume or Donnan volume is the solution volume within the 
membrane. The Donnan volume contains the primary charge (fixed at the solid matrix), 
these charges lead to a potential distribution around the charged sites. With sufficient 
charges present the local double layers overlap strongly and result in approximately one 
electrostatic potential ~bd,D inside the entire Donnan phase. Similarly as in the GC theory 
~bd,D is defined with respect to the bulk solution. At the surface of the membrane the 
electrostatic potential drops to zero in this simple model. 

Due to the presence of ~bd,D counterions of the primary charges are accumulated in the 
Donnan phase and co-ions repelled. In equilibrium the electrochemical potentials of the 
small ions at each side of the membrane must be the same, this can be expressed as: 

Ci'D -- Ci exp ( - Ti F~d'D ) R T  (27) 

w h e r e  ci, D is the ion concentration in the Donnan phase and ci that in bulk solution. In 
deriving Eq. (27) it has been assumed that there are no specific effects, both the solution 
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and the Donnan phase are ideal. The primary charge density in the Donnan phase, Ps,D 

is related to the proton and hydroxyl ion uptake: 

F (XH -- XOH) (28) 
Ps,D -- VD 

where Xi is the uptake of i in mol/kg, VD is the specific volume of the Donnan phase in 
m3/kg and Ps,D is expressed in C/rn 3. In the absence of s.a. Ps,D - -  --pd,O where Pd,D is 

the "diffuse" Donnan charge. 
The concentrations of small ions inside the Donnan phase can be obtained from the 

condition of electroneutrality in this phase. In the presence of a symmetrical indifferent 

electrolyte one obtains: 

= (C+,D -- ( 2 9 )  

where it has been assumed that the contributions of the H + and OH- ions to the charge 

neutralisation are small and can be neglected. Substitution of the expressions for Ci,D in 

Eq. (29) leads to the expression for Pd,D as a function of ~bd,r): 

( 3 0 )  
- - P d , D  - -  2r%Fsinh \ RT 

or of r as a function of Pd,D 

RT 
r -- ~ a r c s i n h  (--Pd,D 2r%F)  (31) 

For low potentials these expressions reduce to: 

(2"r2Cs F2 ) 
--Pd,D- RT ~)d,D- /r (32) 

The above equations can be compared with the GC equations (11), (12) and (19) for 
Ca and ad respectively. In the Donnan equations the salt concentration appears directly, 
whereas in the GC equations ~ or v~s appears, this indicates that the salt effects are 

relatively large for the Donnan model. 
The simple Donnan model has limitations that are comparable to those of the GC mo- 

del. The assumption that Ca,D = 0 just outside the hypothetical membrane is reasonable 
as long as the particle size is much larger than ~-1 For particle sizes that are of the 
order of a-1 the hypothetical membrane can be thought at about a distance ~-1 from 
the particle surface to incorporate the diffuse layer ions in the Donnan phase [25]. Ulti- 
mately this leads to a value of VD that is larger than the void volume inside the particles 
and an average Donnan potential that is somewhat lower than the potential without this 

correction. The magnitude of the differences will depend on ~-1. 

3.2. S t e r n - D o n n a n  mode l  and specific adsorption 
A notable limitation of the simple Donnan model is that the potential may not be uni- 

formly distributed through the Donnan phase: close to the charged sites the potential will 
be the highest and the fixed charges may be grouped together in small island like domains 
[24]. Potentials calculated with Eq. (31) therefore tend to be the average potentials inside 
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the Donnan phase and ci, D values are averages too. To some extent this weakness can be 
corrected by taking into account two potentials rather than one: Cs,D at the location of 

the charged sites and starting at a molecular distance dl of the sites a lower potential 
~bd,D in the remainder of the Donnan phase. The layer dl is assumed to be free of charges. 

Formally the potential ~bs,D can now be split in two contributions: 

~bs,D -- (r -- Ca,D) + Cd,D (33) 

where ~d,D is given by Eq. (31) and the potential drop (~s,D -- ~d,D) can be defined by 
introducing a proportionality factor, CI,D, comparable to the Stern layer capacitance in 

the SGC model: 

Ps,D (34) 
~s,D -- ~d,D -- CI,D 

In order to keep the model simple C~,D is assumed to be independent of the salt concen- 
tration and Ps,D. C~,D is an adjustable parameter, expressed in F / m  3, that allows us to 

make a Donnan model of a similar complexity as the SGC model. The potential Cs,D can 

now be written as: 

Ps,D RT (--Pd,D) 
Cs,D -- ~ -1- - ~  arcsinh 2rcsF (35) 

Similarly as with C1 in the SGC model introduction of CI,D in the Donnan model 
allows incorporation of specific effects due the type of solid and distinguishes between c.d. 
ions and other ions. For c.d. ions ~hs,D is the leading potential and other ions are governed 

by ~ba,D. For the c.d. ions ~d,D in Eq. (27) has therefore to be replaced by Cs,D. 
In the presence of s.a. ions the primary charge Ps,D is partially compensated by the 

s.a. charge Pl,D, the remainder by the "diffuse" Donnan charge Pd,D- In the case of weak 
adsorption the s.a. ions are located at distance dl and Eq. (35) can be used with --Pd,D = 

Ps,D -k- Pl,D- In the case of strong ion complexation (inner sphere complexes formed) the 
complexing ions can be placed at the site of the primary charges and Eq. (35) has to be 

modified to: 

RT (--Pd,D) (36) ~s,D = Ps,D + Pl,D -4- -~ -  arcsinh 2rcsF 
C1,D 

In this case both the adsorption of c.d. ions and that of s.a. ions is determined by Cs,D, 

so that for these ions Od,D in Eq. (27) should be replaced by Os,a- 
A discussion of the Donnan model, including its use in mixed electrolytes, has been 

given by Bolt [26]. Bolt applied these models for the description of the ion exchange 
properties of clay minerals. Ohshima and Kondo [27] give more elaborate expressions for 
the potential inside and outside the Donnan phase. Their results are based on a uniform 

density of the fixed sites and they show that ~ba,D decreases if the outer bound of the 

Donnan phase is reached. 
Because of the similarity with the SGC model the modified Donnan model will be 

called the Stern-Donnan (SD) model. The SD model is newly derived and intended to 
be of use for a description of ion adsorption in porous or permeable particles without 
having to specify the permeability or porosity precisely. The SD model with small islands 
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of charge is a kind of hybride between the simple Donnan model and a simple constant 

capacitance double layer model for a rigid surface. 

4. A D S O R P T I O N  OF S U R F A C E  C H A R G E  D E T E R M I N I N G  IONS 

4.1. Site binding 

In the previous section the presence of a surface charge has been presumed and the 

solution side of the double layer was analysed. In this section the adsorption of c.d. ions 

will be discussed. Based on earlier work of the Australian group Healy and White [28] 

have formulated the statistical thermodynamic backgrounds for adsorption of c.d. ions 
on a homogeneous substrate. Essentially their treatment extends the Langmuir model for 
adsorption by considering not only "chemical" or "intrinsic" interactions with the surface, 

but also coulombic interactions. The chemical interactions are characterised by an intrinsic 

affinity constant, the coulombic interactions by taking into account the surface potential. 

The adsorption of c.d. ions to specific sites at the surface is briefly called site binding. 

Healy and White [28] mainly considered the adsorption of c.d. ions in the presence of an 
indifferent electrolyte. Other reviews [21, 29, 30] also discuss c.d. ion adsorption in the 
presence of specific adsorption. 

In the next sections adsorption isotherm equations for primary c.d. ions will be discus- 

sed. The model will be illustrated for homogeneous surfaces with one type of surface group 

in contact with an electrolyte solution. This simple system serves as a starting point for 
a more detailed description in which surface heterogeneity is taken into account. 

4.2. Origin of the  surface charge 
The surface charge description of amphoteric mineral oxides has been given considerable 

attention in literature [see e.g. 22, 28-30], but, to some extent, it is still controversial. The 

controversy essentially boils down to the representation of the surface group(s) that act as 

proton adsorption site(s). In the classical [22, 30] and most common approach the surface 
is assumed to be monofunctional with a postulated surface oxygen group that can undergo 
two protonation steps, each governed by its own pKH value ("two-pKH" model): 

SO- + H + ~ ~ SOH KH,1 (37a) 

SOH + H + ~- ~ SOH + KH,2 (37b) 

In 1982 Bolt and Van Riemsdijk [31, 32] proposed an alternative representation of the 
surface oxygen groups: 

SOH1/2- nt_ H + = ~ 8OH12/2+ K. (38) 

In this way only one protonation step and one pKH value is required to be able to de- 

scribe the amphoteric character of the mineral oxides ("one-pKH" model). Fairly recently 
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Hiemstra et al. [18, 33, 34] have suggested an integrated approach that enables a critical 

examination of the older models. This model is the basis for the present treatment. 

Premises of the treatment of Hiemstra et al. are: (a) the chemistry of the surface groups 

can be derived from the structure of the mineral oxides using Paulings concept of bond 

valence [19], (b) surface oxygens are the sites for proton adsorption, they can associate 

with one or two protons. This leads to the following protonation reactions of a surface 

oxygen: 

Men - O (n~-2) + H + -- ~ M e , -  OH (nv-1) Kn, 1 (39a) 

Men - OH (n~-l) + H + - ~ Men - OH~ n~) Kn,2 (39b) 

where u is the bond valence (local neutralisation of charge) and n the number of metal 

ions that are co-ordinated to the oxygen group. Due to the introduction of the bond 

valence u the formal charge per site is not necessarily an integer, common values of u 

for metal ions in a hexa-co--ordination are 1/2 and 1/3. In metal (hydr)oxides different 

types of surface oxygens can be present: singly (n=l) ,  doubly (n=2) and triply (n=3) 

co-ordinated with metal cations of the solid. Note that the classical representation with 

Eqs. (37a) and (37b) is a special case of Eqs. (39a) and (39b) for n = l  and u= l ,  whereas 

the model suggested by Bolt and Van Riemsdijk (Eq. (38))is equivalent to Eq. (39b) for 

n = l  and u=1/2. 

The equilibria (39a) and (39b) show that for a monocomponent surface with only one 

type of surface oxygen, in general, two protonation reactions are possible and two equili- 

brium protonation constants, Kn,1 and Kn,2, are required to describe the protonation. In 

principle, each monofunctional oxide surface therefore is a "two-pKH" surface. In prac- 

tice it is, however, quite well possible that, in the ordinary pH range, only one of the two 

reactions is "active" so that the monofunctional surface behaves as a "one-pKH" surface. 

The "activity" of each of the two reactions depends on its pKn,i value. For the description 

of the charging of a metal oxide surface it is thus of importance to have a prior i  know- 

ledge of the set of pKn,i values of the different surface oxygens. Whether a monofunctional 

metal oxide surface should be treated as a "two-pKn" surface or as a "one-pKH" surface 

is thus not a matter of principle, but of practice. In order to be able to judge what will 

happen in practice Hiemstra et al. have provided a method for the a pr ior i  calculation of 

the intrinsic protonation constants of the surface oxygens on the basis of the behaviour 

of metal (hydr)oxide complexes in solution. 
Hiemstra also emphasises surfaces heterogeneity by noting that (a) the surface planes 

may contain more than one type of surface oxygens and (b) crystalline metal oxides expose 

different crystal planes to the solution and these planes will, in general, have different 

surface groups. For an appropriate description of the protonation of oxide surfaces the 

multi site type (multifunctional) nature is thus essential and the authors have called their 

model: MUSIC, an acronym for multi site complexation. For optimal use of MUSIC the 

intrinsic protonation constants have to be known a priori .  
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4.3. Log Kn,i values for the protonation of the surface oxygens  
The calculation of the log Kn,i values by Hiemstra et al. [33] is based on Paulings idea 

of local charge neutralisation [19] in combination with the assumption that the standard 
Gibbs energy of adsorption of a proton according to Eq. (39a) or (39b) is depending on 
the local electrostatics. In principle this type of approach had been used before by Parks 
[35] and Yoon et al. [36] to study the pzc of oxides. Hiemstra derives the following simple 
expression for log Kn,i: 

log Kn,i = A -  B(nu/L) (40) 

where A and B are constants, L is the distance between the metal ion and the adsorbed 

proton and n and u are introduced with Eq. (39). Once A and B are known log Kn,i 
can be calculated. In order to obtain A and B first the protonation reactions of metal 

(hydr)oxides in solution, for which the log Kl,i values, u, L and n (n=l)  are known, are 
analysed using Eq. (40). A distinction has been made between oxo and hydroxo complexes 

and between two different electron configurations of the central metal ion. For each class 
of complexes log Kl,i vs. nu/L turns out to be a straight line with a slope B that is the 

same for all four classes. Based on this observation Hiemstra et al. assume that for oxygen 
groups on metal (hydr)oxide surfaces the value of B is the same as that observed for the 
solution complexes, i.e. 

B(surface complex) = B(solution complex) (41) 

The value of A differs strongly for the comparable oxo and hydroxo complexes. The dif- 
ference amounts to 14 log K units which is of the same order of magnitude as that between 
the log K values for the two protonation steps of a water oxygen (17 log K units). The va- 
lue of A(surface complex) should in general be different from A(solution complex) because 
of the difference in spatial arrangement. To calibrate the shift of A(solution complex) to 
A(surface complex) Gibbsite is used as primary reference material. Gibbsite, AI(OH)3(s), 
is a well defined metal oxide that obtains its surface charge through protonation of the 

A1-OH a/2- group for which a log KH value equal to 10+0.5 has been established [34, 37] 
(see also sec. 4.7.). Comparison of this value with the log K of the corresponding solution 
complex Al(OH)3.3H20, shows that the proton affinity constant for the surface group of 
this crystalline oxide is 4 log K units higher. Next it is assumed that the same difference 
holds for the other crystalline oxides. For corresponding solution and surface complexes 
one thus finds 

A(surface complex, crystalline solid) = A(solution complex)+ 4 (42a) 

For silica, an amorphous oxide, with a less perfect structure A(surface complex) may 
be less different from A(solution complex). Silica is therefore used as second reference 
material. Silica obtains its charge by dissociation of the Si-OH group. By comparing 
experimental results with model calculations for silica Hiemstra [34] finds a log KH value 

of 7.2 to 7.5 (see also sec. 4.6), which is very similar to the log KH of Si-OH complexes in 
solution so that 

a(surface complex, silica) ~ a(solution complex) (42b) 

With Eqs. (40) to (42) the proton association constants of surface groups can be calcu- 
lated using n, u and L derived from structure and/or crystallographic data of the oxides. 
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Table 1 shows the collection of proton association constants for a series of surface groups 

on various important metal (hydr)oxides calculated by Hiemstra et al. [33]. 

In judging these values it should be realised that for the solution complexes n= l ,  

whereas for surface complexes n can be 1, 2 or 3. Although the effect of n is incorporated 

in the model it is to be expected that for the high the values of n the predictions are a first 

order approximation only. For oxides with partially disordered crystal faces or for oxide 

layers deposited on other surfaces, where the crystalline structure of the oxide layer may 

be less perfect than that of the pure crystalline oxide [38], the values quoted in Table 1 
should be considered as upper limits. The lower limits are obtained by subtracting 4 log K 
units from the given value. For silica two limits are presented: the values in brackets are 

upper limits based on Eq. (42a), the lower, more realistic values are based on Eq. (42b). 

Hiemstra et al. [18, 33, 34] have been successful in describing both the pzc and the 

charge vs. pH curves of a number of crystalline metal oxides using the data of Table 1. 

A discussion of the method to obtain the log K values, including some suggestions to 

simplify the calculation of the constants, has been presented by Bleam [39]. 

Table 1 

Calculated proton association constants for a series of surface groups 

Surface group Formal charge log KH 

A1-OH -1 / 2 

A12-O -1 

A12-OH 0 

A13-O - 1 / 2 

Fe-OH -1/2 

Fe2-O -1 

Fe2-OH 0 

Fe3-O -1/2 
Ti-OH -1/3 

Ti2-O -2/3 
Tiz-O 0 

Si-O -1 

Si-OH 0 

Si2-O 0 

10.0 

12.3 

-1.5 

2.2 

10.7 

13.7 

-0.1 

4.3 

6.3 

5.3 

-7.5 

(11.9) 7.5 

(-1.9) -5 

(-16.9) -20 

4.4 .  O n e - p K H  or t w o - p K H  mode l  
Tabulated log K values for the different surface oxygen groups can now be used to 

judge the practical reality of Eqs. (39a) and (39b). The conclusion is that the difference 

between logKn,a and logKn,2 for the protonation of the corresponding oxo and hydroxo 
complex amounts to about 14 log K units. This implies that only one of the protonation 

reactions will be "active" in the normally accessible pH range. In practice, surface oxygens 

therefore behave as "one-pKH" groups, or alternatively, monofunctional surfaces act as 

"one-pKH" surfaces. The description of the amphoteric nature of a homogeneous oxide 
surface by Eqs. (37a) and (37b) is thus always an artefact. The two pKH values, found 
by fitting the two-pKH model to experimental data cannot belong to the same surface 
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oxygen unless ApK ~ 14 and such large values are not found in practice. The one-pKH 

model based on Eq. (38), provides the correct expression if the surface is homogeneous 

and the charges of the surface groups are 1/2- and 1/2 + respectively. 

For ordinary (heterogeneous) surfaces both older models are in principle incorrect. 

Treating heterogeneous surfaces as pseudo homogeneous using the one-pKH model has 

the great advantage that it is a simple model that gives a fairly realistic description of 

the amphoteric nature of the oxides. The two-pKH model complicates the situation by 

using two pKH values to describe the amphoteric nature. In the model the two log KH 
values belong to the same surface oxygen, but in practice they have to represent different 

groups. As compared to the one-pKH model an additional and superfluous parameter is 

introduced that has no physical significance. 
Before discussing heterogeneous oxides in detail, homogeneous (mono-functional) sur- 

faces will be considered. Hiemstra et al. [34] have shown that to a good approximation 

Gibbsite, AI(OH)3(s), and silica, SiO2, have only one active type of surface oxygen that 
reacts with a proton in the normal pH range. For these monofunctional surfaces the site 
binding treatment will be illustrated in some detail. The treatment of multifunctional 

surfaces is a logical extension of the monofunctional surfaces. 

4.5. Surface charge of monofunctional  surfaces 
In Gibbsite, AI(OH)a(s), the structure is characterised by AP + in a hexa- co-ordination 

with OH- [33, 34, 37]. For the neutralisation of each OH two A1 ions participate, however, 
at the surface broken bonds occur that cause a lacking degree of neutralisation of the OH 

groups and this lack will lead to proton adsorption. The dominant planar 001 face of 
Gibbsite has doubly co-ordinated surface oxygens, whereas the edge face has doubly and 

singly co-ordinated oxygen groups. The doubly co-ordinated A12-OH ~ groups are inert 

in the normal pH range (see Table 1), so that the singly co-ordinated A1-OH 1/2- groups 

at the edges are the active groups. For the protonation one can thus write: 

A 1 -  OH 1/2- + H + ~ ~- A1-  OH12/2+ (43) 

Equation (43) is a special case of the general reaction (39b) w i t h n = l  and u = + l / 2  and it 

corresponds to the one-pKn model represented by Eq. (38). In principle it is also possible 

to desorb a proton from the A1-OH 1/2- group, but in the normal pH range this is not 

feasible. 
An alternative and also quite simple situation occurs for silica [34]. The silica structure 

can be considered as the result of polymerisation of silica tetrahedra in which the charge 
of the Si 4+ ion is distributed over four oxygens, which is equivalent to a bond valence 

u = 1, i.e. two Si ions can neutralise the negative charge of an oxygen. At the surface 

this leads to doubly co-ordinated Si2-O ~ groups and singly co-ordinated Si-O- groups. 
In the ordinary pH range the Si2-O ~ group can be considered as inert (see Table 1), but 

the Si-O- groups may react with a proton 

S i - O - + H  + ~ S i - O H  ~ (44) 
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Equation (44) is an example of reaction (39a) with v= l  and n= l .  In principle this reaction 
can be followed by the adsorption of a second proton but in the normal pH range this is 

not likely (see Table 1). 
Equations (43) and (44) are very useful as starting point for the site binding approach. 

In general both reactions can be written in a simplified form 

S + H  -- ~ SH (45) 

where S is the reference site (SiO- or A1-OH 1/2-) that can accept a proton and SH 
is the protonated site. According to Healy and White [28] the adsorption of a proton 
according to Eq. (45) from an electrolyte solution containing an acid or base to site S can 

be described as: 

{SH} (46) 
K. = {S}{H~} 

where {H~ } is defined as: 

{H~} - {U}exp ( 
F~b~ (47) 

and { } denotes a surface group activity (mol/m 2) or solution activity (mol/m 3) and KH 

is the equilibrium constant for proton association with site S in the absence of the surface 
charge. {Hs} is an expression for the proton activity in the solution at the location of 
the proton adsorption site. Due to the negative surface charge protons accumulate near 
the surface according to Eq. (2) and at the location of the surface sites the (smeared 

out) potential equals Cs. The proton activity in bulk solution, {H}, can be found from 
the pH or the proton concentration [H] and the bulk activity coefficient 3'+ [40, 41]. The 

equilibrium constant Ks is related to the standard Gibbs energy of adsorption Ag~i" 

1 ( Ag~'~ (48) 
KH = 5--~.5 exp _ - - - ~ - - ]  

where 55.5 is the molar concentration of water. Discreteness of charge effects are assumed 
to be constant and included in KH [23, 28, 33]. KH is a measure of the proton affinity for 

site S at the point where Cs = 0. Some values of log KH for different surface groups are 

shown in Table 1. 
In the presence of s.a. sites S and SH may also form complexes with respectively a 

cation, C, or an anion, A, according to Eqs. (49) and (50): 

S + C  - ~ S - C  Kc (49) 

and 

SH + A -, - S H -  A KA (50) 
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The adsorption of cations and anions can be described with respectively Eqs. (51) and (52): 

{s - c }  
Kc = {S}{Csa} (51) 

{ S H -  A} 
K ,  = {SH}{A~d} (52) 

where Kc and KA are the intrinsic equilibrium constants and {Csd} and {Asd} are the 
activities of C and A in solution at the location of the sites. For complexes of ions X 
with nx valence bonds co-ordinated with the surface (see sec. 2.2.) these activities can be 
expressed by Eq. (53): 

{X~d} - {X} exp [_nxuxF(r - Ca) zxFCd (53) 
[ RT RT 

For inner sphere complexes with the entire charge at the surface plane nxUx = Zx and the 
Boltzmann factor becomes simply exp(-zxFCs/RT). For outer sphere complexes nx = 0 
and both activities are determined by Ca only. Assuming that, except for the electrostatic 
interactions, the surface phase behaves ideal, the ratios of the surface group activities in 
Eqs. (46), (51) and (52) can be replaced by ratios of site fractions, 0x = SX/N~ where N~ 
is the total density of surface sites: 

Ns = {St + {SH} + { S -  C} + { S H -  A} (54) 

The adsorption isotherm equations become: 

OH 
- - =  KH(Hs} (55) 
0R 

for the protons, 

0c 
- -  = Kc{C~a} (56) 
0R 

for the cations, and 

0A 
= K {As } (57) 

for the anions. The anion adsorption can also be expressed with respect to the reference 
site S by using Eq. (55): 

0A 
O-R = KHKA{H~}{Asd} (58) 

In these equations OR = 1 - ~ i 0  i with i (H, C, A). The expression for OR emphasises the 
competitive (multicomponent) nature of the adsorption. OR equals in the present situation: 

OR --[1 + KH{Hs} + Kc{Csd} + KHKA{Hs}{Asd}] -1 (59) 
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In the absence of specific adsorption 0R - ( 1  + KH{Hs}) -1 and Eq. (55) simplifies to" 

OH-- KH{Hs} (60) 
1 + KH{Hs} 

Equation (60) is formally equivalent to the Langmuir equation, but {H~} is not a bulk 

concentration. 
So far the model is still quite general and the same for silica and gibbsite, the difference 

between the two surfaces appears upon introduction of the charge density. For silica the 

surface charge density equals" 

as = - F  [{S} + {S - C}] = -FNs  (0n + 0c) = -FNs  (1 - O H  - -  0A) (61) 

whereas for gibbsite we have: 

as - 0 . b F [ - { S }  + {SH} - { S -  C} + { S H -  A}] = 

= 0.bFNs (--OR + 0n -- 0C + 0A) -- -0 .bFNs (1 - 20H -- 20A) (62) 

In the absence of s.a. the pzc of silica is obtained from Eq. (61) for 0 n - -  1 and 0A -- 0. 

Under these conditions the pzc for gibbsite is obtained from Eq. (62) for OH -- 0.5 and 
0A -- 0. In order to illustrate the consequences of the difference in charging behaviour of 

silica and gibbsite (1 - On) in the absence of s.a. (see Eq. (60)) is plotted in Fig. 2 as a 

function of log KH{Hs}. 

Silica 
0.8 

~ 0 . 6  

0.4 

0.2 

-2 -2 -1 0 1 2 
log KH{Hs} 

1 

0.8 

0.6-. 
! 

0.4 

0.2 

0 
-3 -2 -1 0 1 2 3 

log KH{Hs} 

Figure 2. Charging behaviour of silica type (panel a) and gibbsite type (panel b) surfaces. 

In these plots the electrostatic repulsion is masked (incorporated in {Hs}). Figure 2a 

clearly shows that for silica the pzc is reached asymptotically, ( 1 -  OH) ~ 0 and that 

charging is relatively difficult. For gibbsite, Fig. 2b, the pzc occurs at OH = 0.5 with a 
sharp intersection point with the zero charge axis and charging the surface (either positive 

or negative) is relatively easy. Replacing pHs by pH does not affect this characteristic 
difference, it will only lower the slope of the curves. As will be shown below also the 

surface potential vs. pH relation differs for silica and gibbsite. In general, different types 
of silica follow the silica curve [42], see Fig. 3, whereas most of the other common metal 

(hydr)oxides [43] have as vs. pH curves that resemble the gibbsite curve, see Fig. 4. 
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Figure 3. Surface charge-pH curves for different silicas [42b]. 

Based on this difference and as a first order approximation two classes of mineral oxides 

can be distinguished: silica type and gibbsite type. The special behaviour of silica type 

surfaces is due to the fact that near the pzc of silica a considerable number of uncharged 

surface groups is present, whereas for the gibbsite type oxides charge neutralisation is due 

to compensation of positive and negative groups. 
In practice isotherm Eqs. (55) to (58) cannot be used directly. For instance, even when 

it is assumed that s.a. is absent and that Ns, KH and {U} are known, {Hs} is not known 

as long as ~bs is unknown. For the s.a. ions the same applies. As mentioned in sec. 2.2. it is 

difficult to measure ~s directly. The problem can be solved by combining the site binding 

model with one of the double layer models described in sects. 2 and 3. The double layer 

model provides the additional relation between cr~ and ~b~. In principle the adequacy of 

the chosen double layer model can be verified, independent of the site binding model, by 

replotting the experimental cr~ vs. pH data at different salt concentrations as cr~ vs. pH~ 

curves. When the double layer model is appropriate the result is a "master curve" [44,45]. 

For a homogeneous one-pKH surface the master curve should reflect Fig. 2 (Langmuir 

curve). For a heterogeneous surface the master curve reflects the chemical heterogeneity 

observed by the protons [44, 46-48]. 
The combination of site binding model and double layer model will be worked out in 

some more detail for silica and gibbsite type surfaces in the next two sections. 
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Figure 4. Surface charge-pH curves for rutile (--),  rhutenium dioxide ( -  - - 
( - .  - ) i n  KN03 [43]. 

) and haematite 

4.6. Silica type surfaces 

For silica type surfaces Eq. (44) gives the characteristic protonation reaction and Eq. 
(61) provides the relation for as. In the presence of a simple 1-1 electrolyte of s.a. ions 
that weakly adsorb at the Stern plane Eqs. (61) and (55) to (59) can be combined to an 
implicit equation for as as a function of pH: 

-FNs(1 + Kc{Cd}) 

as = 1 + KH{Hs} + Kc{Cd} + KHKA{Hs}{Ad} 
(63) 

where {Hs} has to be calculated with Eq. (47) using the basic SGC model, Eq. (26) with 
a0 - 0  and a s -  -era. {Ca} and {Ad} can be obtained from Eq. (53) for nx - 0 .  For low 
potentials where gad and era are related by Eq. (19) (DH limit) the most simple expressions 
are found: 

{Hs)DH -- {H} exp {-- ~-~ ~ + (64) 
COCr/r 

_ F --era 

{Ad}Dn - {A}exp ~ eoer~ 

(65) 

(66) 



where cry, crl and era are related by the electroneutrality Eq. (24) with cr0 = 0; O" 1 and cra 

are given by respectively Eqs. (67) and (68): 

Or 1 - -  F ( { S  - C }  - { s n  - A}) - FNs (0c - 0A)  (67) 

- -  F [ { S }  -3 t- { S H  - A } ]  - F N  s (O R -Jr- 0 A )  - -  F N s  (1 - O H - 0 c )  (68) 

Equations (63) to (68) show that  even in the DH limit ors cannot be written explicitly. In 

general as is a function of Ns, C1 and ~ (or the salt concentration). 

Some results for silica type surfaces in the absence of s.a. are shown in Fig. 5. 
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Figure 5. Surface electrostatics as a function of pH for silica type surfaces. (a) effect of the salt 
concentration, Cs, on the surface charge; (b) effect of C1 for a given salt concentration; (c) salt 
effect on the surface potential ~bs. Ns = 1 site/nm 2, log KH = 4 and there is no s.a, Cl=ec,  for 

panel (a) and (c). 

The screening effect of the indifferent electrolyte is shown in panel (a). For high salt 

concentration (2M) the electrostatic interaction is small and the (1 - O n )  vs. pH curve 

resembles the (1 - OH) vs. pHs curve shown in Fig. 2a. The lower the salt concentration, 

the larger become the deviations from the (1 -OH) vs. pHs curve. The effect of C1 on the 

charging behaviour is illustrated in panel (b). The curve for Ca = cc corresponds with 

the curve at 0.1M salt in panel (a). For low Stern layer capacitances the screening of the 

surface charge by electrolyte is very poor and charging the surface becomes extremely 

difficult. Panel (c) shows a plot of ~s vs. pH at the same salt concentrations as shown in 

panel (a). 
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The r relation for silica type surfaces can be obtained by combining Eqs. (55) 

and (47)" 

[ 2.3 RT 
~s -- F log KH -- oH - l o g  (69) 

where 0R is given by Eq. (59). In the absence of s.a. OR - 1 -OH and Eq. (69) can be 

written as" 

2.3RT l o g K H _ p H _ l o g ~ - F N ~ - ~ r s ~  (70) ~= 
F cr~ t J 

where use has been made of Eq. (61) with 0A = 0c = 0. For low potentials and low 

absolute values of the surface charge Eq. (70) reduces to" 
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Figure 6. Calculated and experimental as(pH) curves of heat treated silica [34]. The experi- 
mental data are taken from Bolt, G.H., J. Phys. Chem. 61 166 (1957). 

Equations (70) and (71) show that even in the absence of s.a. ~s is not only dependent on 

log KH -- pH, but also on as. This is clearly expressed in panel (c) of Fig. 5. The surface 

potential of silica type surfaces is, in general, strongly deviating from the Nernst equation 

according to which the potential is independent of Cs and linearly dependent on pH. 
Hiemstra et al. [18, 34] have shown that the surface charge data of rigid, non porous 

silica can be described by the present model using log KH = 7.5, N~ = 8 sites/nm 2 and 
C1=2.9 F /m 2, see Fig. 6 The value of log KH is equal to the lower limit for the Si-O- group 
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given in Table 1. The value of 8 s i tes/nm 2 is suggested by Iler [49] for a fully hydroxylated 

silica. The value for the Stern layer capacitance is used as a fitting parameter.  The high 

value of C1 can be understood if it is assumed that the reactive groups protrude from the 
surface into the solution [18]. 

For gel type or precipitated silicas that  may be (partially) penetrable for protons the 

shape of the o's(pH) curves is comparable, but the magnitude of the charge densities may 

be quite different [42]. Results obtained for Sthber silica in the presence of simple 1-1 

electrolytes suggest that in this case a Donnan model (volume charge densities) is more 

appropriate as double layer model than a SGC model. 

4.7. G i b b s i t e  t y p e  of su r faces  

For gibbsite type surfaces the characteristic protonation reaction is given by Eq. (43) 

and the surface charge by Eq. (62). In the presence of a simple 1-1 electrolyte of s.a. ions 

that  weakly adsorb at the Stern plane Eqs. (62) and (55) to (59) can be combined to give 

O "  s �9 

-0 .5  FNs [1 - KH{Hs} + Kc{Cd} - KttKA{Hs}{Ad}] 
O-s = ( 7 2 )  

1 + KH{Hs} + Kc{Cd} + KHKA{Hs}{Ad} 

where {Hs} has to be calculated with Eq. (47) using the basic SGC model, Eq. (26) with 

O"0 - 0 and O"s - O"d. {Ca} and {Ad} are found by Eq. (53) for nx - 0. An equation for O"s 
that  can be used for different values of v is derived in [29]. For low potentials {Hs}, {Ca} 

and {Aa} are given by Eqs. (64) to (66). The expression for O"~ is given by Eq. (61) and 

that for O"d by Eq. (73)" 

O"d -- 0.hF[{S} - {SH} - { S -  C} + { S H -  A}] - 

= 0.hFNs(0R - OH -- 6c + 0A) -- 0.hFNs(1 - 20H -- 20A) (73) 

Some results for gibbsite type of surfaces obtained with the SGC model in the absence 

of s.a. (0c - 0A -- 0) are shown in Fig. 7. In panel (a) O"s is plotted versus pH as a function 

of the salt concentration. Two values of Ns (2 and 8 s i tes /am 2) are chosen, the high value 

of Ns is most realistic for ordinary metal oxides. C1 - 2 F / m 2, for smaller values of 

C1 smaller values of O"s would have been obtained. The curves at different ionic strength 

intersect each other at the pristine pzc, OH -- 0.5. At this point the surface potential Cs is 

zero, so that cs is not affecting the proton adsorption. Moreover, at OH -- 0.5, {Hs} - {H}0 

the bulk proton activity at the pristine pzc and log KH -- --log{H}0 - pH0. 

To obtain the expression for ~bs Eqs. (55) and (47) have to be combined: 

- RT p H 0 - p H - l o g  ~ (74) 

where use is made of the fact that logKH - pH0 and OR is given by Eq. (59). In the 

absence of s.a. Eq. (74) can be combined with Eq. (62) for 0c = 0A -- 0, the result is: 

- RT p H 0 - p H - l o g  FNs+2o 's  (75) 
FNs - 2o's 

Equation (75) shows that  at the pristine pzc (d~s/dpH) follows the Nernst law for an 

electrode. Away from the pzc the second term on the r.h.s, also contributes and ~s(pH) 
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is non-Nernstian. The degree of non ideality depends strongly on Ns. For large values of 

N~, 2a~/FN~ is small even a few pH units away from the pzc, so that  the second term 

on the r.h.s, of Eq. (75)is  small and ~ is pseudo Nernstian. An illustration of ~bs(pH) 

curves for a gibbsite type oxide in the absence of s.a. as a function of c~ is shown in Fig. 

7b for two values of N~. The salt effect on r is hardly noticed for the high value of N~. 

200 

100 

A-" 

E 0 

t~ 

-100 

'N "~'~ "'"%-.... 
"...... 

"..,... 

"" . . . .  

| 
' "~ ,  '''.....,... 

"%, "....,~. 
"~,,,. ...~ 

200 [ 

0 

-200 

4 6 8 l0 
pH 

Figure 7. Surface electrostatics for gibbsite type surfaces. Panel (a) shows two sets of a~(pH) 
curves for three salt concentrations (--  10 -3, 10 -2, ... 10 -1 M). For the two sets two 

values of N~ and two different values of log KH are combined (N~ = 8 sites/nm 2 in combination 
with log KH -- 6 and N~ - 2 sites/nm 2 in combination with log KH -- 9). C1 - 2 F/m 2 for both 

sets. Panel (b) shows the comparable Cs(pH) curves. 

Experimentally the near Nernstian behaviour of ~bs has been established for several gibb- 

site type oxides [21, 50, 51]. 
For the gibbsite surface Hiemstra et al. [34, 37] have shown that the experimental 

as(pH) data can be described with the present model, see Fig. 8. The pristine pzc is found 

at pH0 = 10 • 0.5 and the model immediately shows that log KH = 10. This value is used 

as reference in the calculation of the log KH values shown in Table 1. In gibbsite only the 

edge plane AI-OH 1/2- groups are active, ors and the parameters Ns and Ca thus apply to 
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the edge face. N~ ~ 10 sites/nm 2 edge area has been derived from crystallographic data. 

The specific surface area of the edge face can be estimated with the help of electron micro 

graphs, and amounts to about 15 to 20 % of the total (BET) surface. With this estimate 

and using C1 as fitting parameter the ~r~(pH) curves can only be described in a crude 

way (see the dashed curves in Fig. 8, C1 = 4 F/m2). Hiemstra et al. therefore conclude 

that specific adsorption of salt ions occurs. After incorporation of specific adsorption 

(log Kc = log KA = 0.1) and using C1=1.4 F / m  2 the solid curves of Fig. 8 are obtained. 
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Figure 8. Series of as(pH) curves at three NaC1 concentrations. The markers indicate the experi- 
mental data. The dashed curves are calculated without taking into account specific adsorption. 
The solid curves are calculated using the one-pKH SGC model with specific adsorption of NaC1 
[37]. 

The surface charge vs. pH curves of other well studied metal hydroxides can all be 

described fairly well with the gibbsite one-pKH model [31, 34, 52-54]. The more complex 

reality that these surfaces are multifunctional does not affect the crs(pH) curves to such 

an extent that the one-pKH model cannot be used. Gibb and Koopal [54] applied the 

one-pKH SGC model to describe the surface charge of rutile and hematite. Results for 

rutile are plotted in Fig. 9; for a good fit s.a. of the K + and NO 3 ions had to be incorpo- 

rated. Besides the crs(pH) curves also, C*, the capacitance (dcrs/dpH) is shown. Around 

the pzc the capacitance provides a good test for the model description [54]. Experimental 

capacitance values above pH=10 are unreliable. 
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Figure 9. Surface charge and capacity (da~/dpH) results for rutile at three concentrations 
of KN03. The markers denote the experimental results, the curves are calculated with the 
one-pKu SGC model in the presence of specific adsorption [54]. 

4.8 T h e  t w o - p K H  m o d e l  

As an alternative for the one--pKH model the classical two-pKH model has been used 
in combination with several double layer models. Schindler and Stumm and co-workers 

[e.g., 55-59] mainly used a constant capacitance model. Huang [60-62] and Dzombak and 

Morel [63] have made tabulations based on the two-pKH GC model. Both these models 

are relatively simple but the obtained log KH values have no physical meaning at all. 

Most frequently used is the two-pKH TL model that has been reviewed by James and 
Parks [22]. Although the two-pKH TL model can describe most as(pH) results well, it is 
impossible to obtain a unique set of parameters on the basis of as(pH) curves [23] so that 
a wealth of parameters is obtained without physical significance. Some authors [64, 65] 
have used the two-pKH model in combination with different kinds of multi-layer models. 

Also with these more complicated models none of the fitted pKH values has physical 

significance. 
In general it may be concluded combination of the two-pKH model with complicated 

double layer models lead to physically irrelevant parameters. Modelling implies simplifi- 
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cation of reality, in this respect the one-pKH SGC model has far more to offer than the 
two-pKH TL model. For an improvement of the description of well studied oxides one 
should have a closer look at the heterogeneity. This route has been followed successfully 
by Hiemstra et al. [aa, 34]. 

5. SPECIFIC A D S O R P T I O N  

5.1. General aspects 

So far the emphasis has been on adsorption of c.d. ions in the presence of weak or 
no specific adsorption of the background electrolyte. For most surfaces in contact with 
common 1-1 electrolytes this is a reasonable approximation. For high concentrations of 
1-1 electrolytes or with divalent counterions substantial s.a. is however common. Direct 
studies of specific adsorption have been made using radio labelling techniques [66, 67]. 
Also many examples of electrokinetic measurements of specific adsorption can be found 
in the literature [e.g., 68-72]. 

In the presence of s.a., in principle, both the pzc and the iep shift if the ionic strength 
is increased or the type of electrolyte is changed. In general, the s.a. of cations and anions 
is different and this leads to a pzc, that is no longer equal to the iep. For instance, with 
s.a. of cations at the pristine pzc the pzc (non pristine) shifts to lower pH, whereas the 
iep shifts to higher pH [1]. A difference between the iep and the pzc is a clear indication 
of specific adsorption. Electrokinetic measurements are therefore very useful to obtain a 
qualitative insight into specific adsorption. 

In general specific adsorption is pH dependent. For a given initial cation concentration 
a rapid increase in uptake of the multivalent cations usually occurs over a narrow pH 
range [59, 68, 73-75]. Affinity studies can be made by comparing the cation uptake as 
a function of pH at a given total cation concentration [see e.g., 76-79]. With oxyanions 
mostly a gradual decrease in adsorption with increasing pH is found [80-82]. 

5.2. Specific adsorption on proton sites versus adsorption on independent  sites 
With modelling attempts of specific adsorption it is important to distinguish between 

s.a. ions that adsorb at the same adsorption sites as the protons, and s.a. ions that adsorb 
on independent sites. The first type of specific adsorption has been assumed in sections 
4.5. to 4.7. Spectroscopic studies on metal ion adsorption [83-85] support this view. The 

description presented in sections 4.5. to 4.7. is adequate for monovalent ions. However, 
modelling of complexation of multivalent ions with surface groups is faced with several 
complications. 

(1) Speciation in bulk solution: multivalent anions may react with protons, and many 
multivalent cations hydrolyse at high pH values. 
(2) Speciation at the surface: for one ionic species different surface complexes are formed 
at different pH values and/or different surface complexes are in equilibrium with each 
other at a given pH. 

(3) The stoichiometry of the binding reaction is important; multivalent ions may form 
mono-or  bi-dentate complexes. 
(4) Due to complexation the double layer is affected and this change will affect both the 
s.a. ions and the protons. For instance, metal ion adsorption will enhance the desorption 
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of protons. The net effect is a proton/M exchange ratio that is only partly due to the 

stoichiometry of the reaction. The exchange ratio is thus not an immediate clue to the 
stoichiometry. 

These complications make a unique description of surface complexation of multivalent 

ions rather difficult. A priori assumptions regarding the type(s) of adsorbing species and 

the type(s) of surface complexes formed cannot be avoided and different opinions will 
exist as to the most reasonable assumptions. 

When only little information is available on both the surface structure and the type of 
complexes formed it is reasonable to investigate the adsorption with the simple one-pKH 

model of a pseudo homogeneous surface and to describe the complexation with Eqs. (55) to 

(59). Review [29] and Refs. [52-54] can be consulted for details of this type of description. 
In review [29] also the bond valence concept is used to describe complexation. No attempts 
have been made to predict complexation constants so that these have to be treated as 
adjustable parameters. 

Van Riemsdijk et al. [53] were the first to show that electrostatic effects could explain 
non-stoichiometric exchange ratios. Predictions with the one-pKH SCG model and the 

two-pKH SGC model were both in a good agreement with experimentally observed pro- 
ton/M ratios and metal ion isotherms at a series of pH values for rutile, hematite and 
amorphous iron oxide. In contrast with Benjamin and Leckie [86], Van Riemsdijk et al. [53] 

concluded that incorporation of surface heterogeneity is not required to describe cadmium 
adsorption on amorphous iron oxide. 

Most studies of metal ion complexation rely on the two-pKH model. Schindler and 

Stumm [59, 69, 78, 82, 87] combine the two-pKH constant capacitance model with sto- 
ichiometric reactions of the metal ions with surface hydroxyls. Huang et al. [62] and 

Dzombak and Morel [63] tabulate ion affinity constants on the basis of the two-pKH GC 
model. Leckie and co-workers [88-90] combine the model cation and anion adsorption 

with the two-pKH TL model. Hayes makes a distinction between strongly and weakly 

adsorbing ions [89, 90]. A series of reviews on s.a. using the two-pKH model can be found 
in [91]. 

Another simplification is to assume that the sites of the s.a. ions are entirely indepen- 
dent of the sites for c.d. ions. This is, for instance, a reasonable assumption when the 

s.a. ions are much larger than the surface sites. For ordinary inorganic ions this is not 

often the case, but for organic ions it may be a good option. Stern [15] has introduced 

this type of modelling. In this case the adsorption of s.a ions can be described with the 

monocomponent versions of Eqs. (55) to (59). The advantage of taking independent sites 
for the s.a. ions is that the precise nature of the ion-surface complex does not have to 
be specified and the proton/X ratio is completely determined by the electrostatics [72]. 
Problems with speciation in solution or at the surface and with surface heterogeneity still 
exist. 

Cation adsorption on oxides has been analysed by several authors [72, 92-96] under 
the assumption that s.a. ions are not in competition with protons. Fokkink et al. [72, 94] 

also studied the temperature dependence of metal ion adsorption on hematite and futile. 
Although they treat the metal ion sites as independent of the proton sites they state that 

their results form "a direct indication for the occurrence of surface complex formation". 
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6. S U R F A C E  H E T E R O G E N E I T Y  

6.1. General  remarks 

The description of ion adsorption from aqueous electrolyte solutions to heterogeneous 

surfaces is based on the concepts developed for gas adsorption [97- 100]. Heterogeneity 

of mineral surfaces can be due to different oxygen groups on one crystal plane, different 

crystal planes, plane imperfections, multiple domains, disordered crystal lattices, surface 

impurities, etc. In general the adsorption on a heterogeneous surface can be treated as 

the summation of the adsorption that occurs on the different site types. The adsorption 

on each class of sites can be described by a local isotherm equation. The overall isotherm 

is found as the weighted summation or integration of the local contributions. The local 

isotherm equation is similar to the equations derived in sec. 4 and depends on the way 
the different classes of sites are distributed over the surface. Two limiting situations of 
heterogeneity can be considered: random and patchwise. 

For random or regular heterogeneity the different site types are mixed in a random 

or regular way. With ion adsorption the lateral interactions are of coulombic nature and 

these interactions are long range. For random surfaces the (smeared out) electrostatic 

surface potential can therefore be considered to be the same over the entire surface. This 

will even be the case when the similar sites are grouped together in small clusters as 

long as these clusters are sufficiently smaller than the effective length scale, ~-1 of the 
interactions [101]. 

For patchwise heterogeneity the different classes of sites are grouped together in pat- 
ches. Each patch itself may be homogeneous, or heterogeneous if the sites are mixed 
randomly or regularly. This situation may occur with crystalline metal oxides when the 

crystal planes are occupied with different types of surface groups. The lateral interactions 
over the patch boundaries can be neglected (non interacting patches) if the boundary 

region is small with respect to the patch size. In the case of ion adsorption non inte- 
racting patchwise surfaces have to be composed of rather large patches, the length scale 

of the patch should be considerably larger than ~-1. With non interacting patches each 
patch develops its own (smeared out) electrostatic potential, this simplifies the situation 

considerably [32, 101, 102]. Treatments of patchwise heterogeneous surfaces that consi- 

der interactions over the patch boundaries are scarce [101,103]. Koopal and Dukhin [104] 
provide some arguments that surfaces with interacting patches can be treated as near 

homogeneous. Random heterogeneous patches can be treated as random heterogeneous 

surfaces, whereafter the patch contributions are added to obtain the adsorption on the 
entire surface. 

The present treatment is restricted to non interacting patchwise heterogeneity and ran- 

dom heterogeneity. The first part of this section is concerned with the theory of monocom- 
ponent ion adsorption on heterogeneous surfaces, the second part with multicomponent 
ion adsorption. 

6.2. Genera l ized  equa t ions  for m o n o c o m p o n e n t  adso rp t ion  

The overall proton adsorption from an indifferent electrolyte solution on a heteroge- 

neous surface can simply be described as the sum of the local adsorption contributions. 

The effect of lateral interactions should be taken into account in the local isotherm. For 
a patchwise surface with a discrete distribution of intrinsic affinity constants the total 
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adsorption, FH,t, is thus: 

- -  Aj 
FH, t -  N~0H,t- ~ ~ t  Nj0H,j (KH, {H~}*) (76) 

J 

where Ns is the average site density, Aj is the area occupied by sites Sj, At the total area, 
Nj the site density of patch j and 0H,j(KH, {Hs}*) is the local isotherm equation for proton 

adsorption on sites Sj. Instead of Eq. (76) one can also write" 

Z .  , 
3 

or  

(77) OH, t -- E fJOH,J (KH, {Hs}*)  
J 

where fj is a weighted area fraction of sites Sj: 

and fA is the normal area fraction. For a continuous distribution of affinity constants 

summation (77) can be replaced by an integration: 

0H,t = f 0H(KH, {Hs}*)f(log KH)d log KH (79) 
A 

where f(log KH) is the differential distribution function of log KH, A the relevant range of 
integration and 0H(KH, {Hs}*) the local isotherm function. The function f(log KH) indica- 

tes the probability of finding sites with an affinity in the range f(log KH) + d log KH. The 
product f(log KH)dlog KH is equivalent to the fraction fj in the discrete case. Equations 

(77) and (79) are generalized adsorption equations. 
For a random heterogeneous surface Eqs. (77) and (79) also apply. However, area 

fractions or local site densities are not relevant and in this case fj is simply the fraction 

of sites Sj. 
The function 0H,j depends on the type of surface oxygens. For gibbsite type (ampho- 

teric) groups a combination of Eq. (60) and (62) with 0A -- 0c = 0 can describe the local 
isotherm. In [29] a generalized gibbsite type one-pKH model has been described that can 
be used for different values of n and v. For silica type (acid) groups Eq. (60) in combina- 
tion with (61) with 0A -- OC --  0 can be used to describe the local isotherm. For a discrete 
distribution a specific equation for 0H,j can be used for each of the different groups to 
represent the surface groups as accurate as possible. In the case of a continuous distri- 
bution function with both gibbsite type and silica type oxygens the distribution function 
will become bimodal, one part for the gibbsite groups the other for the silica groups, each 

with its own local isotherm equation. 
The distinction between patchwise and random heterogeneity can be expressed by the 

equation for {Hs}*. For random heterogeneity where the local site density matches the 
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average site density and the potential is assumed to be uniform over the entire surface, 
{Hs}* can be written as: 

{Hs}* - { H , } t -  {H} exp RT (80) 

where ~b~,t is the (smeared out) surface potential. For a given value of cr,,t the potential ~b~,t 
can be calculated with, for instance, the SGC model assuming a reasonable value for Cx,t, 
see Eq. (26) with ~r0,t = 0 and ~rs,t = --Crd,t. An advantage of the random heterogeneity 
model is that there is only one set of double layer parameters (~r~,t; ~b~,t; Cx,t) required 
for the entire surface. Analysis of ~r~,t(pH) curves of random heterogeneous surfaces is 
therefore relatively easy. A systematic way to study these surfaces is by using the "master 
curve" procedure suggested by the Wit et al. [44, 45] in combination with the heterogeneity 
analysis described by Nederlof et al. [46-48]. 

For patchwise heterogeneity with non-interacting patches, each patch has its own, 
smeared out, patch potential and {H~}* becomes: 

(-F@s,p) (81) 
{Hs}* - {H~}p- {H}exp RT 

where f~,p is the potential for patch p. In principle, the potentials ~,p can be calculated 
with the help of the SGC model, Eq. (26) with ~r0,p = 0 and ~r~,p = -cra,p. In practice 
however, this calculation is not easy, only when Aj and the parameters Nj, KH,j and CI,j of 
each patch are known a measured value of cr~ can be separated into the patch contributions. 
Analysis of experimental cr~(pH) curves of patchwise heterogeneous surfaces can also be 
done by considering apparent affinities instead of intrinsic affinities. The apparent proton 
affinity for site Sj is defined as: 

KH,app,j- KH,j exp \ RT ] (82) 

where r for a patchwise surface equals r According to Eq. (82) the electrostatic inte- 
ractions also contribute to the heterogeneity. In order to suppress the electrostatic effects 
the proton adsorption should be measured at relatively high (0.1 M) salt concentrations 
[48,102,105]. 

Prediction of cr~(pH) curves of patchwise heterogeneous surfaces is possible when de- 
tailed information on the double layer parameters is available. Such calculations are very 
useful to obtain theoretical insight in he behaviour of pat&wise heterogeneous surfaces. 
Some examples of this type of calculations can be found in refs. [32,101,102]. 

Specific ion adsorption on independent sites. By replacing H by X and the subscript s by 
d the equations shown above also apply to s.a. of ion X, provided the sites for adsorption 
are independent of those of the other ions. The effect of independent specific adsorption 
on, for instance, the proton adsorption is noticed in the double layer expression for the 
potential. For surface complexation the above equations are not appropriate because this 

is a form of multicomponent adsorption with s.a. and c.d. ions competing for the same 
sites. In this respect the description of specific adsorption on independent sites is far more 
simple than that of surface complexation. 
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6.3 The  t w o - p K H  mode l  as local i so the rm.  
Use of the classical two-pKH model to describe the local isotherm for proton adsorp- 

tion on an amphoteric oxide in the presence of an indifferent electrolyte complicates the 
situation considerably. The two pK values represent, in an artificial way, the amphoteric 
nature of the oxide (see secs. 4.4. and 4.8.). Equation (77) and (79) have to be extended 
with a second summation or integration to account for both logK distributions. Only 
when it is assumed that ApK is the same for all different site types a more simple rela- 
tion is found. The latter assumption is however rather arbitrary. As there are no physical 
arguments in favour of using the two-pKH model a good advise is n o t  to use  this model. 

6.4. Genera l i zed  equa t ions  for m u l t i c o m p o n e n t  adso rp t ion  
In the presence of s.a. ions that form surface complexes with the proton sites multi- 

component adsorption occurs on reference sites Sj and Eqs. (77) and (79), in general, no 
longer hold. Moreover, for the local adsorption the competitive or multicomponent form 
of Eq. (55) should be used, i.e. Eq. (55)in combination with Eq. (59). For adsorption of 

a proton on site Sj, on which also s.a. ions C and A can adsorb Eq. (83) results: 

KH,j{Hs}" (83) 
0H, j = 

1 + KH,j{HB}* + Kc,j{Csd}* + KH,jKA,j{HB}*{ABd}* 

For patchwise heterogeneous surfaces {Hs}* = {H~}p and {Xsd}* = {Xsd}p, (X = A, C) 
whereas for random heterogeneous surfaces {H~}* = {H~}t = {Hs} and {X~d}* = {X~d}t = 

For a limited number of different sites the overall isotherm becomes: 

0H't : E fj0H,j (KH,j, Kc,j, KA,j{Hs}', {Csd}*, {Asd}*) (84) 
J 

where for each fraction fj the Kx,j values can vary independently. 

For a continuous heterogeneity the expression for the overall complexation of protons 
with all the different site types is a multiple integral equation. A relevant more simple, but 
still complicated situation, is that of e.g. proton and metal ion adsorption on oxides. For 
such a situation and adsorption from an indifferent background electrolyte the integral 
proton adsorption equation is: 

0H,t -  / f 0Hf(logKn,logKM)dlogKHdlogKM (85) 
AH AM 

where AH and AM represent the range of the integrations, the distribution f(log KH, log KM) 
is a two-dimensional distribution function. For mono-dentate M ion binding OH is given 
by Eq. (86): 

0n KH{Hs}* = (86) 
1 + Kn{Hs}" + KM{Msd}* 

Still there is little prospect of using Eq. (85) for the analysis of ion complexation on 
heterogeneous surfaces, even the two-dimensional distribution function in Eq. (85) is too 
complicated for a routine analysis. For practical purposes Eq. (85) has to be further 
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simplified by making a pr ior i  assumptions with respect to the heterogeneity. Below some 

possibilities are discussed. 

6.5. Patchwise heterogeneity and mineral oxides 
Theoretical calculations show that the pzc of a patchwise heterogeneous surface in 

contact with an indifferent electrolyte solution is not only a function of the surface com- 

position, but also of the ionic strength [32,101,102]. Therefore, for these surfaces the pzc 

can no longer be identified with the (near) common intersection point of the crs(pH) curves 

at a series of indifferent electrolyte concentrations. Kuo and Yen [106] in their brief review 

on pzc's of mixed oxides fail to recognise this important characteristic of patchwise surfa- 

ces. Although identification of the common intersection point with the pzc is wrong, the 

error in doing so is small if the Stern layer capacitances of both patches are similar [101]. 
In the presence of s.a. ions the concentration of electrolyte affects the pzc in the generic 

way indicated above and in a specific way depending on their affinity for the surface. 
Hiemstra et al. [18, 33, 34] in their MUSIC model for the crystalline oxides use the 

non interacting patchwise heterogeneity model. In this model the crystal planes are the 

patches, each crystal plane may contain one or more types of surface oxygens, but has 
its own patch charge and potential. Gibbsite has a central place in Hiemstra's treatment 

[33, 34, 37]. Up to pH ~ 10 the crs(pH) curve of gibbsite is determined by the singly 
co-ordinated groups of the edge face, above pH = 10 the doubly co-ordinated OH groups 

of the planar face start to contribute. The doubly co-ordinated groups of the edge face 

remain "inactive" due to the negative edge potential caused by the singly co-ordinated 

OH groups. The discrete patchwise model with independently obtained patch parameters 

explains the ~r~(pH) curves of gibbsite very well. 
A similar success is achieved for goethite [18, 34]. Comparison of as(pH) curves of 

goethites [34] that differ strongly in BET surface area shows that due to imperfections 
at the 100 face the surface group structure is different for goethites with different BET 

areas. Pzc values of synthetic goethites are reported to be in the range from 7.5 to 10. The 

variation in pzc of synthetic goethites can be understood if one assumes that the surfaces 

have different combinations of singly and triply co-ordinated groups. Some uncertainty 
is due to the fact that the log K3,1 value for protonation of triply co-ordinated surface 

oxygens is not precisely known. 
Contescu et al. [105] have analysed ~s(pH) curves of alumina samples obtained in a 

0.1 M electrolyte solution. Neglecting the electrostatic interactions they found (apparent) 

affinity constants that are in good agreement with the predicted KH values for A1 groups 
shown in Table 1. Although this result is promising a critical remark can be made with 
respect to the procedure. For weakly heterogeneous surfaces with a local isotherm based 
on the one-pKH model the determination of the affinity constant distribution as the first 

derivative of the overall isotherm [46, 48] may lead to a wrong result, see [32,102]. 
As a model for patchwise heterogeneity Gibb and Koopal [54] have studied proton 

adsorption on mixtures of hematite and rutile. Both hematite and rutile could be described 

with the pseudo-homogeneous one-pKH SGC model. The ~r~(pH) curves of the mixtures 

could be predicted by weighed addition of the a~(pH) curves of rutile and hematite at each 

salt concentration. For the total differential capacitance (da~/dpH) a similar additivity 

rule could be applied. 
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6.6. Random heterogeneity and mineral oxides 
For a random heterogeneous surface, where the potential is uniform over the whole 

surface, the description of proton binding is relatively simple. The overall isotherm can be 
calculated using Eq. (77)or (79) with Eqs. (60) and (62) (gibbsite type sites)or Eqs. (60) 
and (61) (silica type sites) as local isotherm. When both gibbsite and silica type groups 
are present a bimodal distribution should be used. As the (smeared out) surface potential 
is the same over the entire surface the random heterogeneity model is well suited when 
little is known about the heterogeneity. 

For certain continuous distribution functions and a Langmuir type local isotherm it is 
possible to solve Eq. (79) analytically. The thus obtained overall isotherm equations are 
normalised Freundlich type equations [32, 52, 53,102,107- 110], for instance: 

0H,t--(I H{Hs})m (87) 
1+ (I<H { Hs}) 

where I<H is the affinity corresponding with the maximum in the distribution function 
and m its width. Equation (87) is called the monocomponent Langmuir-Freundlich (LF) 
equation. The major advantage of the use of the LF equation over a discrete approach is 
that only two parameters are required to describe the distribution function. For a discrete 
approach two parameters (fj, KH,j) are required for each site type. 

When little is known about the electrostatic effects the apparent affinity distribution 
can be investigated rather than the intrinsic affinity distribution. For a random surface 
the apparent affinity is defined by Eq. (82) with ~2 equal to ?/)s,t. 
When only apparent affinities are considered Eq. (87) becomes: 

0H, t --" (88) 
1 -t- (I~H,~pp { H}) m 

where I~H,a.pp is the apparent affinity corresponding with the maximum in the apparent 
distribution function with the width m. Note that this equation is equivalent to the 
Henderson-Hasselbalch equation that is used to describe the protonation of polyelectro- 
lytes [111-113]. 

For proton adsorption on well studied systems intrinsic affinity distributions can be 
obtained after conversion of the es(pH) curves into es(pH~) curves using the SGC model 
with a reasonable value for Cl,t. As indicated before the adequacy of the applied double 
layer model can be checked when adsorption data are available at a series of indifferent 
electrolyte concentrations. Replotting the surface charge as a function of pH~ should lead 
to merging of the individual curves into a master curve [44, 45]. The master curve reflects 
the chemical heterogeneity [46-48]. 

Some theoretical proton adsorption isotherms based on Eq. (87) and different types of 
surface groups are reported in [32,102]. Benjamin and Ceckie [86] and Kinniburg et al. 
[14, 15] used Freundlich type equations to describe metal ion binding to ferrihydride. A 
discussion of this work has been given by Van Riemsdijk et al. [52, 53]. 

For multicomponent adsorption the situation is more complicated as explained in sec. 
6.4. An often used drastic simplification is to assume that the distribution of log KM is fully 
coupled (highly correlated) to that of log KH, so that the two-dimensional distribution 



791 

function reduces to a single distribution function. Similarly as for the monocomponent 
situation the fully coupled model leads, for certain distribution functions, to multicom- 
ponent Freundlich type equations [52, 53,107-110,116]. The multicomponent LF equation 
equals: 

I;r {H~} 

0.,, = Ei:Cx{X a} 
X 

[ X~ I'~X {Xsd} 

1 +  [~x Kx{Xsa}] TM 

(89) 

where the summation over X runs over all adsorbing species taking S i as reference site, 

I4x indicates the peak position of f(log I4x). 
Rudzinski et al. [108-110] also consider the situation that the affinities lack correlation, 

but that the reference sites Sj are common to all species. This results in an equation that 
is a hybride of the multicomponent Langmuir equation and the Freundlich equation: 

(I~H{Hs}) mH 
0H,t = (90) ( )mx 

1 + I4x {Xsa} 

where I4x and mx characterise f(log I(x). Equations (89) and (90) both have been used 
to study c.d. and s.a. ion adsorption on oxides [52, 53,108-110]. 

Recently a more general model, NICA, non ideal competitive adsorption, has been 
derived by Koopal et al. [116-118]. In this model ion specific non ideality according to 
Eq. (90) is combined with an intrinsic heterogeneity that applies to both c.d and s.a. ions. 
The NICA equation can be written as: 

(I~H{Hs}) nH 
0Ht -- 

' ~  

X [xZ ]P 1+  (I4x {Xsa}) nx 

(91) 

Effectively the parameter m for the width of the distribution function in the ordinary 
multicomponent LF equation is replaced by a product of two parameters: p representing 
the intrinsic affinity, nx the ion specific non ideality. The ion specific non ideality can be 
due to residual heterogeneity or other non ideality effects typical for the ion studied. On 
the expense of one additional parameter (nx) for each adsorbing component this model 
is far more flexible for multicomponent adsorption on heterogeneous surfaces than the 
fully coupled models. For nx = 1 for all X the NICA equation reduces to Eq. (89). The 
NICA model has been used successfully for proton and metal ion binding to humic acids 
[116-118], but it is not yet applied to heterogeneous metal oxides. 

The two dimensional distribution function can also be simplified by assuming a partial 
correlation or matching of the distributions of log KH and log KM [119]. The extend of 
matching is however an obscure function unless it boils down to fully coupled distributions. 
The NICA model is far more easy to handle than the equations based on partial correlation 
of the affinities. 
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Chapter 3.6 
Recent progress in the studies of adsorption of ionic surfactants from 
aqueous solutions on mineral substrates 

J. Zajac and S.Partyka 

Laboratoire des Agr~gats Mol(~culaire et Mat~riaux Inorganiques, URA 79-CNRS, 
Universit(~ des Sciences et Techniques du Languedoc, 

C.C.015, 34095 Montpellier Cedex 05, France 

1. I N T R O D U C T I O N  

The study of adsorption of ionic surfactants at the solid-solution interface has assumed 

new proportions during the last decade for both practical and fundamental reasons. With 
the refinements of some experimental tools for probing the structure of surfactant adsor- 

bates and the mutual interactions between the components of the adsorption system, also 
with the injection of concepts from statistical physics, it was possible to better understand 

the broad principles governing the phenomenon. This allowed bridging the gulf between 
the purely theoretical aspects of the field of surface chemistry and the purely empirical 

know-how concerning the applications of ionic surfactants in the mineral industry. The 

utilization of surfactants for a particular purpose, which, in the past, used to be more 
of an art than a science, has gained a rational approach by coupling an appreciation of 
the characteristics of the various types of surface-active agents currently available with 

a knowledge of the chemistry and physics of the interfacial phenomena in which they are 
used, without resorting to time- consuming and expensive trial-and-error experimenta- 

tion. Nowadays the rapid growth of theoretical and experimental advances points to the 

need for a consolidation of ideas and for the identification of new promissing research 
directions and new successful applications. 

Ionic surfactants can be employed in various processes in which adsorption on (or 

interaction with) inorganic substrates achieves desired results. The most successful appli- 
cations are those that are based on potential consequences of adsorption such as ability 
to affect the mineral suspensions stability and modify the wetting behaviour of mineral 

surfaces. In many products and processes it is important to obtain stable, uniform disper- 

sions of finely divided solids. Paints, pigments, dyestuffs, pharmaceutical preparations, 

drilling muds for oil wells, are examples of suspensions of colloidal-sized particles in some 

liquid medium. Surfactants may be used not only to disperse solids in liquids, but also 
to coagulate or flocculate solids already dispersed in liquid media. Colloid stability is 

also important in detergency, flotation, mineral separation processes based on selective 

coagulation, emulsion polymerization, and agricultural soil conditioning. Wetting, which 

commonly refers to the displacement of air from a liquid or solid surface by water or an 
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aqueous solution, always involves three phases, at least two of which are fluids. Therefore, 
modification of the wetting behaviour of minerals due to the addition of a surface-active 

agent must be interpreted in view of the selective adsorption of organic ions at the three 

interfaces present in the system. The most important applications include flotation or 

beneficiation of ores, enhanced oil recovery, detergency, sanitization, dyeing, printing, uti- 
lization of pesticides and herbicides. 

In studies of the adsorption of inorganic or organic ions from aqueous solutions on 

different solid surfaces the interpretation of the results is often obscured by factors such 
as surface roughness, heterogeneity, porosity, or its affinity for water, which are difficult to 

assess and to control. Mineral oxides of simple geometries can provide relatively smooth 

surfaces with well-defined surface compositions and known surface charges. They are 

characterized as having high surface energies and tend to be hydrophilic and polar in 
nature. In aqueous solutions, mineral surfaces acquire an electric charge, which is caused 
by the dissociation of amphoteric surface hydroxyl groups and this is determined by the 
pH. These features make them close to ideal for fundamental studies. An investigation of 

the adsorption behaviour of such simple systems can shed light on the interaction of ionic 

adsorbates with many other substrates and hence leads to the development of models for 
the adsorption process. 

The intent of this chapter is to present a brief review of simple, fundamental physi- 
cochemical principles and experimental results which are necessary to understand both 
the mechanism of adsorption of ionic surfactants from aqueous solutions on oxide surfaces 
and the action of some simple, fundamental applications. It does not enter into details 

in the theoretical consideration, nor does it attempt to explain complex industrial uses. 

Both problems have been thoroughly treated in several review articles and monographs 

[e.g., 1-10]. Here emphasis is placed on the contribution the adsorption calorimetry ma- 
kes to the improvement of current understanding of the interactions of ionic surfactants 
at the mineral-water interface. All experimental data, used for the illustrative purposes 

throughout this chapter, were obtained at the Laboratoire des Agr(~gats Mol~culaire et 
Mat~riaux Inorganiques. 

2. M A T E R I A L S  A N D  E X P E R I M E N T A L  T E C H N I Q U E S  

The adsorption of ionic surfactants at the solid-solution interface is strongly influenced 
by a number of factors: 

(1) the nature of the solid subs t ra te-  its chemical and crystalline structure, particle size 

distribution, specific surface area, porosity, surface heterogeneity, charging behaviour, 

and hydrophilicity; 

(2) the molecular structure of the surfactant being adsorbed - the structure and the charge 

of the polar head group, the length of the hydrophobic moiety, and whether it is 

straight-chain or branched, aliphatic or aromatic; 

(3) the environment of the aqueous phase -  its pH, ionic strength, temperature, and the 

presence of any additives (e.g., alcohols, urea, formamide, dioxane). 

Together these factors determine the mechanism by means of which surfactant solutes 
may adsorb onto solid substrates from aqueous solution and very systematic studies are 
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needed to explore the effect of each of them on the degree of adsorption and the energetics 
involved. In the first place, the general research strategy consists in the comparison of the 
various substrates in their abilities to adsorb the same surfactant ion or the same homo- 
logous series of surfactants. Then, within each experimental series on a given substrate, 
important conclusions can be drawn with respect to chemical structure of the surfactant 
and physical properties of the liquid medium. 

The complexity of the phenomenon requires the application of a variety of experimental 
techniques. Comparison of data from all these measurements yields greater insight into 
the possible mechanism of the process and its evolution with the surface coverage. The 
most popular tools utilized in measuring ionic surfactant adsorption include, primarily, 
adsorption isotherms, but also electrophoretic data and contact angle measurements [e.g., 
11-21]. The reason for this tendency is that most of the studies in the past related to 
efforts to define the dynamics of the flotation process and to find a correlation among 
rise in flotation, degree of adsorption, and electrokinetic properties of mineral suspensions 
in solutions of an ionic collector. In most cases, the effect of adsorption is quantified 
by means of the standard solution depletion technique, nevertheless ellipsometry [22] and 

electron spectroscopy for chemical analysis (ESCA) [23,24] have been successfully tested as 
methods for the determination of the thickness of the adsorbed layer and the equilibrium 
adsorption density onto relatively simple supports like glass or mica. Adsorption isotherms 
are sometimes supplemented by conductivity and pH measurements or potentiometric 
titration. Conductivity data are used to detect changes in surfactant aggregate structure 
[17]. A change in pH upon adsorption indicates a change in surface charge [20], whereas 
the classical potentiometric titration leads to determination of the net surface proton 
balance in the absence and presence of surfactant [21]. 

An adsorption isotherm is a necessary but not sufficient way of describing the ther- 
modynamics of ionic surfactant adsorption because a full description of the phenomenon 
requires knowledge of mutual interactions between all the components of the system. Such 
opportunity is offered by flow and batch liquid adsorption microcalorimetry [25-30]. 

Although large number of studies have been reported on the equilibrium adsorption of 
ionic surfactants at the interfaces, very little attention has been paid to the adsorption 
kinetics. Only a few attempts have been made to follow the time evolution of the process 
from the initial adsorption to the equilibrium configuration and to understand the role of 
the diffusion [24,25,31]. 

Over the last decade the surface force technique has been used to probe the nature of 
the forces which atomically smooth surfaces exert on each other in different solutions [32]. 
The effect of cationic surfactant adsorption on the surface forces, inferred from the fitted 
surface potentials and the measured adhesion data, has been well characterized for mica 
and silica glass surfaces [33-37]. 

Some essential discoveries concerning the organization of the adsorbed layer derive from 
the various spectroscopic measurements [38-46]. Here considerable experimental evidence 
is consistent with the postulate that ionic surfactants form localized aggregates on the 
solid surface. Microscopic properties like polarity and viscosity as well as aggregation num- 
ber of such adsorbate microstructures for different regions in the adsorption isotherm of 
the sodium dedecyl sulfate/water/alumina system were determined by fluorescence decay 
(FDS) and electron spin resonance (ESR) spectroscopic methods. Two types of molecu- 
lar probes incorporated in the solid-liquid interface under in situ equilibrium conditions 
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were chosen: pyrene and dinaphthylpropane fluorescent probes [38] and the nitroxide spin 
probes [39,40]. The evolution and structure of surface aggregates in the same adsorp- 
tion system were also examined by excited-state resonance Raman spectroscopy [41] with 
the use of tris(2,2'- bipyridyl)ruthenium(II) chloride as the reporter molecule. Adsorp- 
tion of cationic surfactants like dodecylpyridinum and cetylpyridinum chlorides [42], or 
dioctadecyldimethylammonium chloride [43] on negatively charged silica was characteri- 
zed with the aid of the ESR spectra for 2,2,6,6-tetramethylpiperidinyl-l-oxy [42] and 
7-doxyl-stearic acid [43], as well as the fluorescence spectra for pyrene-3-carboxaldehyde 

[42,43] adsolubilized in the surfactant adlayer. Recently, a number of nuclear magnetic 

resonance (NMR) studies have been presented [44-46]. The analysis of the adsorbate 
structure is based on the recorded 2H NMR spectra of alkyltrimethylammonium bromi- 
des [44,46] or sodium alkylbenzenesulfonates [45], deuterium labeled in the moiety of the 

charged head-group and adsorbed on silica or alumina particles. 
Other studies have opened the general possibility of observing the adsorption phe- 

nomenon by yet another sensitive technique to provide basic information on adsorbed 
layers, namely small-angle neutron scattering (SANS) [47,48]. For example, this techni- 

que enabled the authors [47] to look at the structure of aggregates made of silica spheres 
flocculated with cationic surfactants and to discuss the effect of the heterogeneity of the 
adsorbed layer on the formation of these aggregates. Elsewhere [48] it was possible to 
obtain direct structural information about a cationic surfactant adsorbed on an amor- 
phous silica block by monitoring the intensity of neutron beams specularly reflected at 

the solid-liquid interface. 
In reviewing a vast quantity of literature on the subject, it is possible to encounter 

some studies which are of little value because insufficient attention has been given to the 
control of important physical factors, to the potentiality of the experimental technique, or 
to the limitations of particular theoretical approaches. Therefore, Section 2 is exclusively 
devoted to description of the materials and experimental methods used in measuring 
the adsorption of ionic surfactant onto mineral substrates. Some experimental problems, 
encountered in the everyday laboratory practice, will be pointed out. Among different 

experimental methods, the adsorption calorimetry particularly deserves to be noted. 

2.1. Solid supports  
The adsorption of surfactants was studied on powdered solid samples, which were all 

commercial products. The following supports were considered: 
1) Surface-hydroxylated amorphous silica obtained by precipitation from sodium silicate 

solution in RhSne-Poulenc and Aubervilliers Laboratory (France). It is a nonporous 
adsorbent of high purity except that it contains some traces of sodium as impurities 

[49-52]. This sample was used without further treatment. 
2) Quartz, specified to contain 99.8% SiO2, supplied by Sifraco (France). Ground quartz 

crystals were sieved and sedimented. This product was first leached repeatedly in bo- 

iling 2N HC1 and thoroughly washed with deionized water until the filtrate showed no 

trace of chloride ion [53]. 
3) Zirconium dioxide obtained from T.S.K. Zirconia TZ-O (Japan) and used without 

further purification [54]. 
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4) Corundum (a-aluminium oxide), specified to contain > 99% A12Oa, purchased from 

Union Carbide (USA). The sample was washed six times in deionized water in order to 

eliminate the traces of some 'interfacial' impurities. It was subsequently dried at 433 K 

in a vacuum dryer for 30 hrs [54]. 

Some properties of these solid samples, important in regard to the adsorption process, are 
presented in Table 1. 

Table 1 
Some basic physicochemical properties of the solid supports 

BET specific surface Mean Crystalline 
Solid sample area [m 2. g-l] particle size structure pH of the pzc 

#m 

Precipitated silica 40 0.13 amorphous 2-3 
Quartz 5.5 1-10 rhombohedral 1.5 

Zirconia 14 0.1 monoclinic 5.5 

a-Alumina 9.2 0.1-0.3 hexagonal 8 

The specific surface area and porosity was determined by the nitrogen gas adsorption at 
77 K using the BET adsorption model (cross-sectional area of one nitrogen molecule was 
taken as 16.2 ~2). The mean particle size was observed in a scanning electron micrograph. 
Some of the solid samples are relatively polydisperse and the particle size range is reported 
in these cases. The crystalline structure was examined by X-ray diffraction analysis. 
The classical potentiometric titration and electrophoresis were used to determine the net 
surface proton balance and the electrophoretic mobility of solid particles as functions of 
pH in different electrolytes. The pH value corresponding to the point of zero charge (pzc) 
was calculated from the experimental results (the methods and equipments are described 

elsewhere [54]). 

2.2. Adsorba te  molecules 
The adsorbate molecules, considered in this chapter, belong to four homologous series 

of surfactants. They also comprise polar heads of these surfactants, i.e., organic compounds 
having the same hydrophilic groups but without hydrocarbon tails. Below listed are all 
the solute molecules, together with their chemical formulae, the name of the producer 
(or the method of synthesis), the procedures applied for their purification (or the purity 
specified by the producer, if used as received), and the acronyms, which will be utilized 

afterwards: 
(A) (Anionics) Sodium alkyl sulfates [54]; supplied by Prolabo (France) and used as 

received (98% purity): 
1. (SDS) Sodium dodecyl sulfate; n-C12H25SOgNa + 

2. (SOS) Sodium octyl sulfate; n-CsH17SO4Na + 
(B) (Anionics) Sodium alkylbenzenesulfonates [54]; synthesized in the laboratory [56] and 

purified by recrystallization from distilled water [54]: 
3. (SOBS) Sodium octylbenzenesulfonate; p-CsH17C6H4SO3Na + 
4. (SHBS) Sodium heptylbenzenesulfonate; p-CTHlsC6H4SO3Na + 
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(C) (Cationics) Benzyldimethylalkylammonium bromides [49-52]; purchased from Fluka 

(France) and purified by recrystallization from ethyl acetate and from water [50]: 
1. (BDDAB)  Benzyldimethyldodecylammonium bromide; 

C6H5 C H2 N + ( CH3 ) :-C 12 H 25 Br- 
(D) (Cationics) Alkyltrimethylammonium bromides [49]; supplied by Sigma (France) and 
used as received (99% purity); 

2. (HTAB) Hexadecyltrimethylammonium bromide; n-C16H33N+(CH3)3Br - 

3. (TTAB) Tetradecyltrimethylammonium bromide; n-C14H29N+(CH3)~Br - 

4. (DTAB) Dodecyltrimethylammonium bromide; n-C12H25N+(CH3)3Br - 

(E) (Polar heads) obtained from Fluka (France) and used as received (>98% purity): 

1. (SBS) Sodium benzenesulfonate; C6HbSO~Na + 

2. (BTAB) Benzyltrimethylammonium bromide; C6HbCH2N+(CH3)3Br - 

Among the different properties of surfactants, it is those resulting from their am- 

phipathic structure, the property of being adsorbed at interfaces and that of forming 
colloidal-sized clusters in aqueous solutions, that are the most important. The former 

may be characterized by the effectiveness of adsorption, whereas the latter by the critical 

micelle concentration (cmc). The area per molecule at surface saturation, a0, is a useful 
measure of the effectiveness of the surfactant adsorption at the solution-air interface, since 
it corresponds to the maximum value for which adsorption can reach. When compared 

with its equivalent for the solid-liquid interface, this parameter may provide information 
on the degree of packing and the orientation of the adsorbed surfactant molecules on 

a solid surface. The cmc represents the maximum solubility of the single molecules in 

a given aqueous medium and thus plays an important role in the surfactant adsorption 
onto solid substrates, where single ions rather than micelles are involved. Both parameters 

are very sensitive to the presence of impurities and will strongly depend on purification 
procedure. They were determined by applying the Gibbs equation [e.g.,57] to the surface 

tension measurement with an electrobalance type tensiometer (Prolabo TD 2000, France). 

Examples are reported in Table 2. 
Since surfactant molecules can aggregate into micelle-like structures on a solid surface, 

the enthalpies of micellization in the bulk phase are also listed in this table. They will 

Table 2 
Critical micelle concentration, cmc, area per molecule at surface saturation, ao, and molar 
enthalpy of micellization, Dmich, for the surfactant molecules (in deionized water) 

Surfactant Solvent Temperature cmc ao Amich 
[K] [mmol-kg -1] [nm2/molec.] [kJ.mo1-1] 

SDS water 308 8.5 0.47 -6.4 

SOS water 308 100 0.47 

SOBS water 298 11.3 0.35 -4.0 

SHBS water 298 22.6 0.35 -0.9 

BDDAB water 298 5.6 0.71 -5.3 

HTAB water 308 1.0 0.60 -23.2 

TTAB water 298 4.0 0.59 -4.7 
DTAB water 298 14.8 0.61 -1.6 
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be further compared with the differential enthalpies of adsorption at higher surface cove- 

rages. The enthalpic values were measured by microcalorimetry (see paragraph 2.5.). 

2.3. Chemical analysis of the bulk phase 
The water used throughout all experiments was deionized and purified with a Millipore 

'Super Q' system. It had a pH value of about 6 and conductivity which varied between 0.05 

and 0.1 #S-cm -1. The increase in ionic strength was effected with the salts used to buffer 

the system (0.1M NaBr aqueous solutions). Values of pH were determined with Tacussel 

electrode (France). The accuracy of the measurement was to 0.05 pH unit. When needed, 
the pH was adjusted by the controlled addition of 0.1N HC1 or 0.1N NaOH solutions 

depending on the pH desired. All inorganic chemicals were of Analyzed Reagent grade. 

In the case of powdered solid samples, which exhibit some residual solubility in water 
(e.g., silica), water saturated with soluble solid should be utilized for preparing a stock 

solution and then for diluting it. To this end, a given volume of water is mixed with 
an appropriate mass of solid in a glass mixer with a magnetic bar stirrer for 24 hr under 

constant temperature and pH. Then the excess of solid is repeatedly separated by filtration 

on a milipore filter with suction and the clear filtrate taken as solvent. 
The composition of surfactant or polar head solutions is expressed in moles of solute 

in 1 kg of solvent, i.e., molality. Such an unit has two important advantages over the 

molar concentration. Firstly, it does not depend on the temperature and this facilitates 

the comparison of experimental results obtained at different temperatures. Secondly, any 

solution may be prepared by weighing the solute and solvent, or the stock solution and 

solvent in the case of dilution. The gravimetric procedure markedly increases the precision 

of the chemical analysis of the bulk phase. 
A variety of analytical techniques are available for determining the change in concen- 

tration of the surfactant and its polar head. The refractometric technique was employed 
because of its universal detection capability: the detector is able to identify all compounds 

in a solvent which have their refractive indexes different from that of the solvent. The ap- 
paratus R- 403, belonging to the Water Associates R-400 Series Refractometers with the 

inlet tube and cell dead volume of 250 #1, is a recording differential refractometer for conti- 
nuously and quantitatively monitoring the difference in refractive index (RI) between two 
liquid streams (solution and pure solvent). The concentration of the surfactant or polar 
head is estimated within 1-5% error from the comparison of the RI difference of the solu- 

tion with those of the blanks containing known concentrations of the solute (calibration 

line) at constant temperature. When a phenyl or other chromophoric group is present in 

the solute structure (e.g., BDDAB, BTAB, SOBS, SHBS, and SBS), the UV spectroscopy 
allows the concentration determinations to be achieved with more precision, especially 
in the case of very diluted solutions (accuracy below 5- 10-6mol �9 kg-1). The UV Varian 

differential spectrofotometer with different cells of 0.1 to 10 mm in width was utilized to 
measure the absorbancy of benzyldimethylalkylammonium bromides (~m~x = 262.8 nm) 

and sodium alkylbenzenesulfonates ()~m~x = 261.5 rim) in aqueous solvent in the wave- 

length range 240-340 nm. This absorbancy was compared with those of the blank solutions 

and the concentration of the solute was read from the least-square-fitted calibration line. 
In order to elucidate more precisely the exchange of the adsorbing ions with the monova- 

lent counterions in the double layer, the concentration of Na + cations was determined in 
the supernatant using the flame absorption spectrometer (air-acetylene flame, wavelength 
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589.6 nm). To avoid the interference of the absorption values coming from the presence 

of solute molecules (surfactant or polar head), it was necessary to prepare calibration 

standards having the same solute concentration for each analyzed solution. 

2.4. Adsorption and electrophoretic measurements 
Adsorption isotherms are habitually obtained using the solution depletion method, 

which consists of comparing the solute concentrations before and after the attainment 

of adsorption equilibrium. Electrokinetic or zeta potentials are determined by two tech- 

niques: microelectrophoresis [12,14,17] and streaming potential [13,58,59]. The former is 
employed to measure the mobility of small particles of chemically pure adsorbents, whe- 

reas the latter is adopted to investigate the electrophoretic behaviour of less pure coarser 
mineral particles. A correlation between the adsorption and electrophoretic results is usu- 

ally examined with the aim of sheding light on the mechanism by means of which the 

surfactants are adsorbed at the solution-solid interface. This implies the necessity of ma- 

intaining the same experimental conditions in both experiments. For this purpose, the 

same initial operational procedure is applied. 
A stock quantity of buffer or salt solution of define pH and ionic strength (or pure 

water at free pH) was prepared, which was treated as a solvent for the preparation of the 

solution of surfactant. Then the solutions of the various compositions were obtained with 

this solution by the appropriate dilution in standard joint stoppered tubes of capacity 
30 ml. Dry solid powder was weighed accurately and poured into the tubes. Each tube 

containing the same mass of solid sample and the same volume of aqueous solution of a 
given molality was equilibrated by slow rotation (avoiding the formation of foam) for 24 hr 
at a constant temperature. Then the solid samples were separated from the supernatants 
by centrifugation (13000 rpm during 20 min). A definite volume of the clear supernatant 

was removed from each tube with the help of a long needle glass syringe and analyzed for 
the solute content and pH. Simultaneously, samples of solid suspension were collected for 

electrophoresis experiments. 
In the case of adsorption experiment carried out at constant pH, the above procedure 

was somewhat modified. The rotation of tubes was stopped after 8 hr and the suspension 
was allowed to settle for a period of time depending on the particle size of the solid sample. 

The pH was checked and, if necessary, readjusted to its original value. The operation was 

repeated until no changes in pH were observed. 
The specific amount adsorbed of the solute, n~, or the amount adsorbed per square 

meter of solid surface, F~, were calculated from the experimental data using the equations 

F 2 -  n2 10 �9 ms 

where m ~ is the initial mass of solvent, C O and C b are, respectively, the molalities of the 

initial solution (before adsorption) and the equilibrium bulk solution (after the attainment 

of adsorption equilibrium), ms is the mass of solid sample, As is the BET specific surface 

a r e a .  

In studying adsorption at any interface, one is interested in determining the number 

of moles of the adsorbate per unit mass or unit area of the solid adsorbent since this 
is a measure of how much of the surface has been covered, and hence changed, by the 
adsorption. To find the relationship between this number of moles, n~ (or F~) and the 
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experimentally measured quantity n~ (or I'~), the form of the concentration profile of 

component 2 up to the surface must be known. It is, however, conventional to represent 

the concentration as a step function according to the surface phase model [60]. The basic 

concept is that the solid-solution interface may be approximated by a thin, homogeneous 

layer of liquid usually called a surface phase. The layer is bounded on one side by the 

solid and on the opposite side by the homogeneous bulk solution. Following the law of 

conservation of mass in a closed system with respect to solute 2, after combination with 

Eq.(1) and simplification 

~ m i "  C2b ( 2 )  
n2 - n2 - 10  3 

where m~ represents the mass of solvent in the surface phase per unit mass of solid. Most 

of the solutes used in the studies of adsorption in dilute solution possess relatively strong 

affinities for the solid surface, whereas the affinities of the solvents are relatively weak. 

Under these circumstances the product m~-C~ becomes negligible, so that n~ - n~ (and 

r ~  - F~ per unit surface area of solid). 
The adsorption isotherm can then be plotted in terms of n~ (or F~) as a function of C2 b 

at a given temperature 

n~ - f(C b) or F~ - f(C b), T - const. (3) 

In most cases, n~ (or V~) monotonically increases with increase of C b at low solute mola- 
lities. At relatively higher values of C b (e.g., in the vicinity of the cmc for surfactants) it 

reaches a limiting steady value n~,m~ x (or F~,m~x) which does not increase with further in- 

crease of C b. This density of adsorption at surface saturation determines the effectiveness 

with which the solute is adsorbed at a given temperature. The reciprocal of F~,m~ x gives 

the averaged surface area per adsorbate molecule on the adsorbent. 

The extent of adsorption is sometimes expressed as percentage of a total capacity of 
the adsorbed layer: 

O -  n~ = r~ (4) 
8 n2,ma x F~ . . . .  

In the literature, the experimental adsorption isotherms are plotted on three prin- 

cipal scales: double linear (lin-lin), linear-logarithmic (lin-log) and double logarithmic 
(log-log) [12,14,21,61]. The various presentations allow a more detailed analysis of the 

subsequent adsorption stages to be made. On a log-log scale, different regions can be 

explicitly distinguished in the isotherms. They are believed to reflect distinct modes of 

adsorption. However, the transitions between such regions are considerably more gradual 

in reality than they seem to be on this scale. The effects of surface heterogeneity and co- 
operative adsorption, which occur at very low surface coverages, show up most clearly in 

log-log plots. Cooperative adsorption at higher surface coverages, the plateau adsorption 

region in particular, markedly manifest itself only on a linear scale. The thermodynamic 
interpretation of the phenomenon is easier with the use of lin-log plots. Here the logari- 

thm of the solute concentration is equal to the configurational part of the electrochemical 

potential of solute in the equilibrium bulk phase. 
A Rank Brothers microelectrophoresis apparatus MKII with a rectangular cell was 

applied to measure the average velocity U at which charged colloidal particles move under 
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the action of a steady and weak electric field between platinum black electrodes. This 

velocity is determined by the balance between the electrical and viscous forces which act 

on the particle. At a stationary level inside the cell, where solvent is immobilized, the 

particle moves with a uniform velocity. Since the movement of particles is observed on a 

screen of monitor, the electrophoretic velocity may be calculated from the time necessary 

to cover a certain distance. The direction of movement permits to decide the sign of 

surface charge. 
Sample of solid suspension in the supernatant, collected after the attainment of ad- 

sorption equilibrium, was transferred to the thermostated microelectrophoresis cell. The 

velocity U for at least 10 particles was measured at the two stationary levels and the ave- 

rage value taken; the polarity of electrodes was reversed after each velocity measurement. 

For a spherical particle, the following equation is satisfied: 

U - ~ - E  (5) 

where E is the strength of the applied electric field and # is called the electvophoretic 
mobility of the particle (expressed in m 2. s -~ �9 V-i) .  The mobility is directly related to 

the zeta potential, (, an important quantity associated with the electrical double layer, 

by the Smoluchowski's equation [57] 

( = f . # ' q  (6) 
g 

where r/ and e are the viscosity and the dielectric constant of the suspending medium; 

this formula should be used with SI units. The factor f is a correction factor for the 

electrophoretic retardation and relaxation effects (the ion atmosphere affects the forces 

which act on the moving particle and decreases its mobility); it depends on the particle 

size, ionic strength, and (-potential [62-64]. The zeta potential is a potential of the 

charged surface at the plane of shear between the particle and the surrounding solution 

as they move with respect to each other. The plane of shear is situated at an undetermined 

point somewhere in the diffuse layer and it is very tempting to place it at the solution 

side of the Stern layer, so that ( = Od, the diffuse layer potential. However, the exact 

position of that plane is still the subject of some debate and the zeta potential is smaller 

in magnitude. In spite of this difficulty, the electrophoretic mobility, #, can be considered 

as a measure of the net charge of the solid particle, i.e., the surface charge plus the charge 

of the adsorbed layer. It. is plotted in function of the equilibrium bulk concentration or 

directly as a function of the amount adsorbed 

# = f(ln C k) or # - f(r~), T - const (7) 

The adsorption and electrophoretic measurements were supplemented by the quali- 

tative observation of the flocculation of solid particles in the surfactant solutions. The 

turbidity of the content of each adsorption tube after adsorption, recorded at various 

time intervals, was compared with that, of a control tube containing the same solid con- 

centration but in pure solvent. This suspension of reference was always prepared under the 

same conditions as the others. A marked increase in the turbidity was taken as evidence 

of flocculation. 
Flocculation of charged solid particles occurs with the addition of surfactant to the 

suspension. If surfactant ions are adsorbed on the surface and oriented so that hydrophobic 
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areas are produced, these areas on different particles may come together to form a micelle, 

even if the surfactant concentration is well below the cmc. The particles are thus held 

together by the powerful surface tension forces at the zone of contact until the surface 

remains hydrophobic. The bridges of surfactant molecules are sufficiently long to promote 

an open and voluminous structure of the final aggregates. As a consequence, the decrease 

in the surface area accessible to adsorption is small. When a twofold layer is built at higher 

bulk concentrations owing to hydrophobic attraction between the hydrocarbon chains, the 

outwardly disposed ionic head-groups render the surface hydrophilic again and the flocs 

redisperse. The reversibility of flocculation provides an argument for the formation of two 
successive layers of surfactant ions. 

2.5. Microcalorimetry of adsorption 
The enthalpy changes accompanying adsorption from solutions may be obtained by 

direct calorimetric measurements. Static calorimetry, i.e., the technique for measuring the 

total heat evolved when a solid is immersed in a solution of a given composition, is the 

method used in most experiments to date, while the flow calorimeter, in which the heat 

of displacement of one solution by another is measured, has rapidly been established as 

a valuable extension to the more conventional technique [e.g.,65-67]. In many ways the 

measurement of heat is easier and can be achieved with more precision than determi- 

nations of the amounts adsorbed. For basic thermodynamic reasons, heat effects should 

be more sensitive to the nature of the solid- solution interface. Therefore, much more 

reliable interpretation of the behaviour of an adsorption system may be expected while 

basing on the analysis of adsorption isotherms and the related heats. Only a few authors 

have attempted to apply such an investigation strategy to the adsorption of ionic and 

non-ionic surfactants [25-30,49-54,68-73] though it is evident that the lack of simulta- 

nous adsorption and heat data has left all developed thermodynamic models essentially 
untested. 

The calorimeter 'Montcal 3' was used to measure enthalpies of dilution and adsorption. 

This isothermal apparatus is a specific combination of batch and flow microcalorimetric 

techniques. It is schematically represented in Fig.1. It is equiped with an injection system 

which enables the controlled introduction of reagents into the calorimetric cell. The ho- 

mogeneity of the suspension is ensured by a horizontal agitator with a variable speed of 

rotation that can be adjusted to the nature of the solid-liquid system studied. It is thus 

possible to follow the process step by step along the isotherm and detect the enthalpy 

changes associated with successive steps. Injection of reagents, calibration processing, tem- 

perature control, and recording of the heat effects are all carried out by the appropriate 

microcomputer system. A detailed description of the apparatus and its functional parts, 

the operating principles, technical specifications, procedures for operation, and factors 

affecting its performance can be found in paper [74]. 

The calorimetric cell is initially filled with ms grams of solid and Mp grams of solvent 

(pure water or buffer/salt solution); m~ ~ grams of water are adsorbed per unit mass of 

solid. The reservoir of the injection system contains a certain volume of the stock solution 

of molality C~; the solvent used to prepare this solution must be exactly the same as 

that in the cell. When the termal equilibrium has been reached in the whole calorimetric 

system (the baseline is steady), a precision syringe pump injects a small portion of the 
stock solution into the suspension. The mass of solute introduced into the cell is equal to 
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Figure 1. Liquid injection and agitation system of the Montcal microcalorimeter. 

ko. t and that of solvent is (d - ko) - t ,  where t is the time of injection (in min), d is the 

flow rate of the pump (in g .  min-1), and the coeflqcient ko is expressed as follows: 

CoMod 
ko = 10 a + CoMo (8) 

Mo is the molar mass of solute. The injected solute molecules are diluted in the supernatant 

inside the cell and a fraction of them subsequently adsorbs onto solid particles. They 

displace a certain amount of water pre-adsorbed at the solid-water interface, because of 

the limited extent of the adsorption space. At equilibrium, there are m~ grams of water 

and n~ moles of solute adsorbed per unit mass of adsorbent. The total operation induces 

a thermal effect and alters the equilibrium which is recorded as a thermal peak (after 

about 15-20 min the signal returns to the baseline). These data, once processed by the 

software, yield the related enthalpy change AexpH. 

The law of mass conservation separately applied to solute 2, rearranging and combining 

with Eq.(2), leads to the following relationship: 

e s m~-C2 b ko- t  [Mp + ( d -  ko) - t  l - C  b 
n~ - n 2 - = - (9) 

10 a ms �9 Mo 10 a �9 ms 

For given time of injection, t, n~ is a linear function of C b and the coefficients of the 

linear equation correspond to two extreme states: the whole amount of solute injected 

in the calorimetric cell either adsorbs on the solid surface (the intercept) or remains 

in the solution of molality C b (the slope). The partition of solute molecules between the 
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adsorbed phase and the bulk solution is strictly determined by the adsorption equilibrium 
at a constant temperature and does not depend on the path by which the adsorption 
system passes from its initial state to the equilibrium. In consequence, the n~ and C~ 
values are identified with the co-ordinates of a point where the line (9) intersects the 
experimental isotherm n~ - f(C2b). The thermodynamic balance enables the enthalpy 
change during the above experiment, AexpH, to be divided into two parts, which are 
relevant to the displacement and dilution effects. These terms will be dependent on the 
choice of a reference state in the liquid phase. In the case of dilute solutions, an infinitely 
dilute aqueous solution is taken as reference and apparent molal quantities may be utilized 
for the solute. The dilution contribution takes the form: 

Adiln --(ko. t /Mo)- [h2 b (C2 b) - h b (C~)] (10) 

where h2b(C2) is the apparent molal enthalpy of solute in a solution of molality C2. The 
value of AmlH is measured directly with the same apparatus in a similar experiment (all 
the experimental conditions, like C~, C b, d, t, have to be the same; the only difference is 
that the calorimetric cell contains no solid sample). The corresponding equation for the 

displacement term is: 

AaplH - n ~ . m s .  [h~ (C2 b) - h~ ~176 + ms" (ml ~  ml)" (hi b ~  h~ ~ + (11) 

+m~.ms .  [h{ (C}) - h~ ~ + n~.ms" [h~ ~ 1 7 6  h~ (C2b)] 

where h](C2 b) is the partial molal enthalpy of component j ( j -1 ,2 ) in  the adsorbed phase 

being at equilibrium with a solution of molality C2b; h~ ~ and hi b~ are the specific enthalpies 
of solvent in the pure adsorbed and bulk phase, respectively; h~ ~176 is the apparent molal 
enthalpy of solute at infinite dilution. The first three terms on the right hand side of 
Eq.( l l )  successively correspond to adsorption of solute 2, desorption of solvent 1 and 
changes in the energetic state of solvent which remains in the adsorbed phase. Their sum 
represents the integral enthalpy of displacement (with the solute at infinite dilution as a 
reference). The last term is a correction expression due to difference in the composition 
of the equilibrium solution (C b) and the reference solution (cb~176 It may be calculated 
from the experimental results for the dilution of a stock solution of molality C~ (the value 
at zero molality is extrapolated). 

In principle, only the enthalpy of displacement is determined from the batch displa- 
cement experiment. The enthalpic value will depend on the strength of solute-solid inte- 
raction, the affinity of solvent to the support, and the molar ratio of displacement, i.e., 
the amount of solvent displaced by 1 mol of solute. Moreover, all these properties are 
functions of the state of the adsorbed phase. If adsorption of the solute occurs through 
either an ion exchange or an ion pairing mechanism, the integral enthalpy of displacement 
will also include such contributions as the enthalpy of dehydration of the adsorbing ion, 
the enthalpy of desorption of the pre-adsorbed counterions and their rehydration in the 
equilibrium bulk phase, and the enthalpic effect of the surface charge regulation upon 
adsorption (release or uptake of protons). In the case of cooperative adsorption of sur- 
factants, hydrophobic interaction between hydrocarbon moieties contributes to the total 

interaction energy in the system. 
The above experimental procedure may be repeated by the addition of further amounts 

of stock solution until the solid surface reaches the state of saturation, n~,ma x In the case 
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of experiment by small steps, i.e., an increase in the amount adsorbed is sufficiently small, 
it is possible to measure a pseudo-differential enthalpy of displacement, which gives an 
approximate value of the differential enthalpy of displacement. For each injection step 

AexpH i -  (ko-ti /Mo) �9 [h: b (C~) - h b (C~)] (12) 
/kdp lh i  = A~n~ 

where Ae~pH i is the enthalpy change obtained from the integration of the thermal peak 
associated with the i-th injection and t i is the time of this injection; the term of dilution 
[h~(Ci2) - h~(C~)] is determined in the 'blank' dilution experiment (for the equilibrium 
molality Ci2); Aani2 = n~( i ) -n~( i -  1) is the difference between the quantities of adsorption 
after two successive injections and n~(j), j= i - l , i ,  is calculated using the experimental 
isotherm of adsorption and Eq.(9), in which the time of injection, t, is replaced by the 

i 
sum ~ tk. Since the whole adsorption region should be covered, from the beginning of 

k= l  
the isotherm to its plateau, a surfactant stock solution at a molality much higher than 
the cmc should be used. A correction term in Eq.(12), arising from destruction of micelles 
injected into the calorimetric cell and dilution of unmicellized species, gives rise to an 

important contribution to the total thermal effect AexpH and increases the uncertainty in 
the enthalpy of displacement evaluation. Moreover, one should be aware that the accuracy 
of this experimental procedure fails in the neighbourhood of the plateaus on the isotherm, 
where adsorption increments corresponding to the successive injections are too small to 
be precisely determined. 

The enthalpic curves are usually plotted in terms of differential molar enthalpy of 

displacement, Adplh, as a function of the corresponding amount adsorbed at a given 
temperature 

Adplh = f (n~), or Adplh = f (F~), or Adplh = f (O), T - const (13) 

3. M E C H A N I S M S  OF T H E  A D S O R P T I O N  OF C A T I O N I C  A N D  A N I O N I C  

S U R F A C T A N T S  O N T O  M I N E R A L  O X I D E S  W I T H  O P P O S I T E L Y  

C H A R G E D  S U R F A C E  S I T E S  

It is generally accepted that the principle intermolecular forces relevant to the adsorp- 
tion of ionic surfactants on highly-charged hydrophilic solid surfaces include long-range 
forces such as the London-van der Waals attraction and the coulombic attraction or re- 

pulsion, and short-range structural forces due to changes in the solvent structure in the 
vicinity of a surface. The surface charge exerts an influence on the distribution of ions 
in the solution; as a result, an electric double layer will form. The presence of a discrete 
electrical charge, borne by the surfactant molecule and by the solid surface, can result in 

specific adsorption of the solute occuring by ion exchange or ion pairing mechanisms. 
Adsorption by dispersion forces acting between adsorbent and adsorbate molecules is 

important as an universal supplementary mechanism in all other types. The effect is illu- 
strated by the ability of surfactants with long hydrocarbon tails to displace equally charged 
low molecular weight materials and simple inorganic ions from solid substrates [75,76]. 
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On account of the dispersion force interactions between the alkyl chain and the support, 
the orientation of the adsorbate in the early adsorption stages may be quasi-parallel to 

the surface. However, full hydrophobic association of the chain with the surface is less 
probable owing to the difficulty of disrupting the 'icelike' region in the vicinity of a high 
concentration of hydroxyl groups. 

The spectrum of adsorption mechanisms is wide and depends on the specific properties 
of a given adsorption system. It comprises induced dipolar or polarization effects, hydrogen 
bond formation, acid-base affinity, and other interactions lying somewhere between the 
strictly nonpolar dispersion and ion-ion coulombic forces. They can alter the extent and 

mode of the process. For example, if the adsorbate contains an electron-rich group and the 
solid support has strongly polarizing sites, attraction between them markedly enhances 
the energetics of adsorption [77]. 

The nonpolar portion of surfactant ions has an important role in promoting the ad- 
sorption process because it increases the affinity of these organic ions to the interfacial 
region. The effect derives from mutual attraction between the hydrophobic tails as well as 
their tendency to escape from an aqueous environment. That mechanism is precisely the 

same one which causes the spontaneous formation of micelles in aqueous solution and is 
known as the hydrophobic effect [78]. In the case of surfactant adsorption, it is responsible 
for the formation of surface aggregates. However, it is not easy to accurately predict the 
shape and the size of such molecular associations in the same way that the structure of 

bulk aggregates can be determined from the geometry of the molecule. This is because 
the surface imposes different restrictions on the organization of the adsorbed layer. 

Such physical factors as heterogeneity [9,79,80] and charging behaviour [21,80,81] of 
the surface as well as the difference between the affinity of the polar head-group and that 
of water for the surface [9,50,52] are supposed to mostly affect the surface aggregation. 
In consequence, there is still some controversy about the nature of local adsorbate ag- 
gregates formed on a solid surface at low surface coverages. Three structures are usually 
proposed: monolayered hemimicelles [11,12,82], bilayered admicelles [5,20,80], or surface 
micelles [83,84], i.e., small and spherical isolated associations anchored to charged surface 
sites. It is difficult to predict further evolution of these molecular associations. Even di- 
rect spectroscopic studies reported on a given adsorption system are not able to dispel 
doubts since the proposed interpretations of the spectroscopic data are often contradictory 
[e.g.,86 and 87]. Moreover, the adequacy of such an experimental method is sometimes 
questioned because of some uncertainty concerning the location of the probe molecules in 

the host microstructures and their specific mutual interactions. In consequence, progress 
in the current understanding of the phenomenon still depends on the harmony between 
theoretical and experimental studies. 

Redispersion of the flocculate and other evidences for the hydrophilic character of the 
support coated with the adsorbed surfactant in the neighbourhood of the cmc indicate 
that bilayer coverage represents complete saturation of the surface. Commonly, the term 
bilayer is applied to an adsorbed structure in which the surfactant molecules are oriented 
perpendicular to the surface and fully extended [5,9,20,37,81,89]. The hydrocarbon tails 
of both layers form a hydrophobic core between the heads. At both sides counterions 

accumulate between the ionic head-groups. The result looks like a lamellar micelle. For 
certain physical regimes, the adsorbed amount is only a fraction of what is expected for 
a tightly packed bilayer [37,48]; the structure which best fits the experimental data can 
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be described either as a defective bilayer (patchy bilayers) or as flattened micelles. The 

bilayer is also shown as an asymmetrical structure due to the different charge screening 

mechanisms at the inner and the outer sides of the adsorbed layer [21,81]. 

According to the hemimicellar reverse orientation model [34,85], as the adsorption 

progresses some of the oncoming molecules can interpenetrate into the hemimicellar ag- 

gregates leaving the head-groups in the bulk solution. At high adsorption densities, the 

ultimate structure is comparable to bilayers. The model supports spectroscopic studies in 
which a marked variation of properties within the hemimicellar microstructure have been 

observed [39-41]. 
Strong normal molecule-surface bonds, in conjunction with cooperative effects, are be- 

lieved to cause two-dimensional condensation of the adsorbate on a patchwise-like solid 
surfaces [9,87,89,90]. The size of the two-dimensional aggregates is controlled by surface 
heterogeneity. The completion or partial completion of the monolayer should be followed 

by a stepwise formation of a second layer on the hydrophobic patches [9,87]. An alternate 

explanation is based on the conclusion that no significant structural rearrangements oc- 

cur with increase in surface coverage [38]. This finding is consistent with the admicelle 

hypothesis [5,80]. The theory proposes that only bilayered admicelles form locally on the 

surface due to surface heterogeneity. The coverage of the more highly charged regions 
by admicelles, combined with adsorption of individual monomers, is followed by a slower 

filling of sites with lower charge densities. 
The role of the surface heterogeneity in the ionic surfactant adsorption on charged 

surfaces is contested by the self-consistent field lattice theory for adsorption and as- 

sociation (SCFA), applied to the theoretical description of the phenomenon [21,81]. It 

predicts ' two- step' isotherm for adsorption on a surface with a constant charge at low 
salt concentrations. The first step corresponds to the compensation of the surface charge 
by surfactant ions adsorbed with their head-groups in contact with the surface owing 
to electrostatic forces. After the neutralization, the surface-adsorbate interaction quickly 

becomes repulsive and a great increase in the bulk phase potential is required to complete 
an asymmetrical bilayer. On variable-charge surfaces, the surface charge can adjust itself 

upon adsorption and its neutralization does not yield a pseudoplateau on the adsorption 

isotherm. Above the isoelectrical point, the primary hemimicellar aggregates thus grow 

in a direction not only perpendicular to the surface but also parallel to it. 

3.1 .  R o l e  of  p H  in a d s o r p t i o n  
Changes in the pH of the aqueous phase usually cause marked changes in the adsorption 

of ionic surfactants onto charged solid substrates. According to the site-dissociation-site- 

binding model [57,91], the surface contains surface hydroxyl groups M-OH which can take 

up or release a proton: 

M - O H  + -- -- M - O H + H  + u.in t [M - OH] " [H+] s 
, . , ~  = [ M _  OH+ ] (14a) 

M O H  " M  O - + H  + w i n t - [ M - O - l ' [ H + l s  (14b)  
- ~ - ' " ' ~ -  [ M - O H ]  

where  l~int and  Iz'int ~la ~"2a are the intrinsic dissociation constants; M-OH M-O-  and M-OH + 
denote surface amphoteric groups in differing states of protonation. The protons invo- 
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lved in these reactions are assumed to lie in the surface plane (location of the potential 

determining ions) so that the surface activity of H +, i.e., [H+] s, is estimated from the 

Boltzmann equation 

[H+] ~ = [H+]b. exp (-e@o/kT) (15) 

where qlo is the electric potential of mean force experienced in the surface plane and the 

superscript 'b' refers to bulk concentration. In the absence of background electrolyte, the 

surface charge density, Cro, is determined by the above equilibria and thus depends on the 

pH of solution. Only the surfactant is responsible for the screening of the surface charge. A 

possible mechanism for this process is an ion pairing reaction between specifically adsorbed 

surfactant ions with their head-groups adhered to the surface and oppositely charged 

groups resulting from the appropriate dissociation of the surface amphoteric groups: 

M - O H  + + A -  ~ ~ M O H  + A -  idin t [M - O H  + - A - ]  
- - , ~A = [M - OH+]-iA-2i i (16a) 

M -  O -  -~-C + ~ M O -  C + I~int [ M - O - - C + ]  (16b) 

- - ' - N 

where A- and C + are the adsorbed surfactant anion and cation, respectively. The surfac- 

tant counterions reside in the Stern layer where the potential of mean force is /I/i and 

IX] i = IX] b. exp ( - e ~ i / k T )  (17) 

where X=C + or X=A- .  As the pH of the aqueous phase is lowered, a solid surface will 

become more positive, or less negative, because of adsorption onto charged sites of protons 

from the solution, with consequent increase in the adsorption of anionic surfactants and 

decrease in the adsorption of cationics. Since the electrostatically adsorbed ions act as 

nucleation centers for surface aggregates formed through chain-chain association, a lower 

charge density will results in a smaller effectiveness of adsorption. 

Change in the pH also may convert surfactant from one containing an ionic group 

capable of strong adsorption onto oppositely charged sites on the adsorbent to a neutral 

molecule susceptible of adsorption only through hydrogen bonding or dispersion forces. 

Among anionics, carboxylic acid salts are more sensitive to low pH than salts of organic 

phosphoric acids, and these in turn are more sensitive than organic sulfates or sulfonates 

[92]. Nonquaternary ammonium cationics are generally sensitive to high pH [92]. 

The above effects are well illustrated in Fig.2 for two adsorption systems: cationic 

surfactant/negatively charged silica (Fig.2a) and anionic surfactant/positively charged 

alumina (Fig.2b). At free pH, which corresponds to pH 8.5 before adsorption, the nega- 

tive charge of silica reaches a high surface density, whereas this density is much lower 

slightly above the pzc, i.e., at pH 4.1. Limiting areas occupied at saturation per one ad- 

sorbed molecule of about 0.41 nm 2 (free pH) and 1.28 nm 2 (pH 4.1) can be obtained. The 

comparison with C~o (at the water-air interface) does not argue in favour of a complete 

bilayer being formed on the silica surface. However, the reversibility of flocculation in 

both cases suggests the formation of adsorbate structures with a bilayer character at the 

plateau. Hence there is a certain fraction of a solid surface which is not covered by tightly 



814 

'~4 (a) T ~  ('b) 16 ~,"~ 

12 g 
p~' �9 pH free ' ] [ �9 pH free / I 

2 �9 pH4.1 8 

1 4 

0 . . . . .  0 
0 2 4 6 0 5 10 15 20 

MOLALITY [nmlol-kg -1 | 

Figure 2. Adsorption isotherms of TTAB onto precipitated sihca (panel a) and those of SOBS 
onto alumina (panel b) at 298 K and different pH values. 

packed molecular associations. Whether they resemble flattened micelles or patches of 

bilayers has yet to be established. 

The same qualitative conclusions can be drawn from the analysis of curves in Fig.2b. At 

free pH (pH 6.5 before adsorption), alumina sample represents a moderately-charged hy- 

drophilic substrate because the pH value is close to the pzc. The maximum quantity of ad- 

sorption corresponds to the area of 0.52 nm 2 per one adsorbed molecule (cf. 0.35 nm 2 at the 

water-air interface). For pH 3 surfactant ions achieve a close-packed arrangement in the 

adsorbed bilayer and the density of bilayer adsorption at the plateau (0.11 nm2/molecule) 

is even less than the air-water interfacial density. At the same time, the cmc is markedly 

diminished by a decrease in the pH. Both effects can be attributed to the appearance of 

a non-ionized surfactant species in a solution. The neutral form of the surfactant is less 

soluble in water and thus exhibits a greater affinity for a hydrophobic surface of alumina 

modified with grafted aliphatic chains. The decresed repulsion between uncharged heads 

causes a closer packing of the adsorbate in a mixed surface structure. 

The mechanism of surface charge generation is locally influenced by the adsorbate- 

surface interaction and both surface potential, ~o, and surface charge, ao, will vary upon 

adsorption. When the pH of the bulk phase is not maintained unchanged, partial neutrali- 

zation of surface charge, according to Eqs.(16), shifts the equilibria (14) towards formation 

of additional charged sites in order to counteract the diminution in the surface potential. 

A rise in surface charge is accompanied by the uptake or release of protons and conse- 

quent increase or decrease in the pH of the aqueous phase. If all the ionizable surface 

sites are already dissociated at a given initial pH, the surface charge remains constant 

upon adsorption of counterions. The case of a fixed pH corresponds to a constant surface 

potential. Other systems fulfil the condition of charge regulation which must always lie 

between the limits of constant charge and potential. 
In the experiments a marked change in the pH of the supernatant after adsorption 

was observed in all those cases where the pH was not readjusted to its initial value (free 
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Figure 3. Variation of pH of the supernatant as a function of adsorption (pH not adjusted): (a) 
systems presented in Fig.2; (b) adsorption of cationic surfactant, BDDAB, and its polar head, 
BTAB, onto precipitated silica at 298 K. 

pH). Two adsorption systems from Fig.2 are presented as examples in Fig.3a. It can be 

noted that the proton uptake (anionics) or release (cationics) ultimately level off in the 
neighbourhood of 0=0.5. If one agrees that the surface charge is only slightly influenced 

by the adsorption of surfactant ions in a second layer, i.e., oriented perpendicular to the 
surface and fully extended, transition to a region of a constant pH will mark the end of the 
'head-on' adsorption. This means that organic ions previously adsorbed through tail-tail 
attraction with the ionic heads oriented toward the surface also affect the mechanism of 
surface charge generation (e.g., by inducing an additional ionization of the neighbouring 

M-OH groups). 
Fig.3b shows that a drop in pH due to adsorption is much greater for the surfactant 

than for its polar head, indicating a greater ability of the former to compensate surface 

charge. 
A pronounced influence of the pH on the adsorption of ionic surfactants requires special 

attention to be paid when carrying out the experiments. For example, if the experimental 
results obtained in different measurements are to be compared or correlate with one 

another, the same solid-to-solution mass ratio has to be maintained. 

3.2 .  I n d i v i d u a l  a d s o r p t i o n  of  i o n i c  s u r f a c t a n t s  

The competitive character of adsorption of ionic surfactants onto charged supports 

from aqueous solutions is often neglected in the model considerations. It is not surpri- 
sing if one takes into account that the hitherto efforts rarely go beyond the fitting of 
the experimental adsorption isotherms to theoretical equations. Effects arising from the 
displacement process can significantly modify the energetics of the surfactant adsorp- 
tion. The problem, which has been already quantified in paragraph 2.5., is now discussed 
following the example of one cationic surfactant (BDDAB) and its polar head (BTAB) 
adsorbed onto precipitated silica powder [50,51]. The results of adsorption, electrophoretic 

and calorimetric measurements are presented in Figs. 3b, 4 and 5. 
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Figure 4. Adsorption of cationic surfactant,  BDDAB, and its polar head, BTAB, onto preci- 
pi tated silica at 298 K: (a) cation exchange between solute ions and sodium counterions upon 
adsorption; (b) electrophoretic mobility of silica particles against amount  adsorbed. 
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Fig.5. Differential molar enthalpies of displacement onto precipitated silica: (a) cationic surfac- 
tant  and its polar head at 298 K; (b) cationic surfactant, BDDAB, at 298 and 308 K. 
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Silica powders are usually precipitated from sodium silicate solutions and exhibit a 

relatively great bulk concentration of sodium. The surface of silica was shown to trap 
sodium atoms. Even if the surface is etched off with HF, sodium comes from the interior 

after some time at room temperature [55]. Certain sodium atoms may be released to the 
water surrounding the negatively charged silica particles where they constitute counter 
cations located in either diffuse or Stern layer. As a result, there are some exchangeable 
sites at the silica-water interface onto which BDDA + or BTA + ions can adsorb via the 

following cation exchange mechanism: 

S i - O - - N a  + + C  + ~ ~ S i - O - - C  + + N a  + (18) 

where C + represents either BDDA + or BTA +. The monovalent-monovalent cation exchange 
does not greatly change the total surface charge, so that the electrophoretic mobility of 

silica particles should remain constant. 
Figures 3b, 4 and 5a show that this is the only mechanism by which BTA + ions are 

adsorbed on the silica surface. The slope of the cation-exchange curve is almost equal to 
unity (Fig.4a) since the effectiveness of adsorption reaches about 0.8 #mol.m -2. Contrary 
to the surfactant, the polar head is not able to reverse the surface charge from negative to 
positive (Fig.4b). The electrophoretic mobility scarcely depends on the amount adsorbed, 
except for the terminal part of the adsorption interval where its negative value decreases a 
little. As the pH curve shows the same tendency (Fig.3b), the final rise in the neutralization 
efficiency of the polar head can be ascribed to effect of the double layer compression 

induced by the increasing ionic strength in the bulk phase. 
The decreasing exothermicity of the displacement process (Fig.Sa) may be related to 

the direct solid-adsorbate interaction and is consistent with the picture of the more active 
sites being covered first, i.e., the effect of surface heterogeneity [9,79,93]. The surface of 
silica is energetically heterogeneous and any microscopic surface area possesses a certain 
unsaturation, which can be satisfied by bonding with adjacent molecules or ions. The 

degree of unsaturation fluctuates from point to point on a surface and will result in the 
various strengths of proton binding to the surface hydroxyl groups. A varying affinity of 
protons to the surface sites represents the primary source of surface heterogenity at the 
oxide-water interface as being responsible for a dispersion of the --l~wint and ~intl.2~ values (see 

Eqs.14). 
The shape of each experimental curve for BDDAB reflects three different modes of 

adsorption. In the first adsorption region, the domain of which extends up to about 
0.5 #mol-m -2, the surfactant adsorbs mainly by ion exchange: more than 90% of the 

adsorbing BDDA + enter the Stern layer by replacing Na + counterions; the remainder 
is retained directly on the negatively charged surface sites. The electrophoretic mobility 
of silica particles increases very slowly (Fig.4b) but it is accompanied by a pronounced 
decrease in the pH of the supernatant (Fig.3b). Comparison with the polar head, BTAB, 
indicates that the presence of an alkyl chain in the molecular structure amplifies the 

affinity of surfactant ions for the substrate and enables their closer approach to the surface. 
On this account, the compensation of the original surface charge is more efficient. 

An endothermic region with a maximum at 0.5 #mol-m -2 can be distinguished in the 
enthalpic curve for BDDAB (Fig.5a). The fact that the process of displacement is driven 
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entropically provides an argument for a quasi-parallel orientation of the hydrophobic sur- 

factant tail to the solid surface. Crystalline solid surfaces with an orderly arrangement of 
the surface atoms have been found to exert an icelike structuring of adsorbed water mole- 
cules which, through hydrogen bonding, can extend for some distance into the bulk phase 
[94,95]. Although there is no convincing evidence that such ordered structuring of water 
can be induced by the surface of amorphous silica, coulombic terms in the mineral-water 
interaction potential enhance a long-range effect on the arrangement and motion of the 
adjacent water molecules. In the presence of small or moderate concentrations of cations 

adsorbed specifically at silica-water interface, the additional structuring of water occurs 
due to the binding of free water molecules by cations [96]. Relatively small ions, such as 
Na +, have net structure-making effect on water structure. Immersion experiments on the 
silica studied support the above conclusions: the enthalpy of immersion of an outgassed 
silica sample in pure deionized water was assessed at 1332 mJ.m -2 and significantly exce- 

eded the values usually measured for this type of solid supports. Conceivably, some water 
molecules might be so strongly held that dewetting of a mineral surface, accomplished 
by alkyl chains of the adsorbing surfactant, will require much energy; the process will be 

accompanied by an increase in the entropy of the system [50,52]. 
This hypothesis may be verified by analyzing the effect of temperature on the enthalpy 

of displacement as shown in Fig.5b. The general shape of the enthalpic curve and the posi- 
tion of maximum remain unchanged. This falls in line with the temperature independence 
of the ion exchange mechanism. At higher temperatures water loses most of its peculiar 

structural properties and the strength of solid-molecule interaction decreases. The diffe- 
rence between the energetic state of interracial water and that of bulk water diminishes 
and so does the endothermic contribution to the total enthalpy of displacement. 

At the end of the first adsorption interval (0.5 #mol.m-2), the average surface area 
occupied by one adsorbed surfactant ion is equal to 3.3 nm 2. Taking into account the 
amorphous form of silica, the adsorbed ions can be seen as uniformly distributed over the 

surface; the lateral interactions between them are negligible in this region. 
To sum up, in the first stage of the adsorption process, surfactants adsorb as individual 

ions with the ionic group directly opposite charged sites on the surface. They displace 
interracial water molecules and may exchange with some other ions, which are present 
at the solid-water interface as pre-adsorbed counterions. On account of the energetic 
heterogeneity of surface sites, the differential enthalpy of displacement decreases with 
increasing amount of adsorption. Dewetting of a solid surface gives a positive contribution 

to the total enthalpy change upon adsorption of the surfactant. 

3.3. Coopera t ive  adsorp t ion  of ionic surfactants  
Individual adsorption of surfactant ions occurs at low surface coverages. As the ad- 

sorption density increases, they begin to associate through lateral interaction of their 

hydrocarbon chains. The oncoming ions adsorb onto or adjacent to the previously adsor- 
bed ones and this leads to adsorbate structures characterized by a higher cohesive force. 

Since in the intermediate adsorption region, between the individual adsorption and the 
bilayer formation, relatively small mineral particles covered with the surfactant link to- 
gether to form floes, it is hardly conceivable that the primary aggregates represent local 
bilayered admicelles. 

In the case of the silica/BDDAB system, presented in Figs. 3b, 4 and 5, flocculation 
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occurs when the adsorption of surfactant ions ranges between 0.5 #mol.m -2 (O = 0.12) 

and 2.7 #mol-m -2 (O = 0.63). In this interval, the displacement of sodium cations from 

the adsorbed phase still occurs (Fig.4a), but the degree of exchange is much smaller 

than upon the individual adsorption. The pH of the supernatant monotonously decreases 

(Fig.3b), indicating a change in surface charge due to direct interactions between the 

ionic surfactant heads and the surface. Simultaneously, the net charge of silica particles 

sharply increases (Fig.4b); it changes sign at the amount adsorbed of 0.87 #mol.m -:  

(O = 0.2) and then becomes positive owing to the excess of positive charge in the adsorbed 

layer. Of course, the locally formed admicelles would also contribute to the electrophoretic 
mobility, however, not to the extent that might first be imagined. The micelle-like nature 

of such aggregates, emphasized in the bilayer model [5,80,86], allows a parallel to be drawn 
between surfactant aggregation in solution and on the solid surface. In the bulk micelles, 

between 75 and 90 per cent of the micellar charge is balanced by the counterions which 

are strongly bound to the surface and moderate the repulsive interaction between the 

ionic heads. The substantial counterion adsorption at the exterior layer of head-groups 
would largely, but certainly not completely, cancel the contribution of the admicelles to 

the electrophoretic mobility. 

The overall enthalpy change upon surfactant adsorption also undergoes marked mo- 
difications (Fig.5a). A continuous increase in the enthalpic value, from +5 kJ.mo1-1 to 
-16 kJ.mo1-1, being the result of a number of competing effects, can be attributed to a 

gradual reorientation of the adsorbed surfactant ions toward hemimicellar arrangement 

consistent with the hydrophobic chains outwardly disposed and associated with one ano- 

ther. Based on the area per molecule a0, and the nitrogen specific surface area of the silica, 
the average monolayer capacity for BDDAB can be assessed at 2.3 #mol.m -2 (O = 0.54). 

It is quite probable that a second surfactant layer is already starting to form in the in- 
termediate adsorption region and the rearrangement of the adsorbed surfactant ions is 

continued until the final orientation with the ionic heads in the aqueous phase. The endo- 

thermic contribution, due to the local disruption of the structure of the interfacial water 

molecules and the release of some of them to the bulk phase, diminishes and causes the 

overall enthalpic effect to be more and more exothermic. 
In the third adsorption region, above 2.7 #mol.m -2 (O=0.63), all the plots unequivo- 

cally indicate the completion of bilayer on the silica surface. At surface saturation, the 
average adsorption density corresponds to 0.38 nm 2 per one adsorbed molecule, which is 

approximately twice less than the air-water interfacial density. 

Therefore, the hemimicelle concept is supported in this paper. All molecules adsorbed 

in the first individual stage may be considered as nuclei for the subsequent formation 
of aggregates around them. As long as the surface charge, cr0, increases upon adsorption 
(changes in the pH of the supernatant), ionic heads of the adsorbed surfactants are located 

at the surface side. The primary hemimicellar aggregates grow in a direction parallel to 
the surface, imparting increasing hydrophobic character to the substrate as adsorption 

continues. At higher surface coverage ratios they begin to grow into larger structures with 

a bilayer character. 

3.4. Effect of the crystalline structure of solid sample in adsorption 
The transition between the monolayer and bilayer formation is rather gradual. Local 

inhomogeneities of the solid surface will produce wide size distributions of hemimicelles. 
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They will largely differ in the aggregation numbers. If within certain zones of surface 

these primary aggregates reach their optimal size, the local formation of a second layer 

will begin. This evolutionary picture is relevant to amorphous silica. 
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Figure 6. Differential molar enthalpies of displacement onto crystalline solid surfaces at 298 
K" (a) adsorption of BDDAB onto quartz (initial pH 6); (b) adsorption of SHBS onto zirconia 
(initial pH 3.8). 

In the case of solid supports having crystalline structures, like quartz, zirconium dioxide 

and a-alumina, the shape of the enthalpic curve is quite different and exhibits a distinct 

exothermic peak in the vicinity of the cmc (e.g., Figs. 6a and 6b). At first sight, the 

phenomenon seems strange, especially if all other curves are similar to those for the 
amorphous silica (see for example Figs. 2b, 3a and 7). An explanation based on the 
specific model of surface topography is advanced in this paragraph. 

Powdered sample of a crystalline solid is a collection of a large number of minute 
crystals packed together at random orientations. Its surface consists of a considerable 

proportion of edges and corners, in addition to more or less plane and unisorptic patches, 

which can be identified with different faces of the crystallites. Consequently, the model of a 
patchwise-like topography [79,93] may be proposed to describe the surface heterogeneity. 
The patchwise-like topography of surface will result in a non-uniform distribution of 
surface charge. 

The beginning of flocculation in the vicinity of the iep and redispersion of the flocs 

below but not far from the cmc confirm a bilayer character of the adsorbed structures at, 

saturation. Comparing the overall limiting areas per one adsorbed molecule of 0.44 nm 2 
(BDDAB/quartz) and of 0.39 nm 2 (SHBS/zirconia) with those at the air-water interface, 
the surface only partly covered with bilayer can be envisaged. In the case of quartz the 

bilayer coverage is much greater because this solid is farther from its pzc (initial pH 6) 

than the other (initial pH 3.8). 

In the first region the enthalpy of displacement is exothermic and continuously decre- 
ases with increasing adsorption of the surfactant. This tendency may be interpreted in 
terms of surface heterogeneity interfering in the individual adsorption of surfactant ions, 
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which occurs through either an ion exchange or an ion pairing mechanism. The various 

homogeneous surface patches are filled in the sequence of the decreasing difference be- 

tween adsorption energies of all the participants in the displacement process. Since local 

charge densities on the patches are greater than the overall surface charge density, ~r0 the 

lateral attraction between hydrophobic tails prevents them from adopting the orientation 

parallel to the surface. This explains why there is no a strong endothermic contribution 
to the total enthalpic change. 
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In the second region the enthalpy of displacement is a constant function of the sur- 

face coverage ratio. The driving force of adsorption chiefly derives from the hydrophobic 

attraction between non-polar surfactant groups. Since the surface together with the ad- 

sorbed layer is hydrophobic (flocculation of mineral particles), the adsorbate structures 

formed in this region represent hemimicelles. Variations of the (-potential (Fig.7) and 
those of the surface charge (Fig.3a) support the adsorption of the surfactants with their 
head-groups in contact with the surface. Adsorption can be regarded as the growth of the 

existing two-dimensional aggregates in size, increasing their aggregation numbers. 

Fig.8 shows the enthalpic curves of dilution of a micellar (C2 > cmc) stock solution in 
the bulk phase. One can note, between two plateaus, a transition region corresponding 

to the formation of micelles. The region is more extended for SHBS and the enthalpy 
of micelle formation is less exothermic (see Table 2). It may be that this surfactant 

forms smaller polydisperse micelles, of which the size, number and relative proportions 
are modified by the changing molality in the neighbourhood of the cmc. A steep decrease in 

the enthalpy of displacement in the third region (Figs. 6a and 6b) resembles this part of the 

bulk enthalpic curve. Thus, the hypothesis of the formation of large three-dimensional-like 
micelles, flattened out on the surface, may be put forward [28]. Although the process is 
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energetically favoured to a larger extent on the surface than in the bulk phase, all the 

general tendencies are preserved. The amount of adsorbed ions with the polar portion 

outwardly disposed increases rapidly and the surface behaves as if it were hydrophilic. In 

the vicinity of the cmc, the micellization starts in the bulk phase and the bulk micelles 

compete with those on the surface in consumption of monomers. The enthalpic effect of 

adsorption vanishes above the cmc as a result of a decreasing enthalpic difference between 

both equilibrium phases. 

3 .5 .  I n f l u e n c e  o f  o t h e r  p h y s i c a l  f a c t o r s  o n  a d s o r p t i o n  

There are several physical factors affecting the energetics of adsorption of ionic sur- 

factants onto adsorbents with oppositely charged sites as well as its effectiveness, i.e., 

the amount adsorbed at surface saturation. The role of several important parameters, 

like the overall charge density, pH and temperature of the aqueous phase and the spa- 

tial distribution of surface charge (i.e., topography), has been discussed in the previous 

paragraphs. 

The effectiveness of adsorption is strictly related to the orientation of the adsorbate at a 

given interface. For ionic surfactants the maximum packing at surface saturation is a result 

of the balance between two opposing tendencies: attraction between hydrophobic moieties 

and repulsion between their ionic heads. If adsorption is perpendicular to the solid surface 

in a close-packed arrangement, the maximum quantity of adsorption is determined by the 

effective size of the head-group and does not change with increase in the alkyl chain length. 

If the arrangement is perpendicular but not close-packed, or if it is not predominantly 

perpendicular, there may be some increase in the effectiveness of adsorption, resulting 

from greater van der Waals attraction between longer chains. 
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Figure 9. Adsorption isotherms of alkyltrimethylammonium bromides onto precipitated silica 
at 308 K (panel a) and those of sodium benzenesulfonates onto zirconia at 298 K (panel b). 

Experimental results for two homologous series of cationic and anionic surfactants 

adsorbed onto amorphous and crystalline solids show no significant influence of the chain 
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length on the effectiveness of adsorption (Fig.9). Since in both cases the amount adsorbed 

at saturation is not great enough to cover the whole surface with a complete bilayer, 

the existence of tightly packed bilayer structures (patchy bilayers, flattened micelles) is 

confirmed once more. Differences between the isotherms within each homologous series 

can be ascribed to different solubilities of surfactants in water: the cmc is approximately 

halved by the addition of one methylene group to a straight-chain hydrophobic moiety. 

In the case of precipitated silica, great endothermic contribution due to the displace- 

ment of interracial water by the hydrophobic tails of surfactants may obscure the eva- 

luation of the effect of the chain length on the enthalpy of displacement. As raising the 

temperature  reduced this contribution to a great extent (see Fig.5b), the appropriate 

calorimetric experiments were carried out at 308 K. The results are presented in Fig.10. 
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Figure 10. Differential molar enthalpies of displacement as a function of adsorption of alkyl- 
trimethylammonium bromides onto precipitated silica at 308 K. 

The enthalpy change, gained on the transfer of the monomers from the bulk solution to 

the interface silica-water, increases with expanding alkyl chain. This tendency at higher 

coverage ratios is in accordance with a rise in the enthalpy of micellization (see Table 2). 

In the range of individual surfactant adsorption, the differences in the enthalpy of displa- 

cement make evident a direct interaction between the surfactant tails and the surface. 

The energy of such hydrophobic bonding will be proportional to the number of methylene 

groups in the adsorbate. 

An increase in the ionic strength of the aqueous phase due to addition of electrolyte 

(0.1M NaBr) causes an increase in the effectiveness of adsorption of DTAB onto precipi- 

ta ted silica (Fig.11a). The micellization in the bulk phase is thermodynamically favoured 

and the cmc is reduced. The effects are presumably due to the decreased repulsion between 

the ionic heads of the surfactant and to the salting out of the monomers by electrolyte. 

Since the effective size of the hydrophilic group is smaller at higher ionic strength, the 

effectiveness of adsorption becomes greater as a result of closer packing of the surfactant 
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ions in the bilayer. The initial adsorption diminishes in the presence of salt because the 

surfactant head-groups have to compete with salt ions for charged surface sites. 
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Figure 11. Adsorption of DTAB onto precipitated silica at 298 K and different ionic strengths" 
(a) isotherms of adsorption; (b) differential molar enthalpies of displacement; (c) electrophoretic 
mobilities of silica particles. 

F ig . l lb  shows the influence of the ionic strength on the energetics of displacement. 

The enthalpic difference between the individual and cooperative adsorption is much lower 

in the case of NaBr solution. On the one hand, the electrostatic at traction between op- 

positely charged species is reduced by the electrolyte ions. On the other hand, the excess 

of sodium counterions at the silica-water interface disrupts the particular arrangement 

of interfacial water molecules [96] and markedly decreases the endothermic contribution 

owing to displacement of water. It is interesting to note that  the plateau on the enthalpic 

curve is reached at lower coverage ratios when NaBr is added to the aqueous phase. Thus 

the formation of a second layer starts early. The local admicellar aggregates may even 
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appear on the surface as has been predicted for high ionic strengths [5,21,81]. That hypo- 
thesis explains why the enthalpic differences between both curves in Fig.1 l b are so large. 
The results of the electrophoretic measurements in Fig.11c seem to support the formation 
of local admicelles. The mobility of silica particles remains practically unchanged above 
0=0.35, which is congruent with the horizontal segment on the enthalpic curve. 

4. S U M M A R Y  

The adsorption of ionic surfactants onto mineral substrates is a complex phenomenon 
simultaneously controlled by the nature of the adsorbing species, the properties of the 
solid surface and the composition of the aqueous solution. As a consequence, there is 
no complete theoretical model which can describe, both qualitatively and quantitatively, 
all the experimental information available. Calorimetry of adsorption may be very useful 
in studying the nature of the interactions in the adsorption system, but alone it is not 
capable of solving satisfactorily many detailed problems which still remain to be explained. 

Hovewer, the evolved model of the phenomenon should be able to contain the experimental 
results from all the bulk, calorimetric and spectroscopic studies reported on the system. 

Adsorption of the surfactant occurs successively by ion exchange, ion pairing, and 
hydrophobic bonding mechanisms. The latter leads to the formation of various adsorbate 
associations on the surface. At surface saturation, many experimental arguments support 
the existence of large and compact structures with a bilayer character (patchy bilayers, 
flattened micelles). When the overall and local densities of adsorption are sufficiently 
high, the fusion of these aggregates yields a compact bilayer covering the whole surface of 
the solid substrate. The transient surface aggregates represent monolayered hemimicelles. 
The orientation of the adsorbed surfactant ions with their ionic heads close to the surface, 
even beyond the iep concentration found in the electrophoretic measurement, is possible 
on account of the surface charge regulation. The surface charge, a0 adjusts upon surfactant 
adsorption and changes in the pH of the supernatant are monitored along the isotherm. On 
solid surfaces with patchwise-like topography (crystalline solids) the transition between 
the monolayer and bilayer formation is quite steep and it resembles, from the enthalpic 
point of view, the process of micellization in the bulk solution. On amorphous silica the 
primary aggregates grow in a direction both perpendicular and parallel to the surface and 
this transition is more gradual. At high ionic strengths, the presence of admicelles cannot 

be excluded. 
Adsorption of ionic surfactants causes marked changes in the interracial properties of 

mineral surfaces. During this process the tendency of the surface to repeal other similarly 
charged surfaces diminishes and ceases when the charge on the adsorbent has been neu- 
tralized. Dewetting of a mineral surface accompanies the displacement of adsorbed water 
molecules by surfactants, of which ionic head interacts with the surface more strongly 
than with water. In the case of random distribution of surface charge (amorphous silica), 
where the distances between the individually adsorbed surfactant ions are great, the de- 
sorption of the structured interfacial water due to the specific adsorption of a part of 
the hydrophobic moiety of the surfactant gives rise to the endothermic enthalpy of the 
process. The coverage of the surface with surfactants exposing their alkyl chains to the 
bulk solution results in a highly hydrophobic surface. Finely divided particles, dispersed 
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in the aqueous phase partly because of their mutual electrical repulsion, flocculate at some 
point. The flocculation is a reversible process when adsorption of surfactant ions with the 
head-groups oriented toward the aqueous phase renders the surface hydrophilic again. 
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Chapter 3.7 
The reaction of anions and cations with metal oxides as models for their 
reaction with soil 

N. J. Barrow 

CSIRO, Division of Soils, Private Bag, Wembley, W. A., 6014, Australia 

1. I N T R O D U C T I O N  

One of the reasons why the reactions between ions and metal oxides are studied is 

because they are thought to be important in controlling the availability of nutrients in 

soils or in controlling the movement of pollutants into the biosphere. 

There are two strands to this argument. One is that many oxides are present in soils. 

Taylor et al.[1] list six iron oxides, five aluminium oxides and thirteen manganese oxides. 

(The term "oxide" is used loosely here to include oxyhydroxides). Of the iron oxides, 

goethite is most commonly found in soils of many climatic regions [2]. The presence of 

oxides is apparent simply from observing one off the most obvious properties of soils - 

their colour. Soil colour is partly related to the amounts of organic matter in the soils 

but also to the amount and particle size of the oxides present. Iron oxides are especially 

important with goethite giving the yellow-browns and haematite the reds. The names: 

red earth, terra rossa, terre rosse, and kraznozem, which have been applied to soils in 

various languages, all show the effectiveness of redness in catching peoples' attention. 

The second strand of the argument is that oxides are very good at reacting with a very 

large range of cations and anions. Dzombak and Morel [3] list over 50 studies of reactions 

of inorganic cations and anions with hydrous ferric oxides. The cations studied include: 

Mg, Ba, Ca, Sr, Ag, Cu, Zn, Cd, Co, Ni, Mn, Pb, and Hg; the anions: PO4, AsO4, SO4, 
SeO3, SeO4, VO4, CrO4, and B(OH)3. This list makes it clear that such reactions could 

be very important in controlling the supply of both essential nutrients and of toxic ions 

to plants. 

Of course, reactions between ions and oxides are important in contexts other than soil 

science. However, many studies have appeared in the soil science literature and these are 

not, always well known by surface scientists. One of the purposes of this article is to bring 

some of these studies to attention. However the main purpose is to show how studies 

using simple materials such as samples of individual oxides may be used to understand 

behaviour of more complex materials such as soils. 
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2. GOETHITE:  A M U C H  S T U D I E D  OXIDE 

Goethite is designated a-FeO(OH) where the a denotes hexagonal close packing. 

2.1. Natural  goethi te  

The goethite which occurs in soils is rather different to the material used in many 

laboratory experiments. It is far from pure. It may contain manganese and other trace 

metals [4,5], various anions [5,6], and especially, aluminium [7-11]. 

Fordham, Merry and Norrish [12] described an unusual fibrous goethite for which the 

atomic ratios were 4:2:1 for Fe:AI:Si. This corresponds to about five percent Si by mass. 

Fordham and Norrish [13] found silicon contents of iron oxide pellets from a variety of 

soils to range between one and four percent. It is of course difficult to be sure that samples 

are uncontaminated but these values were believed to be free of this problem. If we are 

to understand the behaviour of soil goethites, we need to know how these silicon atoms 

are arranged. It seems unlikely that they are scattered at random through the crystal but 

this is difficult to investigate for the minute particles of soil goethite. Fordham et al. [12] 

pointed out that the silicon apparently occupied a stable position because it was resistant 

to extraction with oxalate. They speculated that the silicon was adsorbed on the surface 

of microcrystals. This suggestion is consistent with the work of Smith and Eggleton [14] 

who examined four samples of botryoidal goethite which varied in silica content from zero 

to 1.25%. The samples which contained silica were composed of fine needle-like grains 

with diameters as small as 30 #m. They suggested that the gaps between the grains could 

consist of a monolayer of silica. The sample of goethite that did not contain silica did 

not have this structure. Thus, the silica in soil goethites might exist as a sort of mortar 

between microcrystals of the oxide. 

2.2. The water content of goeth i te  
The water content of goethite is commonly greater than that calculated from the 

formula FeO(OH). This is true for both synthetic goethites [9,15] and for natural goethites 

[6,16]. One explanation is that the extra water could be H20 molecules enclosed in the 

structure as suggested by Fey and Dixon [9]. In this case, the extra water could be bound 

in micropores between domain boundaries. Another explanation is that some of the Fe 

atoms of the structure are missing and the charge is balanced by extra protonation of 

adjacent oxygen atoms as suggested by Schulze [17]. The formula would then be written: 

Fel-xO1-3x(OH)l+3x where x is the proportion of the iron atoms that are missing. 

2.3. L a b o r a t o r y  p r e p a r a t i o n  

Because natural oxides are difficult to extract from soil, most studies have used syn- 

thetic forms. The two most-commonly used oxides are ferrihydrite and goethite. Both 

are usually prepared by precipitation from alkaline solutions. Preparation of ferrihydrite 

involves little more than precipitation from solutions of Fe 3+ salts, and while it is easily 

prepared, it can be argued that it is rather different to the material found in most soils 

which is formed from oxidation of Fe 2+ ions. Goethite can be prepared in a number of ways 

but the most-widely used method involves growth of the crystals at 60~ in a highly alka- 
line solution [18]. However, even when the same procedures are followed, different batches 

of goethite can vary appreciably. For example, Hingston [19] prepared batches of goethite 
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which ranged in surface area from 17 to 81 m 2 �9 g - 1 .  Even the best of samples prepared 

in this manner may be far from perfect. Most of them are aggregations of microcrystals 

or domains [20]. If such crystals are heated under moist conditions, the imperfections can 

be "healed" [15,20]. Schwertmann, Cambier ~nd Murad [20] used temperatures of 125 - 

180~ and reported that this changed a multidomainal goethite into a monodomainic one. 

2.4. Titration behaviour 
Goethite is a variable-charge oxide. It can gain protons at low pH and so carry a 

net positive charge and it can lose them at high pH and so carry a net negative charge. 
It follows that there is a pH value at which the net charge is zero. This point of zero 

charge (pzc) is one index of the properties of an oxide. Measurements of the charge and 

of the pzc are usually made using a titration procedure. However, equilibrium between 

the oxide and the titrating solution is often slow and the pH may drift over periods of 

days [21] (and Refs. in [3]). Part of this effect may occur because protons might be able to 

penetrate the crystal rather than being confined to the surface thus giving rise to a proton 

"cloud" in the solid phase. At high pH, the equivalent would be a cloud of vacancies in 

the crystal. Penetration of protons into the domainal boundaries could also be important. 

The slowness of the reaction is a nuisance to chemists but it is a common characteristic 

of many reactions with soil and must be considered as part of the system. 
A wide range of values has been reported for the pzc of goethite. Zeltner and Anderson 

[22] assembled values which ranged from 7 to 8.8. Much of this range is due to differing 

contamination with carbon dioxide. Evans, Leal and Arnold [23] found that after removing 
carbonate, the pzc was 9.3 - a value much closer to the value of 9.48 calculated from 
crystallographic data [24]. Further, they reported that there was little pH drift, thus 
suggesting that the drift was also partly due to slow removal of carbonate from the 

surface by added acid. 

2.5. Reaction with metal  ions 

The effects of pH. The effects of pH on adsorption of metal ions by oxides are remarkably 
consistent: as the pH is increased, reaction begins at a characteristic pH and increases 
rapidly so that over about 2 pH units reaction is nearly complete (Fig.1.). The sequence 

of reaction is similar to the sequence of their first hydrolysis constants (Fig. 1.). 

Mercury differs from the other metals in that it reacts at much lower pH (Fig. 2.). 
However, this is indeed consistent in that its first hydrolysis constant is also much lo- 
wer (negative log: 3.4). There are also large effects of chloride concentration on mercury 
reaction (Fig. 2.). This occurs because the strong affinity between mercury and chlorine 

means that the concentration of the species present in solution change with chloride con- 

centration. Thus, this result shows that reaction does depend on the species in solution. 

The effects of concentration. When metal adsorption at constant pH is plotted against 
solution concentration using a double logarithmic scale, linear relationships with slope less 

than unity are commonly obtained (Fig. 3.). This was first noted by Benjamin and Leckie 
[25]. In their review of a very large data set, Dzombak and Morel [3] reported that this 

was a common observation for metal reaction with hydrous metal oxides. This behaviour 

is consistent with a model in which the reacting sites are not uni form- that is, there are 

a few sites of high affinity, rather more of slightly lower affinity and so on. 
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Figure 1. pH-dependence of sorption of a range of metal ions on haematite (a) and goethite 
(b) when they were added at a rate of 20 #mol/g of oxide [28]. The values of the negative log 
of the hydrolysis constants are: Pb 7.71; Cu 8; Zn 8.96; Ni 9.86; Co 9.65; and Mn 10.59 [29]. 
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Figure 2. Effect of pH and chloride content on the adsorption of mercury by a sample of goethite 
[30]. The lines indicate fit of a model described in section 3.1. The concentrations of chloride 
are indicted as" o - 0#M, �9 - 5#M,/~ - 50#M, �9 = 500#M, [] = 5000#M). 

The  e f fec ts  o f  e lec tro ly te  c o n c e n t r a t i o n .  Okazaki et al. [26] reported no effect of elec- 
trolyte concentration on adsorption of copper and zinc by iron and aluminium oxides. 
Similarly, from their own work, and from a survey of the literature, Hayes and Leckie [27] 
concluded that there was little effect of electrolyte concentration on metal adsorption. 
However, a wider view of the literature shows that there are indeed effects on surfaces 
which are probably negatively charged - for example, for adsorption of nickel on kaolinite 
[31], for zinc on soil [321, for copper, cadmium and lead on kaolinite [33] and for cadmium 
on soil [34]. This discrepancy probably arises because metal adsorption on oxides often 
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Figure 3. Relationship between mercury adsorption and mercury concentration in solution at 
pH 4.0 (o) and pn 9.6 (o)[30]. 

begins at pH values below the pzc (Fig. 1.). The surface is therefore positively charged. 

Increases in electrolyte concentration would decrease the positive electric potential of the 

surface and therefore increase reaction. However, this would be offset by decreases in the 

activity of the metal ions in solution so the net effect is small. It is only when reaction 

is with negative surfaces that both effects are in the same direction and therefore do not 

cancel each other. 

Effects of time. As Dzombak and Morel point out [3], the rate of reaction between oxides 
and metal ions is often investigated in "preliminary experiments" which are not reported. 

The "equilibration" periods chosen from such experiments may range from a few minutes 

to weeks yet the data are treated as if the reaction were truly at equilibrium. Dzombak 
and Morel [3] accepted the idea that the reaction may comprise a rapid first step followed 

by a slower second step and pointed out that the second step may represent a significant 

proportion of the total reaction. There is an interesting dichotomy of approach to this 

problem. Those scientists with a chemical background tend to emphasise the rapid early 

reaction and attempt to treat the results using an equilibrium approach. Their difficulty 

is to be sure that the slow reaction has not been important in the time scale they chose 

yet the fast reaction is complete. Those scientists with an agriculture or soils background 

realise that fertilizers are applied infrequently and must supply plants for at least seve- 
ral months and perhaps for years. They therefore tend to emphasise the long-term slow 

reactions. A good example of this approach is that of Briimmer et al. [35] who showed 

that Ni, Zn, and to a lesser extent Cd continued to react with a sample of goethite. In 
a subsequent study [36], it was shown that the overall reaction was consistent with an 

initial adsorption of ions at a charged surface followed by diffusion of the ions into the 

crys ta l -  perhaps into imperfections. 
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2.6. R e a c t i o n  wi th  anions  

Effects of pH. The effects of pH on anion adsorption are much more diverse than those 
of cations. Adsorption may decrease gently or steeply with increasing pH (Fig. 4.) and 
there may be a pH range in which sorption increases with increasing pH. This increasing 
adsorption is important because it shows that the effects cannot be explained solely in 

terms of changes with pH in the surface for the increasingly negative charge would always 
decrease adsorption. It was only by studying a large range of anions that Hingston, Posner 

and Quirk [56] were able to discern a pattern. They noted that there were always bends 
in the curves near some of the pK values of the relevant acid. This is indicated for four 

anions in Fig 4. Similar behaviour was also observed for molybdate, tripolyphospate, 
pyrophosphate, and arsenate. 

300 P ~ I  
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t~ P 1 :::k 

o 

~. 2oo 

0 

~ _ 

g 
. , , , , ~  

< 

1 0 0 -  ~ ~ ' ~ ~  Selenite 

_ Ph~ ~ ~  2 _ p K ~  

2 4 6 8 10 12 14 

pH 

Figure 4. Adsorption of four anions by goethite. Two samples of goethite were used and the 
levels of addition differed for the differing anions [56]. 

Effects of concentration. Anions also differ from metal ions in that they appear to 
react with uniform sites. That is, there is no evidence for the existence of a range of sites 
differing in affinity. This was noted by Dzombak and Morel [3] and has recently been 
considered in detail by Strauss [37]. 

The effects of electrolyte concentration. The effects of electrolyte concentration on anion 
reaction depend on the pH and thus on the charge carried by the surface. At sufficiently 

low pH, increasing electrolyte concentration decreases adsorption. At a higher pH, it 
increases it (Fig. 5). There is thus a pH at which electrolyte concentration has little 

effect. For anions, this point of zero salt effect occurs at a lower pH than the point of 
zero charge of the oxide. For the data in Fig 5., the point of zero salt effect on phosphate 
adsorption was just above pH 4, whereas the pzc of the non-phosphated oxide was near 
pH 8. That is, reaction with the anion has decreased the charge on the oxide. 
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Figure 5. Effect of pH and sodium chloride concentration on the adsorption of phosphate from 
a solution with an initial concentration of 340 #M of phosphate and a goethite concentration 
of 3.1 g/1. Insetsshow the calculated values for the effects of salt concentration on the electric 
potential in the plane of phosphate adsorption. The concentration of sodium chloride was" 
0.01M, 0.1M, and 1.0M [40]. 

Effects of time. As is the case for metal cations, many workers have assumed that  anion 

adsorption reaches equilibrium. However, recent work by Strauss [37] with phosphate has 

shown that this may not be the case. He found that  for a sample of goethite that  had 

been healed by hydrothermal treatment,  reaction was complete within a few hours. No 

further reaction was detected even after six weeks. It was only with this healed goethite 

that  the rate of the initial reaction could be studied in isolation and it was found that 

reaction was faster at lower pH. This is consistent with the work of Madrid and Posner 

[39] and with the literature survey of Dzombak and Morel [3]. For all other samples of 

goethite, there was a marked continuing reaction and the poorer the crystallinity of the 

goethite, the more marked the reaction. These results show that  phosphate reacts only 

with the surface of well-crystallized goethite but that  it continues to react - presumably 

with internal surfaces of pores - of poorly crystallized goethite. As no other published 

studies used healed goethite, we may assume that  all of the materials used were imperfectly 

crystallized and therefore were subject to some continuing reaction. 

3. U N D E R S T A N D I N G  T H E  R E A C T I O N  W I T H  O X I D E  S U R F A C E S  

We may at tempt  to understand the reaction in two ways. One is by using physical 

methods to investigate the bonds formed between the adsorbed ions and the surface atoms. 
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The results from such studies provide an input to the second way of understanding the 
reaction. This is to construct models which aim to describe the observed effects of pH, 
concentration, electrolyte concentration and time on the reaction. Such models require a 
reasonably realistic picture of where the adsorbed molecules reside if they are also to be 
realistic. 

It has been agreed for some time that several anions sorb along the double octahedral 
chains of goethite by bonding two singly coordinated A-type OH groups [41]. They there- 
fore form binuclear, bidentate, inner-sphere complexes. There has been some controversy 

about some of the other oxy-anions but Manceau and Charlet [42] recently concluded 
that a similar structure occurs for selenate and sulfate in addition to phosphate, arsenate 
and selenite. 

For the metal cations, the bonding possibilities are more numerous. Spadini et al. [43] 
showed that, when coprecipitated, Cd takes positions that would otherwise been occupied 

by Fe atoms. They considered that, when sorbed, cadmium takes up positions which 
correspond to crystal growth sites. They observed that sorption of Cd on goethite resulted 
in two Cd-Fe distances and they associated these with differences in the way the Cd 

octahedra linked with the Fe octahedra of the goethite. These differences in the linkage 
could be one reason for the observed heterogeneity of oxides with respect to metal cations 
but not to anions. However, it is not clear whether this explanation could extend to very 

low surface coverage when only the most-favoured sites would be reacting. 
An alternative explanation [44] for heterogeneity with respect to anions but not to 

cations is connected with the extra water content of goethite as mentioned earlier. If, 
as suggested, the formula for goethite should be written Fel-.Ol-ax(OH)l+a. where x 
is the proportion of the iron atoms that are missing, then we might speculate that the 
balancing of the charge due to missing Fe atoms is less than perfect. This would give 
rise to sites with an electric potential more negative than average and therefore of high 
affinity for cations. Depending on the location of such sites, we could expect differing 
values for electric potent ia l -  and hence the heterogeneity. Anions would not be affected 
by these sites and as the "x" in the formula would usually be less than 0.01 the decrease 
in maximum anion adsorption would be undetected. 

3.1. Descr ib ing  by mode l l ing  
Reaction of both cations and anions with oxide surfaces occurs on charged surfaces and 

the charge changes with pH. It is therefore essential to couple a model of ion reaction with 

a model of charge to give a comprehensive model. Several such models have been proposed. 
They differ in complexity and in effectiveness and each has their advocates. They have 
been reviewed and compared several times - most recently by Sposito [2], Barrow and 
Bowden [45], Goldberg [46]. Nevertheless, it is necessary to outline here a model which 
lends itself to abstraction and simplification so that it can be applied to the problems 
of describing the reactions in soil. This is the model of Bowden et al. [47,48] which was 
further developed by Barrow et al. [36] to include rate of reaction plus heterogeneity of 
sites when reacting with metal cations. This model is referred to as the "objective" model 
[2], as the "four-layer" model [45] and as the "Stern variable surface charge-variable 
surface potential" model [46]. 

Some of the ideas behind the model are represented in Fig.6. This is only a 2-dimensional 
representation but the structures indicated seem to be consistent with more-recent know- 
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Figure 6. Diagrammatic representation of possible distribution of different ions at an interface 
between a metal oxide and water. M indicates a metal atom - such as Fe, ~ chemical bonds, 
and electrostatic bonds [47]. 

ledge. This diagram emphasises two important points. The first is that coordination re- 

action with anions or cations (phosphate, fluoride or copper in the figure) does not neces- 

sarily prevent a site from reacting with electrolyte cations or anions (sodium or chloride 
in the figure). Mass balance equations which allocate sites exclusively to one particular 

reactant are thus not part of this model. This point is developed further by Barrow and 

Bowden [45] in regard to the s ta tus  of a site after it has reacted with an anion. This model 

has been criticized for this structure by Sposito [2] who concluded that, as a consequence, 

it should not be regarded as a chemical model. This seems a curious exclusion. 
The other important point is that the various ions near a surface will have their centres 

of charge located, on the average, at different distances from the metal ions of the oxide. 

For example, in Fig. 6. the fluoride ion is located closer than the phosphate ion. This means 

that the various ions will experience differing electric potentials and differing changes in 

potential with pH. Fluoride, for example, will experience a greater (absolute) potential at 
a given pH and a greater change in potential with pH. A new approach by Hiemstra [49] 
produces a similar outcome from a different direction. He argues that a certain fraction of 

the charge on the central ion of the complex (for example Se) can be allocated to a plane 
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on the solution side of the interface and the remainder to a plane on the oxide side. This 

gives fewer planes but the net effect should be similar to that obtained by assuming that 

the charge is located in a mean plane between the other two. When comparing selenate 
and selenite using this approach, the extra oxygen atom for a selenate complex means 
that a greater fraction of the charge is allocated to the plane on the solution side. This 

conclusion is similar to that of Barrow and Whelan [50] who concluded that the position 

of the mean plane of selenate sorption was further from the surface than that of selenite. 

When the model is constructed so that each adsorbed ion can be allocated to a plane, 
each can therefore experience a different change in potential. This gives both flexibility and 
realism to the model. In older models, ions were constricted to fewer planes of adsorption 

and therefore are constrained to experiencing the changes in potential of those planes. It 
was usually found that, with such models, each individual reaction scheme gives the wrong 

shape for the effects of pH. The approach is therefore to add together two or more reaction 

schemes, each of which has the wrong shape, to produce an effect which approximated to 
the observed shape. However, when the adsorbing ions are permitted to reside in differing 

planes of mean potential, it is usually found that one of the solution species can be related 

to the amount of adsorption as indicated in the next paragraph. This subject is discussed 

further by Barrow and Bowden [45]. 
Central to this model is the definition of a term ais which was called the "surface 

activity function" [47]. This term is defined as: 

& i s  - -  Kiai exp (-ZiCs/RT) (1) 

where Ki is a binding constant and is characteristic of the ion and surface concerned, 

ai is the activity of the ion in solution, zi its valency, ~b~ is the electric potential in the 

plane of adsorption, and R and T have their usual meaning. This equation was derived by 

Bowden, Posner and Quirk [47] using a thermodynamic argument. In effect, the equation 

attempts to divide the properties of an ion into two components - a "chemical" component 
specified by the activity in solution (ai) and an electrostatic component (~&). This concept 
has been criticized by Sposito [2]. He argued that the electrical properties that produce the 
chemical properties of charged species cannot be divided unambiguously into electrostatic 
and non-electrostatic categories. Nevertheless, analogous exponential terms occur in other 

models albeit with different derivations. At the least, such terms can be considered as 
solid-phase activity coefficients that correct for the charge of a surface species [51]. This 
is an important concept because it allows us to think about the effects of (say) changes in 
pH in terms of two components: the changes of the surface and the changes of the species 

present in solution. 

3.2. I n t e r p r e t i n g  the  t e rms  of the  mode l  
The terms of this model can be divided into three groups: maximum surface densities, 

binding constants, and capacitance terms. For each ion considered there will be a permit- 

ted maximum surface density. The values might be identical as for H + and OH-, or they 
might be different as for F-  and HPO]-.  For each ion, there will also be a specific value 

for the binding constant Ki. And finally there will be a series of capacitance terms which, 
in effect, specify the distance between the planes of adsorption (provided the electrical 

permittivity is constant the capacitance is inversely related to distance). 
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The philosophy behind this model differs from that behind other models in another 
important respect. The users of other models have often attempted to define constants 
which have significance in themselves and can be extrapolated to other situations. This 
was the philosophy of Dzombak and Morel [3]. However, for the model discussed, little 
emphasis is placed on measuring supposed constants because all models are considered to 
be incomplete and the supposed constants therefore unreliable [45]. Subsequent experience 

has supported this opinion. 
Consider, for example, the terms which specify charge. As recorded earlier, measured 

values for pzc vary and are below the theoretical value largely because of the presence of 
adsorbed carbonate. In this model, the observed values for the pzc are described by the 
choice of values for KH and KOH. Analogous terms are used in other models. The values 
so obtained are not fundamental properties of the surface but artifacts of the preparation 
and treatment of the oxide. Furthermore, adding acid to such a surface will displace some 
carbonate and thus induce an asymmetry in the titration curves. These asymmetries are 

described by differences in the K terms for the electrolyte cations and anions. Lumsdon 
and Evans [52] have recently shown that different values for model parameters are needed 

for CO2-free goethite. 
Even in the absence of the carbonate problem, the K terms for electrolyte anions and 

cations (and the analogous terms for other models) need to be treated with caution. 
Rather than indicating differences in the affinity of cations for the surface, they probably 
reflect differences in the probability that a cation has a water molecule between it and 

the surface [53,54]. 
When samples of goethite of differing crystallinities are compared, the titration curves 

are found to reflect these differences by increased spread of the curves at pH values distant 
from the pzc [55]. These are described in this model by increases in the capacitance terms 
[55]. The observed behaviour probably reflects increased penetration of protons into pores 
between domains. In this case, we might think of the changes as reflecting changes in 
surface "roughness" and thus in the mean distance between planes. That this should be 

reflected in a capacitance term in not entirely inappropriate. 
When we come to describe sorption of anions such as phosphate, we might expect 

that the maximum surface cover could be calculated from the known configuration of the 
adsorbed ions on the surface. However, this only works for goethite which has been healed 
[37]. For other samples of goethite, the observed maximum exceeded the theoretical even 
for the short reaction time of one hour. Subsequent dissolution studies strongly indicated 

that the difference was due to penetration of the phosphate into pores. 
Thus models may closely describe observed behaviour but interpretation of the terms of 

the model is not straight forward. The argument presented is that models have generally 
been tested against data derived from surfaces which are rather far from the conceptual 
surfaces of the model. It is for this reason that I have adopted a rather pragmatic view of 
the models used. One could argue that there is a need to test better models against better 
d a t a -  for example, data generated from carbonate-flee, healed goethite. That may well 
be so, but, when dealing with reactions with soils, we need models that apply to surfaces 

which are far from perfect. 

3.3. How the model  describes adsorp t ion  
In this section we are not concerned with how well this model describes adsorption. 
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There are many papers which show that it describes it very well - see Goldberg [46] for a 

summary. Rather we are concerned with the principles behind that description and with 
understanding why the various ions behave differently. 

Consider first the anions. For these the behaviour is diverse. The crucial questions are: 

why does adsorption sometimes increase with pH (eg. silicate, Fig. 4.) and sometimes 

decrease (eg. selenite, Fig.4.), and why are there bends or peaks in the curves near the 
pK of the relevant acid? 

The answers to these questions are in the interplay of the changes with pH in the 
ions present in solution and in the charge properties of the surface. For example, the pK 
for hydrofluoric acid is near 3. At pH values below this, the concentration of F-  ions 

increases with pH (the ai term of equation (1)). This is opposed by the increased negative 

potential of the surface but because the ion is monovalent this is not sufficiently powerful 

(the zi term of equation (1)) and adsorption increases. At pH values above the pK, there 

is decreasing scope for increases in the concentration of F-  ions; the only effect which is 
then relevant is that due to the increasingly negative surface potential (the ~bs term of 
equation (1)). We can argue either that the F-  ions are small enough to occupy the same 

position as hydroxyl ions and therefore the mean position of the charge is close to the 

surface. Or we can argue that, unlike oxyanions, there are no oxygen atoms to affect the 

charge distribution [49]. In either case, the decline in potential, and hence the decline in 
adsorption, is steep. 

Compare this with the behaviour of selenate and sulfate. For both, the pK2 of the 
relevant acid is near 2. Hence both are fully dissociated over the range of pH values usually 
investigated. Adsorption therefore decreases with increasing pH because the only effect 

operating is the effect of pH on the surface potential. The resulting changes in adsorption 

with pH are not as steep as those for fluoride even though the ions are divalent. Again 

we can argue either that this is because the ions are larger and the centre of charge is 
further from the surface or that the oxygen atoms pull the charge distribution away from 
the surface. In either case, the change in potential with change in pH is less steep. 

Selenite and phosphate may be treated together. For both, the pK2 of the relevant acid 

is near 7. At pH values well below this, the concentration of the divalent ion increases 

10-fold with each unit increase in pH. However, this effect is not sufficient to overpower 

the increasingly negative surface potential because divalent ions are involved. There is 

therefore a slow decrease in adsorption with increasing pH. Once a pH value near the 
pK2 is approached, the scope for further increases in the concentration of divalent ions 
decreases and adsorption therefore decreases. 

For silicate, the relevant ac id -  silicic acid (H4SiO4) - is very weak with pK1 near 10 

and pK2 just above 12. The influence of these two pKs overlap so that the concentration 
of the divalent ion increases at first about 100-fold for unit increase in pH [38]. This is 

sufficient to overpower the effects of the increasingly negative surface and so adsorption 
increases at first (Fig. 4.). Subsequently, as the pH approaches the pKs the same effects 
occur as for other ions and adsorption decreases [45]. 

Thus the model provides a consistent explanation for the diverse effects of pH on 

adsorption of various anions and thus explains the observations of Hingston et al. [56]. 

The binding constants obtained correlate with pKs of the relevant acids (Fig. 7.). This 
may indicate that anions which have a strong affinity for a proton also have a strong 

affinity for the electrophilic metal ions of the oxide surface. Furthermore, it is consistent 
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Fig. 7. Relation between the pK for the dissociation of the relevant acid and the log of the 
binding constant for six anions [45]. 

with the conclusions of Manceau and Charlet [42] that  such oxyanions form binuclear, 

bidentate, inner-sphere complexes. The model does not specify whether the mechanism 

of the reaction involves an initial reaction with monovalent ions followed by a further 

reaction or whether there is an initial reaction with a divalent ion. It can be shown that  

both routes lead to similar expressions. 

Suppose reaction occurs at pH=5 so that  most of the phosphate is present as mono- 

valent H2P04  ions and that  the reaction is represented as hydrolysis of the monovalent 

phosphate ions followed by reaction between the divalent ion and two sites. Suppose fur- 

ther that the surface gains one unit of surface charge and the net change in the solution 

pH is zero. The actual change in surface charge and in solution pH depends on the initial 

pH and on the amount of anion reacting [48]: 

H2PO 4 K2 2- H + (2) ~ H P O  4 + 

OH 

OH / 
/ s o \ o 

HPO~- -~ " + H20 4- OH- (3) + S 

\OH  s--o / %0 
\ 

OH 

Alternatively, let us represent the reaction as an initial reaction with the monovalent pho- 

sphate ion followed by a second reaction with another site. The products are represented 
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as the same as before. The intermediate product formed by equation (4) is taken as being 
present in only small amounts: 

OH 

OH / 
/ /  KpI S - - O  , ~  p / O H  

+ OH- (4) 
H2PO~- + S ~OH2 HO " ~  %0 

OH OH 

oH / / s-o / / s--o /oH 
S + P KP2,.. ~ p-  + H20 (5) 

%0 / %0 OH2 HO S ~ O  
\ 

OH 

It can then be shown that KiK2 = Kp1Kp2. That is, the binding constant Ki, which is 
used in the model, can be specified as Kp1Kp2/K2. The use of this one constant is thus 
consistent with binuclear, bidentate complexes but does not specify the pathway of the 
reaction. 

Some conclusions about the pathway can be obtained by studying the rate of the reac- 
tion at different pH values. It was shown [57] that faster reaction at low pH could be taken 
to indicate that the process consisted of more than one step and that the rate-determining 
step preceded the electron transfer step and did not, of itself, involve electron transfer. 
The rate determining step might, for example, involve the removal of a water molecule. 

Consider now the adsorption of cations. Two kinds of explanations are possible within 
the model. One is that reaction is dominated by the first hydrolysis product - the mono- 
valent MOH + ions. Provided the pH is more than about one unit below the pK for this 
reaction, the concentration of MOH + ions increases 10-fold for each unit increase in pH. 
An extra effect of pH is produced from the decrease in electrical potential as the pH is 
increased. Thus, this explanation requires that there must be at least a ten-fold increase 
in the effectiveness of ions in inducing adsorption with each unit increase in pH. This is 
consistent with the conclusions of Kinniburgh and Jackson [58] who reported effects of 
pH which were more than ten-fold for reaction of cobalt, copper, zinc and cadmium with 
iron oxide. The values were: Co, 25 fold; Cu, 33 fold; Zn 45 fold; and Cd 50 fold. 

The use of monovalent ions in models to explain the effects of pH works well. It was 
successfully used to model the adsorption of nickel, zinc and cadmium by goethite [50] 

and of mercury by goethite [30]. It also makes intuitive sense because we can imagine 

that the breaching of the hydration sheath, which shields the charge, by the formation of 
hydroxides might make the ion more vulnerable to reaction. This would then explain why 
ions with the greatest tendency to react at low pH have the greatest tendency to hydrolyse 
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- the MOH + ions form at a lower pH. The only problem is that there is increasing evidence 

that this explanation is inappropriate for soil. For cadmium at least the effect of pH is 

less than 10 fold for each pH unit (see later) and this rules out this explanation. 

The other explanation is that divalent ions react. For most metals the concentration 

of these species change little with pH over the range commonly investigated. The effects 

of pH are then seen as entirely due to the change in electrical potential. Its effect is large 

because it is on divalent ions. However it is also necessary to locate the adsorbed ions close 

to the atoms of the reacting oxide to produce a steep change in potential with change in 

pH. This can also produce an effect of pH which is greater then 10-fold. The tendency 

for ions which hydrolyse readily to react at low pH is then explained as a correlation of 

affinities in a manner somewhat analogous to that for anions in Fig. 7. Dzombak and 

Morel [3] have reported a similar correlation between the coefficients of their model and 

the hydrolysis constants of cations. 

4 .  A P P L I C A T I O N  T O  S O I L  

In many of the studies in which oxides were used, the intention was to model the 

behaviour of soil components. If we are to interpret these studies to understand behaviour 

of soil, we need to know how the materials in soil differ from the materials studied. 

Remember, soil is a dirty substance. 

4.1. Differences be tween  e x p e r i m e n t s  wi th  soil and  e x p e r i m e n t s  wi th  oxides 

Studies on soil differ from studies on pure oxides in five main ways. The reacting 

material in soil is impure and there may be a mixture of sorbents present; there is usually 

some of the reactant already present; there may be soluble organic matter in solution; the 

background ions differ; and the range of pH values investigated is smaller. These aspects 

are considered in this section. 
The oxides in soil are certainly impure as indicated in section 2. The presence of 

silicate, phosphate, and presumably carbonate and organic compounds, means that the 

pzc is much lower than that of iron oxides studied in the laboratory. For top-soils with 

little permanent charge from clays, a common value is about pH 4. In the presence of 

appreciable permanent charge, it may be impossible to generate sufficient positive charge 

and so the mean charge remains negative even at low pH. These differences in pzc mean 

that we cannot assume that changes in electric potential near the surface with changes in 

pH will be the same as those observed with pure oxides. 
Soils may also already contain some of the substance being studied. That is, one must 

study say phosphate sorption in the presence of the phosphate already there. This has 

caused some problems in the interpretations of phosphate sorption and desorption experi- 

ments [59]. This is one aspect of soil chemistry in which Western Australian soil scientists 

have an advantage. The very low content of phosphate in most soils simplifies such studies. 

Farmers, however, do not regard this as an advantage! 
Soil solutions may contain some soluble organic matter. This is especially so if the soil 

has been treated with sewage sludge as in many experiments involving the reaction of 

metals with soils. The soluble organic matter can react with metals thus keeping them 

in solution. Reaction with the soil can only occur after the demands for this reaction are 
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satisfied and this gives rise to sigmoid sorption curves [60,61]. 

Soil solutions contain a mix of cations: mainly Ca 2+, Mg 2+, K +, Na + and , at low pH, 

A13+ and complex A1 ions. In their studies, soil scientists have tended to use electrolyte 

solutions which they see as relevant. Often the solution used is a dilute solution of calcium 

chloride. This contrasts with those who have studied oxides. Their choice of background 

electrolyte has been motivated by a desire to use electrolytes which are close to "indif- 

ferent". Ideally, this means that neither the cation nor the anion has any affinity for the 

surface. In practice, it means that the affinity of both ions is small and similar. These 

differences in the choice of background electrolyte mean that the observed effects of pH 

differ. Fig. 8 shows that the decline in phosphate sorption by a soil with increasing pH 

is steeper when the background electrolyte is sodium chloride than when it is calcium 

chloride. This is because the presence of the divalent cation compresses the distribution 

of ions near the surface and the change with pH in the electric potential is less steep. 

Soil chemists have also tended to study a limited range of pH values because of a desire 

to use relevant conditions. The upper limit is usually set because calcium carbonate is 

used to raise pH in practice. The maximum pH which can be reached depends on the 
calcium concentration in the solution and on the partial pressure of CO2. In 0.01M CaC12 
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solutions, the value is near pH 7. Somewhat higher values are reached if the calcium 

concentration is lower. The lower limit also depends on practical considerations. As the 

pH of a soil is lowered, aluminium (and manganese) concentration in the solution increase 

and may reach toxic levels. Consequently, there are few studies for pH values less than 

about 4 in 0.01M CaC12 - or less than about 4.5 if the calcium concentration is lower. 

Recently, however, acid rain has lowered the pH of some European forest soils to values 

approaching 3. Studies on these soils are usually concerned with the harmful effects of this 

low pH rather than with the effects on adsorption reactions. The range of pH values in 

adsorption studies is therefore seldom more than about 3 units - see, for example Fig. 8. 

The diversity of anion behaviour as shown by Hingston et al. [56] would never have been 

revealed if they had confined their work to such a limited pH range. 

4.2. O b s e r v a t i o n s  w i th  s o i l -  t h e  e f f e c t s  o f  c o n c e n t r a t i o n  

Soil scientists are very interested in the relation between the concentration of an ion in 

the soil solution and the amount retained by the soil. It is this relation which determines 

the rate of diffusion of a nutrient to a plant root and which also determines the possibilities 

of leaching losses from the soil. 
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Figure 9. Logarithmic plots of sorption of phosphate, selenite and selenate by a soil at the 
indicated pH values. To permit plotting on a common scale, the concentrations of selenite and 
selenate have been multiplied by factors to account for their lower affinity. For example, the 
values at pH=6 for selenite were 0.05 and for selenate 0.008. The lines indicate the fit of a 
model based on the heterogeneity of the reacting surfaces [44]. 

Borrowing from surface science, they sometimes call plots of retention against concen- 

tration "adsorption isotherms". I think that this usage is a case of false immodesty. As 

we shall see later, the process involves more than simple adsorption onto a surface; a se- 

cond step which involves diffusive penetration follows. The rate of this step is affected by 

t e m p e r a t u r e -  rather than only the position of an equilibrium and so the term is doubly 
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inappropriate. I prefer the more modest term of "sorption curves". The word sorption is 

used in a descriptive manner and without implying any mechanism. The term includes 

adsorption. 

Most studies of sorption curves involve little more that about a hundred-fold range of 

solution concentrations. Such a range often encompasses the interests of the experimenter 

and is analytically convenient. Over such a range, log log plots are usually close to linear 

and with a slope less than u n i t y -  that  is, a Freundlich equation is appropriate and the 

reacting sites are therefore heterogeneous. This differs from anion adsorption by oxides 

which, as indicated earlier, is consistent with reaction with homogeneous sites. It is com- 

mon to find that the slope of the log log plots differs between anions. That  for weakly 

sorbing ions such as sulfate is usually greater than that for more-strongly sorbing ions 

such as phosphate. It seems possible that  the differing anions are sampling a different 

part of the sorption curve. If the concentrations are adjusted to allow for the differing ef- 

fectiveness of the ions in inducing reaction, the individual curves can be combined. Fig. 9 

shows that  the resulting log log plots are curved. 
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Figure 10. Effect of pH and solution concentration of sodium chloride on the sorption of pho- 
sphate at four concentrations of back-ground electrolyte in solution. The point of zero salt 
effect for an intermediate concentration of P has been shown by an asterisk. The lines are 
drawn from a fitted model [38]. 

This curvature only becomes apparent when a sufficient range of values is available. 

The curvature observed suggests that  at even lower concentrations the logarithmic plots 
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would approach a slope of unity. That  is, at very low concentrations, sorption would be 

proportional to concentration. This has been observed for metal sorption by soils [62,63]. 

4.3. O b s e r v a t i o n s  w i t h  s o i l -  t h e  effects  o f  e l e c t r o l y t e  

If the sorption curves pictured in Fig. 9 are caused by heterogeneity, what distribution 

of site properties would give rise to such curves? Sposito [64] reported that a Freundlich 

curve could be derived if the log of the amnity constants of a series of Langmuir equations 

had a distribution which was similar to a normal distribution. 

In terms of equation (1), this would mean a normal distribution of log (Ki). However, it 

is also possible that there would be heterogeneity in the ~s term of equation(I).  Evidence 

for this is obtained from a study of the effect of salt concentration on adsorption of 

anions. Fig. 10 shows that  there are effects of salt concentration on phosphate sorption 

by a soil. These effects are analogous to those on phosphate sorption by goethite: at  low 

pH, increasing salt concentration decreases sorption; at higher pH it increases sorption. 

There is thus an intermediate pH at which salt concentration has no effect. The value 

of this point of zero salt effect decreases with increasing sorption as would be expected. 

However, it occurs at a higher pH than the point of zero salt effect on pH (Fig. l l ) .  
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Figure 11. Effect of level of addition of phosphate on the point of zero salt effect on phosphate 
sorption and on the point of zero salt effect for pH [38]. 

Analogous effects occur with other anions (Fig. 12) and there are similar effects of level 

of sorption. That  is, for borate, for which sorption is much weaker than for phosphate, 

the point of salt effect is at an even higher pH. 

These effects can be explained if it is assumed that at least part of the heterogeneity 

of the reaction sites is in the electric potential. That  is, at any given mean potential, 

there are some sites with a more-positive potential than the mean and some sites with 

a more-negative potential. This range of values of potential is assumed to be distributed 
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Figure 12. Observed and modelled effect of pH and of electrolyte concentration on sorption of 
three anions at a solution concentration of 100#M [65]. 

normally. Suppose that  the mean potential of the soil is zero at pH=4. At that  pH we 

would expect there to be no effect of salt concentration on pH. However if we reacted a 

small amount of anion with a soil at pH=4, reaction would be preferentially with sites 

which had a more-positive potential than the mean. Because reaction is with sites of 

positive potential, increasing the salt concentration would decrease sorption. We might 

need to raise the pH to say 6 before the mean potential of these reacted sites was decreased 

to zero. If we increased the amount of anion reacted, the reaction itself would lower the 

potential of the reacted surfaces and furthermore the reaction would spread to some 

less-positive sites. We would therefore not need to raise the pH quite as far before we 

reached the point at which the mean potential of the reacted sites was zero. Thus, if 

we are to model such observations, we must allocate at least part of the heterogeneity 

to the electric potential term of a model. It is improbable that  there would not also be 

heterogeneity in the binding constant Ki but there is seldom information on which to 

allocate heterogeneity to the two sources as the two sources would have the same effect 

on the relation between concentration and sorption. It is therefore a modelling convention 

to allocate all of the heterogeneity to the potential term. 

4 . 4 .  O b s e r v a t i o n s  w i t h  s o i l -  t h e  e f f e c t s  o f  p H  

Subject to limitations discussed in section 4.1., the effects of pH on anions are similar to 

those observed using iron oxides. Thus, the sorption of phosphate and of selenite generally 

decrease with increasing pH (Fig. 12.) for the reasons discussed earlier. Similar principles 

apply for borate. However sorption increases with increasing pH because the pK for borate 

dissociation is near 9. The concentration of borate ions therefore increases 10-fold for each 
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unit rise in pH over the observed range in pH. Because the ion is monovalent, the repelling 

effect of the surface is insufficient to overcome the effect of the increasing dissociation and 

hence sorption increases with pH. 
For the metal cations, the effects of pH are smaller than those observed with oxides. 

This can be shown by using a Freundlich equation modified to reflect the effects of pH: 

S = k(c-10mpH) n. In this formulation, the coefficient m reflects the magnitude of the effect 

of pH on the effectiveness of a given concentration of metal in inducing sorption. If m 

equals one, unit increase in pH produces a ten-fold increase in the effectiveness of a given 

concentration in inducing reaction. If m is less than one, the effect is less than 10-fold. In 

unpublished work, I have obtained values for m of about 1 for Zn, about 0.85 for Ni, about 

0.8 for Co and about 0.6 for Cd. Boekhold et al. [66] used a slightly different formulation 

but their values for m, as defined here, are abut 0.6. Naidu et al. [34] reported that the 

effects of pH varied between soils. The only value they quoted was equal to about 1 for 

m as defined here. They regarded this as particularly high. This therefore suggests that 

the other values were lower than one. As can be seen from the dates of these references, 

precise description of the effects of pH on metal sorption has only recently been attempted 

and presumably more data will come to hand. However, values of m less than unity do 

seem to occur. Such results cannot be explained by assuming that MOH + is the dominant 
ion. We have to assume that M 2+ is the dominant ion and that the change in potential 

with change in pH is smaller. 

4.5. Observations with s o i l -  the effects of t ime and temperature  
Farmers are very aware that, in most cases, it is necessary to apply rather more pho- 

sphate than was removed in produce in the previous season. Why is phosphate applied last 

year but remaining in the soil less effective than freshly applied phosphate? The answer 

is: because it has continued to react. The reaction is however, a rather strange one. By 

chemists' standards, it is extremely slow and continues even after many months or even 

years. For example, Devine et al. [67] mixed powdered phosphate with soil and found that 

after one year, it was 58% as effective as fresh phosphate, after 2 years 38% and after 

three years 20%. Geologists, on the other hand, might think this quite rapid. Nevertheless 

research careers are short and such a slow reaction poses research problems. Fortunately 

there is an easy solution. The rate of the reaction is quite sensitive to temperature and 

can be greatly increased by raising the temperature. By studying the reaction at say 60~ 

we can produce the equivalent of several years' reaction in a few days. 

Because of its economic importance, far more work has been done with phosphate 

than with other ions. However, continuing reaction occurs with many other ions and is 

the norm rather than the exception. Some examples are: molybdate [68], fluoride [69], 

sulfate [70,71], arsenate [721, zinc [731 and chromium, cadmium and mercury [741. It has 
also been shown that incubating copper with soil decreases its subsequent availability to 

plants [75]. 
Attempts to deal with this problem have varied. The simplest is to ignore it. The reac- 

tion is studied over some chosen time and the point reached is called "equilibrium". Indeed 

it is usual to "equilibrate" a solution with soil when what is meant is "mix". This has led 

to some questionable conclusions especially if the solution concentration of the reactant 

is decreased and desorption thereby induced. It is invariably found that the desorption 

limb does not follow the same track as the (ad)sorption limb. It is then concluded that 
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adsorption is not reversible. This is a nonsense. The essence of an adsorption reaction is 

that  it cannot go all the way to the "right". There must be an appreciable back reaction. 

If that  were not so, there could be no residual concentration of adsorbate in solution and 

it would be impossible to construct sorption curves. If sorption is observed to not be 

reversible, this indicates that  the process involves more than adsorption. 

More complicated but more realistic is to measure the effect of time and to describe 

it. Several schemes have been tested with many of them based on interchanges between 

ill-defined black boxes bearing labels such as "labile" or "non labile". These and other 

schemes were discussed by Barrow [38]. When the rate of reaction is measured using 

changes in the solution concentration as an indication of the amount of reaction, the 

results can often be closely described by another modification of the Freundlich equation: 

S = cbl(k- t) b2 (6) 

where S is the amount of sorption, c is the solution concentration of the adsorbate, t is 

time and k, bl and b2 are coefficients. The term k may be related to temperature  using 

the Arrhenius equation: 

k = A exp ( - E / R T )  (7) 

where E is an activation energy. The value of E is often about 80 kJ/mol .  At this value, 

the rate approximately triples for each 10 ~ rise in temperature.  References to studies in 

which these equations are used are given by Barrow [38]. 

From these equations, it follows that  at constant solution concentration and at constant 

temperature,  the rate of sorption is proportional to t b2 where the value of b2 ranges from 

about 0.05 to about 0.4 [76]. These are unusual kinetics - and they are indeed rather 

inconvenient. This is because the current rate of change of sorption is proportional to 

t b2-1 - that  is, it depends on the time lapsed since the addition was made. This is rather 

difficult to incorporate into analytical models of leaching of solutes in soils. Nevertheless, 

such simple equations do provide a close description of the real behaviour. Our task is 

therefore to explain this behaviour. 

5. M O D E L L I N G  T H E  B E H A V I O U R  OF SOIL 

Studies with oxides provide the basis for understanding the behaviour of soil. However, 

in order to apply this understanding in a testable way, we have to simplify and abstract the 

detailed models applied to oxides. In effect, we construct a hierarchy of models with the 

detailed models of oxides feeding a simplified version up to the next level. The assumptions 

involved are as follows. 

We assume: that reaction is with many variable charge surfaces (or patches); that  the 

surfaces are heterogeneous with the heterogeneity described by a normal distribution of 

electrical potential; that  an initial adsorption reaction on the surface of the variable charge 

material is followed by a very slow diffusion towards the interior of the particle; that  both 

adsorbed and penetrated ions affect the charge of the particles and therefore the electrical 

potential of the surface; and that the electric potential of the adsorption plane is affected 

by pH and by electrolyte concentration. The equations which comprise the model were 
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given by Barrow [77]. They are listed in [78] and a more-robust way of dealing with the 

rate of the reaction was developed in work [79]. 
Many of the equations of the model are very simple. For example, it is assumed that 

the electrical potential in the plane of adsorption changes linearly with the amount of 

adsorption. We know that this is only an approximation but we find that in most cases 

it is sufficiently close to the behaviour. As explained earlier, we know that some of the 

heterogeneity is associated with the electrical potential. We accept that some of the hete- 

rogeneity is associated with the affinity of the sites for the ion, but, in most cases, there is 

no way of distinguishing these two kinds of heterogeneity and so it is convenient to lump 

them into the one basket. Even though the equations are simplified, manual computation 

would be difficult. For example, the distribution of potentials is broken into a number of 

discrete segments and the total behaviour is taken as the sum over the segments. There 

are also "chicken-and-egg" problems in that one needs to know the amount  of sorption 

in order to calculate the electric potential of the surface-  yet one needs to know the 

potential  to calculate sorption. Computer  programs are needed to solve such problems.  
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Figure 13. Effect of period of incubation on the concentration of selenite (a) and selenate (b) in 
solution after adding respectively selenite or selenate to a soil. Intermediate points have been 
omitted for clarity [80]. 
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This model can describe most of the observations on the reaction of a large range of 

pollutants and nutrients with soil. These are summarised by Barrow [38] and examples of 

the fit of the model are given in Figs. 8-12. The present discussion will be limited to two 

aspects. One is the rate of the reaction. 

The model explains the continuing reaction as due to diffusive penetration of the sur- 

face. The simple equation used implies that  the depth of penetration is small relative 

to the size of the particle. Remember, we are dealing with very slow processes. For any 

segment, the rate is proportional to the square root of time. The observed kinetics arise 

partly because there is a braking effect due to the change in surface potential as a result 

of reaction and partly because of the smearing effect of the heterogeneity. 

Figure 13 illustrates the fit of the model to the effects of time and solution concentration 

for selenite and for selenate sorption by a soil. 

While the sorption curves are almost linear on a log log scale, the model fits a gentle 

curve as this is consistent with a bigger body of information (Fig. 9.). At any given level of 

sorption, the concentration of selenite in solution decreases with time and with increasing 

temperature.  It is this decrease that  is modelled as due to diffusive penetration. Selenate 

differs in that  the sorption curves are steeper (as also shown in Fig. 9.) and, importantly, 

that  the effects of time, though detectable, are much smaller. These two species therefore 

provide a test for the argument that  apparent non-reversibility of sorption occurs because 

of the continuing reaction. 
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Figure 14. Desorption of selenite (a) and selenate (b), after incubation for 10 days at 60~ 
with selenite or selenate respectively at the levels indicated by the arrows on the vertical axis. 
Different levels were used so that the concentration range would be similar. The broken lines 
show the sorption curves [80]. 

Figure 14. shows that selenite desorption did not follow the same track as sorption. 

This is because it takes time to reverse the diffusive penetration. This was tested from 

the fit of the model. When the model which had been fitted to sorption data, some of 

which is shown in Fig. 13., was used to predict desorption, the prediction was close to 

the observation. In contrast, desorption of selenate was greater. This is consistent with 
its much slower continuing sorption reaction. The greater desorption was also predicted 
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Figure 15. Observed (points) and modelled changes (lines) through time in the competition 
diagram for phosphate and selenite. If the anions were equally effective competitors, the points 
would all fall along the diagonal line. Points below the line indicate that phosphate was a more 
effective competitor. The times (h) were: o, 0.25; o, 4; A, 24; A 96; c], 720. 

by the model fitted to the analogous sorption data for selenate part of which is shown in 

Fig. 13. 
The final aspect discussed is one that provides a stringent test of the model. It is 

the ability to describe competition for sorption between two anions through time. It is a 

stringent test because it requires that the interactive effects of each ion on the surface be 

modelled through time. 
The model was able to describe the changes through time of the concentration of 

phosphate and selenite ions both when supplied separately and in combination [81]. It 

therefore mirrored changes in their competitive advantage (Fig. 15.). An important conc- 

lusion was that competition was largely through the effects of one anion in making the 

surface more negative and therefore less accessible to the other i o n -  rather than the 

normal chemical competition for vacant sites. 

6. C O N C L U S I O N S  

Most of the published studies on the reaction of ions with iron oxides have used samples 

of oxides which have been exposed to various extents to carbon dioxide. Models fitted to 

data from such studies do not reflect fundamental characteristics of the surface but are 

affected by the degree of exposure to carbon dioxide. In the case of goethite, most of the 

samples have consisted of multi-domainal crystals. It is only when such crystals have been 

"healed" by hydrothermal treatment that the true adsorption reactions of the surface can 
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be observed. Samples which have not been hydrothermally treated continue to react be- 
cause ions diffuse into irregularities thus giving values for the apparent adsorption which 
are too high. Because these aspects have not always been appreciated, they may have 
limited understanding of the fundamental characteristics of the reaction. However, one of 
the important reasons for studying the reaction with oxides is to understand the reaction 
with soil. The oxides in soils are far more "contaminated" and are very poorly crystal- 
line. Studies with contaminated, and imperfectly crystallized iron oxides are therefore 
important and have provided sufficient knowledge to understand all of the observations 
on the reaction of ions with soil. We can now understand and closely model the effects 
on sorption of concentration of sorbing ion, of pH, of electrolyte concentration, and of 
time and temperature. We understand why different ions are affected differently by these 
factors and we can model the competition between ions for sorption. Finally we can also 
understand why desorption appears to follow a different track to sorption. To summarise: 
quod erat demonstrandum- which was the thing to be proved. 
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1. I N T R O D U C T I O N  

Before discussing problems in modelling the electrical interfacial layer (EIL), one should 

answer two basic questions: What is "modelling" and what is its purpose? 
In the narrow sense modelling is a simplified description of a physical phenomenon 

(substance or process) which serves for writing basic equations representing the properties 

of the system. In the broader sense the term "model" is used for theory and also includes 

basic equations, as well as the resulting relationships. Physical chemistry is concerned with 

both theoretical and experimental aspects. Figure 1 is a scheme that represents activity 

in a certain field. The example is given for the physical chemistry of ionic adsorption. 
In principle, for one person, it is not necessary to be involved in the whole cycle; one 

can deal with a part of it. However, the whole community should consider all aspects of 

the problem if the problem is considered scientifically. 
The second question was related to the purpose of modelling a physical phenomenon. 

Since physical chemistry is a quantitative section of chemistry and lies at the overlap 

between physics and chemistry, one can conclude that the purposes of modelling are: 
1. To understand of specific phenomena on the basis of a few simple principles. Examples: 
(i) the concept of the equilibrium constant for dissociation of acetic acid. (ii) the effect of 

surface potential on the surface reaction enthMpy. 

2. To provide the relationships which enable calculation of a certain property (physical 

quantity) from other measured data. Examples: (i) evaluation of the equilibrium constant 

of the dissociation of acetic acid from pH measurements. (ii) evaluation of surface reaction 

enthalpy from the temperature jump in a calorimeter, or from the temperature dependency 
of the point of zero charge. 

3. To describe complex surface equilibrium under different conditions by introduction of 
a few parameters (constants). Examples: (i) calculation of the pH of a solution containing 

acetic acid and sodium acetate at various concentrations. (ii) in principle one should be 
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able to calculate the surface charge for a suspension of known composition using values of 

parameters such as intrinsic equilibrium constants, capacities of assumed condensors, etc. 

REAL SYSTEM 
POINT CHARGE 
DISTRIBUTION 

CALORIMETRIC 
MEASUREMENT 

IDEAL SYSTEM 
HOMOGENEOUS CHARGE 

DISTRIBUTION 

ASSUMED 
MEHANISM 

1. M(OH)Zn+ H + -'~M(OH)n Hz+ 1 

2. MOH + H + ~ M O H  

MOH ~ MO'+ H + 

INTERPRETATION 
OF DATA 

ArH 

pH 

CONCLUSIONS[ 

RESULT 

d(A rH) RT In 10 
d(pH) zF 

Figure 1. Schematic representation of a procedure applied to the thermochemistry of surface 
charging. 

The above considerations indicate some different areas of research activity in the field 

of the electrical interfacial layer. The state of the art in this field is far from that which is 

common in solution chemistry. The problem is that  the situation in the interfacial region 

is so complicated that one is forced to introduce substantial simplifications in the course 

of the "modelling procedure". In addition, the situation is sometimes unknown, so that  

one should introduce several hypotheses in treating the interfacial equilibria. With respect 

to the solution chemistry, the experimental data are significantly less accurate and repro- 

ducible so that  several different models cannot be separated and may coexist. The choice 

of model used in an interpretation would depend on the taste and ability of the author. 

In this field it is an achievement to understand the phenomena on a semiquantitative 

basis; in some cases it is possible to recalculate the measurements, but data acquisition 

is left for the future. It would be desirable to standardise the interpretation and to pro- 

duce tables with equilibrium parameters, e.g. for different oxides in order to predict their 

properties under different conditions (temperature,  pH, electrolyte concentration, etc.). 

In fact, the poor reproducibility of experimental systems leads to scattering of results, 

even for such simple characteristics as the point of zero charge [1,2]. The apparent "ad- 

vantage" of the described state of art lies in the fact that experimental data can be fitted 
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(interpreted) using any of a number of known theoretical concepts, and is also facilitated 
by the relatively large number of adjustable parameters (constants) [3,4]. 

In practice any theoretical concept could be refined by introducing more parameters, 

or by considering specific conditions representing reality. By doing so one might believe 

that the model is closer to the real system. The question is how far one could go with 
such a strategy. The answer is simple: the refinement of theory is reasonable if it has 
connection with the experiments. Theory may advance a few steps before experiments, but 
its development to the state when experimental verification is impossible has little sense. 

One example is the introduction of numerous parameters in the relationship describing the 
charging of an interface; with a sufficient number of parameters one can fit any experiment. 
To distinguish between two different theoretical concepts one should either improve the 

accuracy of measurements or introduce new experimental techniques. 
This chapter is devoted to a description and interrelation of present theoretical mo- 

dels. The aim is to clarify the some problems and to suggest possible solutions. From 
the experimental point of view, one may develop new methods on the basis of existing 
experimental techniques, but it would be of essential interest to refine and develop new 

techniques, i.e. interfacial spectroscopy. The modelling of equilibria in the electrical inter- 

facial layer involves: 
1. stoichiometry of surface reactions, 
2. structure of the electrical interfacial layer, 
3. definition of (intrinsic) equilibrium constants, 
4. mass balances (summation of the amounts of present species), 
5. relationships between surface charges and corresponding electrostatic potentials 

(capacities, diffuse layer), 
6. physical meaning of electrokinetic potential and slipping plane. 

2. S U R F A C E  C O M P L E X A T I O N  M O D E L  

In the area of interfacial charging at the solid/liquid interface of metal oxide aqueous su- 
spensions, the "surface complexation" or "site binding" concept is commonly used [3-20]. 
This concept is characterised by consideration of specific ionic reactions with surface gro- 
ups, rather than assuming simple binding of ions to the surface or their accumulation at 
the interface (adsorption). In the past decade several different models were introduced on 

the basis of the surface complexation model (SCM); they differ in the assumed structure of 
the electrical interfacial layer (EIL) and in the proposed mechanisms and stoichiometries 

of surface reactions leading to surface charge. 

2.1. Structure  of the interfacial layer 
The history of development of ideas concerning the electrical interfacial layer (EIL) 

originates in the mercury electrode phenomena. This concept was later applied and adap- 
ted to the metal oxide aqueous interface. The fundamental difference lies in the fact that 
the potential of a metal electrode is determined by an applied source of electricity, while 
the surface of an oxide is charged due to interactions and accumulation of ionic species 
at the interface. Even the simple situation at a metal oxide aqueous interface requires a 
relatively complicated picture of the EIL. Several different assumptions are in use. Two 
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of them, which are representative, are displayed on Figure 2 [4]. The double layer model 
(DLM) includes two layers, i.e. the inner (space between 0- and/3-planes) and the diffuse 
layer (starting from the d-plane which is identical to the/%plane). The triple layer model 
(TLM) introduces a third layer, i.e. the layer between the/3- and d- planes. By using the 
TLM one assumes that hydrated ions from the diffuse layer cannot approach the position 
of the/3-plane. 
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Figure 2. Schematic presentation of the electrostatic potential profile in the interracial region 
according to the double layer model (DLM) and triple layer model (TLM). 

In both models of the EIL several planes are assumed; the 0-plane in which surface 
charges are located, the/3-plane characterising the position of centres of associated co- 
unterions, the d-plane which marks the onset of the diffuse layer, and the s-plane, i.e. 
"slipping plane" with electrokinetic @potential. Other characteristic potentials (~b) are 
denoted by subscripts corresponding to specified planes. The difference between these two 

models could be summarised as: q)0 > ~b~ = 4~d > ( and q~0 > 4~ > 4~a = ( (for DLM 
and TLM, respectively). By considering Figure 2 one can conclude that the potential drop 

from the 0-plane to the bulk of solution is similar so that in both models the characteristic 
potentials ($0, ~b~, ~) should be the same. A substantial difference is that the potential 
drop between/3- and s-planes is independent of ionic strength in the case of the TLM, 
while it is given by the G o u y -  Chapman theory when the DLM is used. In the latter case 
the electrokinetic slipping plane is located within the diffuse layer so that its separation 
from the onset of the diffuse layer should be introduced. 

The presence of organic ions or (hydrolyzed) multivalent metal ions requires an even 
more sophisticated approach to the ElL, and the modelling is usually more speculative. 
Common practice usually leaves open the problem of the point charge concept, in con- 
trast to the homogeneous charge. Another problem which is not considered in practical 
applications is the structure of water in the interracial region, which is connected to the 
homogeneity of the available space and the choice of the value of the relevant permittivity. 

The use of bulk permittivity results in an apparent value of all the space parameters of 
the EIL. 



861 

2.2. Mechanism and stoichiometry of surface charging 
Three different concepts are in use for a description of the charging an oxide surface. 

Regardless of the mechanism taking place at the interface, one is in principle able to 

apply different stoichiometric equations for the same process. The values of the physical 
quantities describing the properties of a process depend directly on the way in which 
the reaction equation is written. This problem concerns quantities such as the extent of 
reaction, standard equilibrium constant, reaction enthalpy, etc. This section is devoted 
to relationships between thermodynamic quantities corresponding to different assumed 
stoichiometries. The mechanisms of the reactions are discussed in Chapter 3.6. 

Adsorption concept 
One approach to surface charging is the binding of potential determining ions (for 

oxides: H + and OH- ions) on an active surface site, i.e. on a part of the surface (S). This 
concept is equivalent to adsorption [21,22]. The reaction equation could be then written 
as binding of hydronium ions, i.e. protons (reaction bp): 

S + H + ~ SH+; (bp, K~,p, AbpH ~ (1) 

and binding of hydroxide ions (reaction bh) 

S + OH- * SOH-; ~bh, K~h, Abh H~ (2) 

where G is extent of reaction, Kr ~ the standard equilibrium constant and ArH ~ is the 
standard enthalpy of reaction. 

" 2 - p K "  concept 
It may be assumed that hydration of an oxide surface results in surface hydroxide 

groups bound to metal ions (MOH), and that these groups have amphoteric character 
[4,20.22,23]. The following equilibria are assumed: surface protonation (reaction p) 

0 M O H +  n + ~ ' -  MOH+; 6 ,  Kp, ApH ~ (3) 

and surface deprotonation (reaction d) 

MOH -~ MO- + H+; (a, K~, AdH ~ (4) 

Neutralisation (reaction n) is characterised by: 

O H - +  n + ~ . -  H20; K ~ A~H ~ A(~ (5) 

with the equilibrium constant, K~ related to the "ionic product" of water, K~ (K ~ - 1/K ~ 
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"1-pK" concept 
By applying a coordination concept one assumes protonation of only one kind of sur- 

face sites. By protonation the charge number of surface species (z) increases by one 
[16,17,24-26]. The actual charge of the site depends on the type of oxide, i.e. on the 

coordination number of the metal ion. The general reaction equation is: 

M(OH) z + H + " M(OH)nHZ+I; ~h, K~, AhH ~ (6) 

For example, charging of an alumina surface (see Chapter 3.6.) is represented by the 

reaction equation 

A1OH1/2- + H + * A1OHIJ 2+ (7) 

Surface heterogeneity 
The refined treatment of surface equilibria considers different kinds of surface sites with 

respect to their reactivity [25-27]. Formally one may solve this problem by using any of the 

three above concepts by introducing two (or more) different values of the corresponding 
equilibrium constants. In doing so the mass balance of surface sites should be corrected 

appropriately. 

Counterion association 
Effective surface charge is reduced by association of counterions with charged surface 

groups. If the amphoteric (2-pK) concept is applied, the association of counterions, i.e. 

anions (A-) and cations (K +) is represented as: 

MOH + + A -  - M O H 2 - A  (8) 

M O - + K  + ~ M O - K  (9) 

From the stoichiometric point of view, reaction equations describing association of 
counterions do not depend on the choice of the model; binding of one counterion to the 

oppositely charged surface site always occurs. 

2.3. Equilibrium of surface reactions 
There are two approaches to the equilibrium constants of surface reactions. Originally, 

the so-called "intrinsic" approach was developed [28]. For example, binding of a proton to 
a surface site was separated into two steps. In the first step the proton was "transferred" 
from the bulk of solution (aq) to the space in the vicinity of the surface site (int). This 

equilibrium was treated by Boltzmann statistics, so that the distribution was affected by 

the electrostatic potential of that space (Oint)- The second process was chemical binding 

with the surface site represented by so-called "intrinsic" equilibrium constant (Kint): 

H + + (aq) " H(int);  K1 - e x p  (-zFr ( 1 0 )  
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H~-mt ) ~- H;o,~d); K2- Sint (11) 

Summation of above two reactions yields: 

H + = H + (aq) (bound); K - K1K2 - Kint exp (-zFr (12) 

The second approach is to introduce activity coefficients of charged surface sites. In 

both cases one obtains the same result. The electrostatic contribution to the Gibbs energy 

depends on the charge number and on the electrostatic potential affecting the energy 

state of the surface species. Generally, the activity coefficient of surface species of charge 

number z is equal to exp ( - z F r  By applying TLM or DLM to the amphotheric 

(2-pK) concept, one can write the following relationships: 

o e Fr176 FMOH+ (13) 
Kp - all+ FMOH 

K~ = e -Fr176 FMO- 
rMoH (14) 

K~ - e Fr FMOK 
aK+ I_,MO_ (15) 

K o _ e_Fee/aT FMOH2A (16) 

aA-FMoH2+ 

where I' is the surface concentration (amount of surface groups divided by surface area), 

a is the ionic bulk activity, while F, R and T have their usual meaning. 

When treating the association of counterions one may also apply the association stati- 

stics (AS) model which is equivalent to the Bjerrum theory for ion pairing in an electrolyte 

solution [29,30]. However, in the case of surface association space is available only on the 

side of the liquid. Another difference is due to the critical distance which depends on 

direction and is a function of the surface potential. This theory explains why two ionic 

species may associate at the surface despite the fact that they do not undergo ion pairing 

in the bulk of solution. According to the Bjerrum theory, ions of large effective size cannot 

approach the critical distance and such an electrolyte is completely dissociated. At the 

surface the critical distance extends by increasing surface potential and once the surface 

potential exceeds the critical value, at which the critical distance matches the minimum 

separation, association at the interface proceeds. 

R e l a t i o n s  b e t w e e n  t h e r m o d y n a m i c  quan t i t i e s  

The values of thermodynamic quantities associated with chemical reactions depend 

on the way how a reaction equation for a given process is written. Accordingly, diffe- 

rent assumed stoichiometries for the same process would result in different values of e.g. 

extent of reaction, equilibrium constants, reaction enthalpies, etc. The question is trivial 
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so that this section includes only the equations enabling recalculation of the parameters 
of different models. The following equations may be used for this purpose: 

K ~ :  K~~ = I K~,p 
KbhKw 

~K~ o o (17) 

AhH ~ = APH~ - AaH~ = AbPH~ - A ~ H ~  AbhH~ (18) 
2 2 

Index h applies to 1-pK model, while indices p and d denote protonation and deprotona- 
tion reactions when the amphoteric (2-pK) concept is applied. The assumed adsorption 

mechanism is characterised with. indices bp and bh. 

2.4. Surface  charge dens i t i es  

Use of the above treatment implies surface concentrations of charged species (F) and 
different kinds of surface potentials (~). In solving the equilibria at the interface, one 
should define the surface charge densities of different postulated planes (a). For the am- 
photeric (2-pK) concept the surface charge densities in the 0- and/~-planes are defined as: 

Cro - F (FMoHt + FMOH~A -- FMOH~- -- FMO-K) (19) 

az = F (FMOH2A -- FMO-K) (20) 

The effective (net) surface charge density, caused by the charges fixed at the surface, (as), 
is equal in magnitude to the charge density in the diffuse layer (ad) 

as = --ad = ao - a~ (21) 

An analogous treatment applies to the adsorption concept, i.e. when reactions (1) and (2) 

are assumed. However, for the coordination concept (1-pK) 

(7 0 -- F (FM(oH)z -I- FM(OH).HZ+') (22) 

Calculations of charge densities a~ and as are the similar for all possible reaction stoichio- 
metrics. 

2.5. R e l a t i o n s h i p s  b e t w e e n  surface charges  and potent ia l s  

In the case of the double layer model (DLM) one postulates an inner layer capacitor 
of constant capacity C1 with two planes 0 and/3. The distance between these two planes 
(d) would correspond to the minimum separation between centres of charged surface 
groups and the centres of the associated counterions. By applying this hypothesis one 
can introduce the concept of the permittivity (c) of the space between two planes and 
use the value of the bulk permittivity of the electrolyte. It is clear that in such a case 
all parameter values are artificial. The other problem is that inner capacitor is not an 
electroneutral system [23,31-33]. However, despite these problems, the following equation 
is commonly used: 

ao _ c (23) 
C1 -- ( ~ o -  ~/3 - d 
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The more "refined" triple layer model introduces one more capacitor of constant capacity 
C2. The inner plane of that capacitor is the ~-plane while the second, d-plane is the 
imaginary onset of the diffuse layer: 

O" s 

c~ = Cz _ Ca (24) 

The relationship between ~rs and the potential at the onset of the diffuse layer (Ca) depends 
on the ionic strength (Ir and is given by the Gouy-Chapman relationship 

~rs - v/SRTeic sinh (Fr (25) 

o r  

r = 7 - i n  2v/2RTcl c + V8RTel~ + 1 (26) 

Formally, the diffuse layer could be considered as a capacitor, the capacity of which 
(Ccc) depends on ionic strength and on the surface potential r 

0as 12F2clc (FCd~ (27) 
Ccc = 0 C a -  RT cosh 2RT] 

Problems in using the Gouy-Chapman theory are commonly recognised. Despite its 
highly approximate description of the diffuse layer, this theory is in use since it enables 
a complete solution of the equilibria at the charged interface, regardless of the level of 
approximations introduced. 

3. E L E C T R O  K I N E T I C S  

In addition to adsorption data. electrokinetic measurements supply independent data 
useful in interpretation and also in evaluation of different theoretical models. Electro- 
kinetic measurements yield e.g. electrophoretic mobility, which could, with more or less 
justification, be converted to the electrokinetic potential [5]. 

3.1. Meaning  and use of e lectrokinet ic  potent ia l  

Questions related to the theoretical basis of the conversion of electrophoretic mobility 
to electrokinetic potential are directly related to the physical meaning of the latter quan- 
tity. The commonly accepted simplified picture of the slipping plane, the plane at which 
potential is equal to (-potential, introduces new assumptions regarding the structure of 
the interfacial layer. The high affinity of counterions for binding with charged surface 
groups could be explained only on the basis of a high r value. In order to satisfy this 
condition, in the case of the double layer model one should locate the slipping plane within 
the diffuse layer and introduce the separation distance [23,34]. When the TLM is used 
one may simply identify the slipping plane with the onset of the diffuse layer [7]. In the 
latter case the potential drop between the ~-plane and the slipping plane is given by the 
capacitance of the second capacitor. 
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It was believed that the effect of ionic strength on the electrokinetic potential might 
produce the value of the slipping plane separation. The well known method by Eversole, 
Lahr and Boardman is based on the assumption of constancy of the potential at the onset 
of the diffuse layer Ca [35,36]. Since the Ca value should decrease with ionic strength 
one can only determine the upper limit of the value of the separation distance [4]. The 
following form of the Gouy-Chapman theory is used for that purpose: 

Cd = e--Xetr + tanh (F(/4RT) 

e-Xe a - tanh (F(/4RT) (28) 

where xe is the slipping plane separation, and a is the reciprocal Debye-Hiickel distance 

_ ~/2F21~ 
v (29) 

Equation (28) may be converted to linear form so that xe may be obtained from the slope 
according to the following relationship: 

lntanh ~ = l n t a n h  ~ ] - a x e  (30) 

The other approach to determination of the slipping plane separation is based on the simul- 
taneous interpretation of adsorption and electrokinetic data, yielding a value of 6 to 10 
for aqueous systems. 

Electrokinetic measurements also yield a value of the surface charge; one simply co- 
nverts the zeta potential to the electrokinetic surface charge density by the Gouy-Chapman 
function via Eq. (25). This approach yields the so-called electrokinetic charge, i.e. the 
charge of the movable particle together with the accompanying liquid medium, and is 

even more speculative since its relationships to the charge density of any assumed or 
postulated plane is questionable. 

The only quantity resulting from electrokinetic measurements, the physical meaning of 
which is not model dependent, is the isoelectric point. In fact, most electrokinetic results 
are used in the sense that the surface is positively charged "below" the isoelectric point 
(pHiep) and negatively charged "above" that value. In addition, electrokinetic measure- 
ments are also interpreted with a semiquantitative meaning; e.g. one concludes that a 
higher value of electrophoretic mobility or @potential corresponds to surfaces bearing a 
higher charge density. 

3.2. Isoelectric point and point of zero charge 
Despite the fact that the point of zero charge (pzc) is defined in different ways with 

respect to the isoelectric point (iep), both quantities are intended to characterise the 
condition of interfacial electroneutrality. The eloctrokinetic quantity iep represents the 
conditions of zero-electrokinetic charge or potential. The point of zero charge require a 
knowledge of the origin of surface charge and applies to conditions in which the surface 
charges produced by reactions with potential determining ions cancel. As an experimental 
quantity it is defined by the constancy of p.d. ion activities despite an increase in solid 
content, which means e.g. that the amount of H + ions that are bound to the surface is 
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equal to the amount of released H + ions (2-pK model). For oxides, potential determining 

ions are H + and OH- ions so that the pzc, in view of 1-pK model, is defined as: 

(31) FM(OH)Zn q- FM(OH)nKZ+I = FM(OH)nHZ+I + FM(OH)nHA z 

while for the 2-pK model the pzc is corresponds to 

FMOH ~. -~- FMOH2A -- FM O_ -[- FMOK (32) 

The two above equations simplify in the absence of counterion association. The values of 

pzc and iep coincide if no specific adsorption of other ions takes place and in addition, if 
counterion association is negligible or symmetrical (same amounts of associated cations 

and anions [4]). In such a case 00 - 0, so that one may simply relate iep and pzc with the 

equilibrium constants of surface reactions. 
For both 1-pK and 2-pK models the following relationship holds: 

pHpzc - 0.5 log K_~ _ log K~ (33) 

3.3. Determinat ion  of iep and pzc 
Determination of the isoelectric point by electrokinetic methods is simple. The accuracy 

depends on control of the conditions such as pH and in the case of electrophoresis, on the 

positioning of the stationary layer [5,37]. A shortcoming of common methods is that one 

cannot characterise conductive samples. 
According to its definition, the point of zero charge is related to reactions involving 

potential determining ions. The common method for pzc determination is potentiometry 

[5]. In the case of pure oxide sample one can obtain the pzc value simply by comparing 

potentiometric titrations of a suspension with one performed in the absence of disperse 
solid phase. The problem is that one can be never sure of the purity of the sample, so 
that the pzc should be evaluated from the intersection of the charge functions obtained 
at different ionic strengths. In that case each titration provides only the relative value of 
surface charge density, while the common intersection point provides information on the 

absolute zero value of the charge density. This approach require the absence of specific 
adsorption of ions other than p.d. ions and negligible or symmetric surface association 

of counterions. In that case the pzc coincides with the iep [4]. A simplified experimental 

approach is to add electrolyte to suspensions at different pH values. The system which 

does not change pH upon electrolyte addition is that at the pzc. The main shortcoming 
of potentiometric pzc determination is the requirement for electrolyte addition. These 

methods use relatively high electrolyte concentrations so that the theoretical requirements 

are questionable. At high counterion concentrations one cannot simply assume negligible 

counterion association, or the "symmetric case" in which the amount of bound cations is 
the same as amount of bound anions; at high concentrations even small difference in the 

association affinities would lead to an undesirable disbalance. There is another problem 

related to drastic increase in ionic strength; the change in liquid junction potential of the 

reference electrode may be taken as the apparent change in pH. An additional problem is 

related to the accuracy with which the intersection point can be located. 
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Recently two methods applicable in low ionic strength conditions were developed: (i) 

the mass ti tration method [38,39], and (ii) the adhesion method for solving the problem 

of sample conductivity [40-42]. 

A d h e s i o n  m e t h o d  
The adhesion method was developed for determination of the isoelectric point [40,41]. 

In fact this method enables detection of the condition under which the potential at the 

onset of the diffuse layer is zero [43-45]. The principle of the method is simple: at low ionic 

strength colloidal particles adhere to the oppositely charged surface but they are repelled 

from the surface of the same charge sign. Therefore if one intends to examine the iep of 

a metallic surface one should use colloid particles of a charge which does not, depend on 

the pH in the region of interest as sensor. As sensor particles one may use latex or silica 

particles, etc. A convenient method is the column technique [40-42]: the column is filed 

with grains of the metal to be examined. One changes the pH of the suspension passing 

through the column and measures the particle number concentration in the outlet. The 

light scattering technique is useful for this purpose. The logarithm of the ratio of the 

particle number concentrations of the inlet to the outlet, suspensions is proportional to 

the rate constant (k) of adhesion (particle at tachment)  [43-45]. Figure 3. represents the 

determination of the isoelectric point of tin [46]. Since the adhesion method could be used 

for conductive samples, it was found useful in explaining the origin of charge at metallic 

surfaces [40,41], and also for monitoring corrosion process [42]. 
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Figure 3. Determination of the isoelectric 
point of tin by adhesion method. Results 
are obtained by suspension of negative. (m) 
and positive (o) la tex particles [46]. 

Figure 4. Effect of acidic and basic con- 
tamination, u, on the results of mass ti- 
tration with a hematite suspension [47]. 
u/mol g-l:  ( o ) -  10 -6, (0)  0, (A) 10 -6, 

(11) 10 -5. 

M a s s  t i t r a t i o n  
The mass titration method is based on work by Noh and Schwarz who showed that  

addition of an oxide powder to an electrolyte solution changes the pH to a constant value 

which corresponds to the point of zero charge [38]. The method was experimentally and 
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theoretically verified, but the problem is that one can never be sure of the purity of solid 

samples. Further work dealt with samples contaminated with acid or base [39]. Figure 

4. displays the effect of acidic and basic contamination (u/molg -1) on the experimental 

results with hematite [47]. It is clear that acidic contamination results in a final pH which 

is significantly higher than the pzc, while base produces the opposite effect. It was also 

shown that the resulting pH is very sensitive to small amounts of contaminants. 

The problem of sample contamination was solved by performing the potentiometric 

acid-base titration with a concentrated oxide suspension [39]. The concentration of the 

solid phase should be enough high to ensure a constant pH value, i.e. the pH value corre- 

sponding to the plateau in Figure 4. Figure 5a. presents results of such an experiment ob- 

tained with a hematite suspension, while Figure 5b. was obtained by numerical simulation 

based on the surface complexation (SC) model combined wi~h the Gouy-Chapman-Stern 

structure of the interracial layer (DL-assumption) [47]. According to theoretical analysis 

based on the surface complexation model, the inflection of the function corresponds to 

the pzc and also provides information on the amount of acidic or basic contaminants. 
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Figure 5a. Potentiometric acid-base titra- 
tion of a concentrated hematite suspen- 
sion [47]. 

Figure 5b. Numerical simulation of the po- 
tentiometric acid-base titration based on 
the SC model [47]. 

From a theoretical point of view, this method is essentially model-independent, since 

at zero-charge conditions different models are equivalent and yield the same result. The 

main advantages of the mass titration method lies in its simplicity and accuracy. The latter 

characteristics are the same as those of pH measurements. As for any other potentiometry 

in suspension, problems could arise in control of the sedimentation potential and the 

electrode suspension effect. The are no additional problems such as that arising from a high 

electrolyte concentration since the method can be used at extremely low ionic strengths. 

The possibilities of the method were demonstrated in evaluation of the temperature effect 

on the pzc, yielding the enthalpy of surface charging [22]. Samples with higher specific 

area are more suitable for examination by the mass titration method. 
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4. C A L O R I M E T R Y  

In order to better understand the equilibria in the interracial layer, it is desirable to 

obtain the thermodynamic parameters of the reactions involved in the surface charging 

processes. It is not a simple task to determine the enthalpy of specified surface reactions. 

At first the mechanisms of the reactions are not always clear, and secondly the situation is 

often so complicated that several contributions can hardly be distinguished. In the most 

simple case, when association of counterions does not take place (low ionic strength), one 

can use measurements of the temperature dependency of the point of zero charge [48-56]. 

The slope of the pHp~r vs. reciprocal thermodynamic temperature yields the enthalpy value 

dependent on the assumed stoichiometry of the processes. Application of the "adsorption" 

or "amphotheric" or "coordination" concept yield [22] 

d(pHpzc) = AdH ~  ApH ~ = AhH ~ (34) 

d(1/T) 2Rln 10 R l n l 0  

Reaction enthalpies obtained from the temperature dependency of the pzc are standard 

values corresponding to dilute systems. Figure 6. displays the results with hematite ob- 

tained by the mass titration method, which is suitable because of its applicability at low 

ionic strength. 
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Figure 6. The dependence of pHpzc value of a hematite suspension on temperature. The ionic 
strength (10 -a mol dm -a) was controlled by NAN03 [68]. 

The direct method for enthalpy determination is calorimetry [55-67]. This technique 

enables the heat of surface reactions to be measured in more complicated situations, e.g. 

in the pH regions outside the pzc region, and also in the case of (specific) adsorption of 

species other than p.d. ions. However, the measured heat is a sum of the contributions of 

all reactions taking place at the interface, so that in interpretation of data one meets the 

problem of distinguishing between the different contributions. An additional problem is 
to account for electrostatic effects. On the other hand, one can always express the results 

as the enthalpy per amount of adsorbed species or per surface charge. When doing so the 



871 

result is not comparable with the standard enthalpy of a specified reaction as obtained 
from the dependence pzc on temperature. The problem of designing the calorimetric 
experiment and of the appropriate interpretation of data may be solved in simple cases, 
i.e. for charging of a surface by interactions with potential determining ions [22]. 

4.1. De te rmina t ion  of the s t andard  en tha lpy  of surface reactions 
In order to evaluate the standard enthalpy of surface reactions involving potential 

determining ions by calorimetry, one should first perform a theoretical analysis to find 
the appropriate experimental conditions. It is possible to avoid electrostatic effects by 
performing "symmetric" experiments, i.e. experiments in which the point of zero charge 

is exactly the mean value of the initial and final pH [22,55,56]. 
If one applies the "coordination concept" (1-pK model), the interpretation is simple 

[22]: one calculates the extent of reaction (6) by considering the change in equilibrium 
amounts of H + ions (An(H +)eq) which correspond to the difference in the final and initial 

pH values 

/k(h ~--- n ( H N 0 3 ) -  An(H +)eq --- n ( H N 0 3 ) -  n ~ n -  c O ( 7 2 .  I0-pH2 -- Vl"  I0-pHi/- (35) 
\ y2 y~ / 

where n(HNO3) is the amount of added acid (which is zero if base is added), V is the 
volume of liquid phase, while indexes 1 and 2 denote the initial and final step of the 
experiment, respectively. The standard concentration is c o =1 mol.dm 3. The hypothetical 
ionic activity coefficient (y) can be calculated by means of the Debye-Hiickel limiting 

formula. 
When the "amphoteric" concept (2-pK model) is applied one deals with two surface re- 

actions [22], i.e. with protonation (3) and deprotonation (4). The extent of these reactions 
is same in magnitude but opposite in sign if the Nernstian equation for the surface poten- 
tial holds, which is not true for real systems [69]. However, in the case of the "symmetric" 
experiment the protonation and deprotonation reactions are opposite in direction with 
the same magnitudes of their extents, regardless to the obedience of the Nernst equation. 

The extents of surface reactions p and d are: 

A ~ d - - A ( P -  0"5 [n (HNO3) - /k~n-  C0 ( V2 " 10-pH2 Y2 -- V1 " 10-pH1) Yl (36) 

The neutralisation may also take place in the system, the extent of which (A(n) can be 
calculated by considering the change in the equilibrium amounts of OH- ions and the 

amount of added base: 

A~n = n (NaOH)-  Kwc ~ (V2" 10 pH2 __ V l "  10 pill ) - (37) 
\ y2 yl / 

If acid is added to the system: n(NaOH) = 0. 
The measured heat (Q) is the sum of surface charging and bulk neutralisation effects, 

so that the contribution of the latter process should be subtracted. 
For reaction stoichiometry corresponding to the 1-pK model: 

AhH ~ - AhH - Q - A'H~ (38) 
A~h 
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If the 2-pK concept is applied, one gets the difference in enthalpies of the deprotonation 
and protonation reactions from: 

Ach H~ -- ApH ~  AdH ~ - A p H -  A d H -  Q - AnH~ (39) 
A~p 

In the "symmetric" experiment the difference between the initial pH and pHpzc is the 

same as the difference between pHp~ and the final pH, so that the surface potentials of the 

initial and final states are same in magnitude but opposite in sign, and consequently the 

electrostatic contributions cancel. Accordingly, the calculated enthalpies are the standard 

reaction enthalpies. These standard enthalpies are defined in the same way as those which 

one obtains from the temperature dependency of pHpzc. 

4.2. E l ec t ro s t a t i c  effect 

A more advanced task would be to use calorimetry for examination of the electrostatic 

effect on the enthalpies of surface reactions. In doing so it is necessary to account for 

two different contributions to the enthalpy, i.e. the "chemical", ArH ~ and "electrostatic" 
terms 

ArH = Ar H~ - zrFr (40) 

where z~ is the change in the charge number of a surface group due to reaction. The 

surface potential can be approximated by the Nernstian equation 

RT In 10 
r  - ~ ( p H p z r  - pH)a (41) 

where coefficient a represents deviation from the ideal slope. The electrostatic effect on the 

enthalpy of surface reaction(s) could be examined by titration in a calorimeter [70]. One 

adds successive portions of reagent (acid or base) to an oxide suspension. To minimise the 

effect of neutralisation, it is advisable to add acid to acidic and base to basic suspension. 

The initial pH should be close to pHp~r but still far enough from the isoelectric condition 

so that suspension remains stable. 

Interpretation on the basis of the 1-pK model is direct and simple. One uses equations 

(35) and (37) and calculates the extent of reaction h and of neutralisation. The latter 

may be neglected if the experiment is performed as mentioned above. The enthalpy could 

be evaluated via Eq. (38), but the value obtained is not the standard one. The plot of 

enthalpy vs. mean value of initial and final pH corresponds to the r function. The 

following equation may be used for evaluation of coefficient cr: 

de 1 
c~-  d(pH) RTln l0  (42) 

A problem in interpretation on the basis of the 2-pK model is calculation of the extent 

of the protonation and deprotonation reactions. The following equation describes this 
situation: 

A~p _ 0(1 - c~)(2pHpz~ - pH2 - pHa) 
A~d --1 (43) 
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The ratio (AG/A~d) is defined and independent of a if one performs the "symmetric" 

experiment, because in that case 2pHpzc - pH2 - pHI = 0. In any other case the value 
of coefficient a is essential and should be taken into account. The following relationship 

could be used for interpretation of the calorimetric titration: 

DQ + AchH~ + 1) = ApH ~ + a { [RT In 10(pHp,.c - pH)](l - D) } D  + 1 (44) 

Q is the measured heat corrected for the effect of neutralisation, function D is equal to 

AG/A & and is given by Eq. (43). The extent of protonation is given by Eq. (36), and the 
value of Z~XchH~ AdH ~ - ApH ~ should be determined separately by the "symmetric" 

experiment or by measuring the dependency of pHpz~ on temperature. Regression analysis 

provides information on the values of the parameters ApH ~ and a. 

5. A P P L I C A T I O N  OF T H E  S U R F A C E  C O M P L E X A T I O N  M O D E L  

The surface complexation model may be applied for interpretation of all phenomena 

resulting from the equilibria in the interfacial layer. For example, one may calculate the 

stability coefficient of an aqueous oxide suspension at given temperature, pH and elec- 

trolyte concentration. In the first step one uses the surface complexation model, and by 
knowing equilibrium parameters such as equilibrium constants of surface reactions, the 
relevant capacitances, one calculates the potential at the onset of the diffuse layer. This 
potential can be further used for obtaining the electrostatic interaction energy function 

which in combination with the van der Waals dispersion function provides the total energy 

of interaction between two particles. By using Fuchs theory the stability coefficient could 

be obtained. On the other hand, one is in principle able to consider the complex interfa- 

cial equilibria in systems containing various electrolytes like organic acids or multivalent 
hydrolizible cations. The following sections describe some problems related to this subject. 

5.1. A d s o r p t i o n  of d ivalent  m e t a l  ions 

Adsorption of divalent ions will be discussed using the example of an aqueous hematite 

dispersion in the presence of C0(NO3)2, NaNO3 and HNO3 or NaOH [20]. In this case the 

equilibrium of hydrolysis of cobalt ions was taken into account 

Co 2+ + OH- ~ CoOH + (45) 

In the interpretation 2-pK model was employed and binding of Co 2+ to the hematite 

surface was considered by three possible reaction mechanisms 

FeO- + Co 2+ ~ FeO-Co + ; K1 ~ (46) 

2FeO- + Co 2+ ~ (FeO2)-Co ; K ~ (47) 

FeO- + CoOH + ~ FeO-CoOH �9 K ~ (48) 
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The equlibria of these reactions are given by: 

K ~ = e-2Fr FFeOCo+ 

aCo2+ FFeO- 
(49) 

K 0 = e_2Fr T F(FeO)2Co (50) 

aCo 2 + F FeO- 

K 0 = e -2Fr FFeOC~ (51) 

aCoOH+ PFeO- 

where r is the electrostatic potential influencing the energy state of bound ions. 
In addition to reactions involving cobalt species, protonation (3) and deprotonation 

(4), together with surface association of nitrate (8) and sodium ions (9) are taken into 

account. In doing so one deals with seven standard equilibrium constants. The parameters 
of basic surface reactions (3,4,8,9) were obtained by separate potentiometric experiments 

in absence of cobalt ions. 
While interpreting the adsorption reactions in the presence of cobalt, the electrostatic 

effects were included by assuming several possible locations of the bound ionic species. 

Table 1 represents the choices used in the regression analysis. 

Table 1 
Assumptions used in the regression analysis (C1 and C2 are capacitances, 0 is 0-plane, /3 is 
/3-plane) . . . . . .  

No MO- MOH + MO-Na MOH2-NO3 MO-Co + (MO)2-Co MO-CoOH 

1 0 0 0 0 0 0 0 Ca 
2 0 0 0 0 ~ ~ ~ C1, C2 
3 0 0 0 0 0 /~ /~ C1, C2 
4 0 0 ~ ~ 0 0 0 C1, C2 
5 0 0 /~ /~ /~ /~ ~ C1, C2 
6 0 0 /3 /3 0 /3 /3 Ca, C2 

The regression analysis of adsorption data was performed with SCPLOT program [71] 
and yielded density of surface groups, seven equilibrium constants and two capacitances 
(only C1 in case No. 1.). The best fit was obtained in the case No. 6 but the best agreement, 

for the ionic strength effect was obtained for the assumption No. 4 [72,73]. 
It could be concluded that different assumed structures of electrical interfacial layer 

were not distinguished by the applied procedure. It is clear that another data are necessary 

for that purpose. One way would be to introduce simultaneous electrokinetic measure- 
ments and assume relationship between electrokinetic potential and the potential at the 

onset of diffuse layer. 
There is another possibility which was applied for interpretation of adsorption of orga- 

nic ions [34,74]. One measures the effect of pH on the adsorption of cobalt ions at their dif- 

ferent total concentrations. Simultaneous electrokinetic measurements provide the concen- 
trations at isoelectric point so that each experimental run would yield the adsorption amo- 
unts and cobalt equilibrium concentration at zero electric potential. Regardless to different 
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possible assumptions on the electrical interracial layer structure one may assume that ionic 
species at the interface are exposed to the zero electrostatic potential at the iep condi- 
tions. Therefore, by taking only these data points one may neglect the electrostatic term 
in the expressions defining the equilibrium state and obtain directly values of the standard 
("intrinsic") equilibrium constants. These constants may be further used for interpreta- 
tion of other data points which at which the electrokinetic potential is other than zero. 
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H-6720 Szeged, Hungary 

1. S T R U C T U R A L  P R O P E R T I E S  OF T H E  SILICATE A D S O R B E N T S  

1.1. Layer sil icates 
The structural units of two dimensional clay minerals are planar lattices of SiO4, te- 

trahedrons, to which an octahedron layer of A10(OH) (kaolinite) or a further tetrahedron 
layer of SiO4, (illite, montmorillonite) may be attached. Accordingly, under natural con- 
ditions clay minerals of lamellar structure, with two or three layer lattice have developed. 
In these structures the layer charge in itself is not balanced; the neutralization of the 
free charges necessitates the binding of cations, and via these cations the attachment of 
further layers [1,2]. In the tetrahedral coordination many Si~A1 substitutions, while in 
the octahedral coordination A1--,Mg and A1--+Fe substitutions occur. The negative charge 
building up due to their presence is compensated by the cations localized between the 
layers, on the surface of the silicate lamellae. These interlamellar cations (Na +, Ca 2+) 
may be exchanged for various inorganic and organic cations. The ion-exchange capacity 
of minerals may vary depending upon the structure and the place of origin. However, for 
our study the most important characteristic of minerals with lamellar structure is that 
the silicate layers are arranged in a regular, parallel order, and thus their distance may 
be determined by X-ray diffraction [3,4]. As for the ion-exchange capacity of four layer 
silicates, that of non-swelling kaolinite (0.05-0.08 mequ./g) and illite (0.2-0.3 mequ./g) 
is the lowest, which is followed by swelling montmorillonite (0.8-1.0 mequ./g), while ver- 
miculite, a clay mineral also able to swell has the highest ion-exchange capacity (1.3-1.5 
mequ./g) [5,6]. The thickness of the layers is 9.3 - 9.6 A, and upon swelling the basal spa- 
cing (dL) may significantly increase due to the molecules entering the interlamellar space 
[7,8]. The specific surface area, of layer silicates calculated from the dimensions of the unit 
cell is about 760-800 m2/g. However, this extremely large specific surface area becomes 
accessible only in case of the sorption of molecules bringing about swelling (interlamellar 

adsorption) [2,9]. 
The surface structures of the three layer silicates studied-kaolinite, illite and montmo- 

rillonite- are essentially identical, since the surface atomic planes consist of tetrahedrons. 
Differences between them are due to the differences in their swelling capacities and charge 
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densities (ion-exchange capacity). Thus illite is important for our study as a non-swelling 
layer silicate with a charge density of 0.6 - 0.9/Si4010 unit. The interlamellar cations 
are not exchangeable, or are only partially and very slowly exchanged [10 ]. Montmo- 
rillonite that swells and desaggregates excellently is also a three layer clay mineral, its 
charge density is 0.2 - 0.4/Si4010 unit. All cations of montmorillonite are relatively ra- 
pidly exchangeable. Since the individual silicate layers are easily separated from each 
other, both the hydrophilic and the organophilic (hydrophobic) forms of this mineral are 
remarkably well dispersed in the aqueous and organic media, respectively. 

Due to their apolar character, montmorillonite and vermiculite organocomplexes swell 
very efficiently in various organic solvents (mainly aromatic hydrocarbons), resulting in a 
significant increase in the basal spacing [11,12]. On the basis of geometrical considerations, 
the extent of the increase in the basal spacing allows conclusions to be drawn regarding 
the arrangement of the incorporated molecules. The publications of Weiss and Lagaly 
are of basic importance in this field. These authors consider this incorporation (interca- 
lation) procedure as complex formation and assume that benzene and toluene present 
in the interlamellar space have a quasi-crystalline structure [13-15] or are arranged in 

clusters [14]. 

1.2. Chain sil icates 
One dimensional (or chain) silicates are also classified as clay minerals. Due to their 

internal structure their external appearance is most often fibrous, stringy, and since the 
unit crystal particles are usually very thin fibres, the large specific surface area and the as- 
sociated characteristics make them similar to clay minerals of layered structure in many 
respects [16-18]. From among the minerals included in this group (sepiolite, attapul- 
gite, palygorskite) we studied exclusively palygorskite whose composition can be given as 
SisO20(OU)2(U20)4(Mgs-zx, A12x)nn20 [171. According to Bradley and Nagy, the stringy, 
fibrous structure is a result of the alternating linkage of elements made up of two pyroxene 
chains [16,17 ]. As a result of alternating linkage, the silicate chains of 300-600 nm length 
surround the channels measuring 3.7• ~ and parallel with the c axis, containing "ze- 
olitic water" [18]. Palygorskite is a cation exchanging clay mineral, i.e. the Na + and Ca 2+ 
cations bound on its surface can be exchanged not only for other inorganic cations but 

also for cationic surfactants. 
Like layer silicates, the porous palygorskite can also be organophilized. X-ray studies, 

however, do not reveal any structural changes in the organocomplexes, since cationic 

surfactants are adsorbed only on the external surfaces. The amount of surfactant bound 
by ion-exchange adsorption and the extent of organophilicity can be quantified by the 

liquid sorption studies and microcalorimetry [19-21]. 
Clay minerals and their modified (organophilic) derivatives are usually readily dispersed 

in solvents or solvent mixtures of various polarities. The stability and structure building 
characteristics of the suspensions vary over a wide range, depending on the surfacial pro- 
perties of the dispersed particles and the quality (composition) of the solvent (mixture). 
Clay minerals are of colloid dimensions, and therefore are able to adsorb significant 
amounts of various molecules, due to their large specific surface area. It follows from 
the above mentioned structural properties that sorption processes and adsorption ca- 
pacity will be basically determined by the fact whether the mineral studied is of the 
swelling or non-swelling type [22,23]. Slabaugh and Hanson [24] were the first to deter- 
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mine sorption excess isotherms on industrial organophilic bentonite (Benton 34). Stu- 
dying ethanol-toluene mixtures, they obtained S-shaped adsorbents. By the end of the 
nineteen-seventies, several papers on the liquid sorption properties of organophilic clay 
minerals had been published by the Department of Colloid Chemistry University Szeged 
(Hungary). In these studies, D6ks Nagy and Schay - following the suggestions of Weiss 
and Lagaly - coupled the analysis of liquid sorption equilibrium with X-ray diffraction 
and proved for many systems that in the case of adsorbents with the layer structure, the 
volume of interlamellar liquid can be determined also by X-ray diffraction and it is in 
good agreement with adsorption capacity [25-29]. 

Illite as a non-swelling clay mineral of layer structure plays a very important role in 
our studies. This special role is due to the fact that both sides of the surface of the silicate 
lamellae are made up of SiO4-tetrahedron planar lattices, and this structure - even when 
hydrophobized - is identical with the surface structure of montmorillonite and vermiculite, 
both of which are of the swelling type. 

2. S O L I D - L I Q U I D  I N T E R F A C I A L  P R O P E R T I E S  

2.1. Adsorp t ion  excess i sotherms on non-swel l ing clay minerals  
A significant amount of experimental data have been compiled in the field of solid-liquid 

interracial liquid sorption. Based on the work of Schay and Nagy [30-33] and Kipling and 
Everett [34-37], the systematization of the experimental observations according to Gibbs' 
principles opened the way to the unambiguous determination of the so-called adsorption 
excesses and the adsorption excess adsorbents by relatively simple experimental techni- 
ques. Namely, starting from the adsorption material balance the Ostwald-de Izaguirre 
equation is obtained: 

n l  (n) = n ~  - -  x 1)  - -  n~  - -  nSXl ----- nS(Xl  - -  x 1)  ( 1 )  

where nl is the specific reduced adsorption excess amount, while n ~ is the material 
amount in adsorption system and x~ the composition of the starting mixture. In an ad- 
sorption equilibrium, the composition is xl, the material amount in the surface layer is 
n s = n is + n 2~ and its composition is X 1.s 

Adsorption capacity can be calculated from excess isotherms by various methods. The 
best known of these is the so-called Everett-Schay function[31]: 

XlX2 l [ r  S - r  ] 

n l  (n)(, - -  n~,o S- 1 + S 1 x l  ( 2 )  

which is suitable for the determination of the adsorption capacity of the pure component, 
n~,o. In equation (2) r = n~,o/n~,o, S = x~x2 /x~x  I is the separation factor of adsorption. 

In the case of sign reversing type IV excess isotherms, equation (2) can be applied only 
in a narrow concentration range, therefore the application of the Schay-Nagy extrapo- 
lation method is advisable [31,33], when the values of n~ and n~ can be determined. On 
the other hand, the knowledge of adsorption capacities opens the way for determining the 
composition of the interfacial layer: 

s s 
s __ 111 X l  

(I)l n s 1,o X~ + rx~ (3) 
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where r is the volume fraction of the surface layer. The application of Eq. (3) is essential 
for our purposes, since the knowledge of the adsorbents makes it possible to calculate 
the composition of the adsorption layer, the knowledge of which, in turn, is basically 
important also for the interpretation of calorimetric investigations in the binary mixtures. 

The adsorption excess adsorbents in methanol(1)+benzene(2) mixtures were first de- 
termined on dialyzed kaolinite and illite and then on the samples extracted by metha- 
nol (Figs. 1,2). The adsorbent is of type II on both minerals; however, the adsorption 
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Figure 1. Adsorption excess isotherms on (o) 
Na-kaolinite, (o) with methanol extracted 
Na-kaolinite in methanol(1)+benzene(2) mi- 
xtures. 

Figure 2. Adsorption excess isotherms on 
Na-illite in methanol(1)+benzene(2) mixtu- 
res: 1. original, 2. by methanol extracted il- 
lite. 

of methanol is markedly preferential only on dialyzed kaolinite and illite, while in the 
methanol-treated samples the curve of the adsorbent bends as it approaches xl and, in 
the case of kaolinite, its sign is reversed. In the course of the surface treatment of kaolinite 

and illite, the surface is slightly hydrophobized owing to the esterification of the hydroxyl 
groups located on the planes and edges of the lamellae. It is when their surface is treated 
by cationic surfactants that the selective liquid sorption characteristics of these two mi- 
nerals are basically altered. Figures 3 and 4 show the excess isotherms of kaolinite and 
illite organocomplexes. It is important to note that upon increasing the modification (i.e. 
depolarization) of the surface the adsorption of methanol is gradually repressed, and on 
the surface of illite - which contains a higher amount of HDP-cations - the adsorption 

of benzene will become significant. The change in the selective liquid sorption proper- 
ties of clay organocomplexes is well characterized by the shift of the values of adsorption 
azeotropic composition as x~ approaches 0. 
Given the knowledge of the material amount and surface requirement ( a m , i )  of the liquid 
components (n~) in the interracial phase, the part of the surface on which a given i-th 
component is adsorbed can be calculated (i=1,2). From the adsorption isotherms, the 

adsorption capacity of the pure components (n~,o) and the value of the so-called equivalent 

specific surface area (a:q.) can be calculated[19]. 
Adsorption capacities and specific surface values of kaolinite and illite derivatives are li- 

sted in Table 1. This table also contains BET surfaces determined at a temperature of 77 K 
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Figure 4. Adsorption excess isotherms on 

HDP-illite derivatives in methanol(1)+ben- 

zene(2) mixtures. 1-5" increasing HDP + ca- 
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Table 1 
Adsorption capacities, specific surface areas and immersional wetting data of different kaolinite- 
and illite organocomplexes 

Adsorbent HDP 

s 0 s a~ET cation nl, o 2 aeq 
(mmol/g)  (mmol/g)  (m2/g) (m2/g) 

Awh 

in methanol  

(J /mol)  

Na-kaolinite 0.00 1.05 0.234 100 21 

Na-kaolinite extracted 0.00 1.70 0.577 162 - 

Na-HDP-kaol in i te  1. 0.024 1.77 0.632 168 - 

Na-HDP-kaol in i te  2. 0.036 1.83 0.672 174 24 

HDP-kaolini te* 0.048 2.07 0.724 190 24 

8.20 

3.11 

1.18 

1.14 

0.94 

Na-illite 0.00 1.06 0.00 101 44 

Na-illite extracted 0.00 1.29 0.26 123 47 

Na-HDP- i l l i t e l  0.097 1.84 0.57 175 35 

Na-HDP-i l l i te2  0.139 1.89 0.66 180 32 

Na-HD P-illite3 0.171 1.80 0.73 171 30 

HDP-il l i te* 0.233 1.85 0.78 170 28 

HDP-DS-i l l i t e  0.233 1.81 0.85 172 28 

0.016"* 

12.50 

6.76 

2.77 

2.32 

2.28 

2.18 

1.93 

* HDP: hexadecylpyridinium cation, **DS: dodecylsulphate anion 
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from nitrogen adsorption. It is apparent that the surface calculated from the liquid sorp- 
tion isotherms is 3 to 5 times larger than the gas adsorption values. It has to be noted here 

that the BET surface of the organophilic samples is decreased, since the silicate layers 
adhere to each other. 

In contrast to the case of gas adsorption, the adsorption capacities determined on 
organocomplexes suggest disaggregation, since the maximal value of the calculated specific 
surface area falls in the range of 90 to 120 m 2 �9 g-1 for kaolinite and 170 to 190 m 2. g-X 

for illite[22]. 

2.2. Immer s i ona l  we t t i ng  on non-swe l l ing  clay minera ls  

The specific immersion wetting enthalpies of kaolinite, illite and their organophilic 

derivatives are shown in Table 1. These data reveal that the heat of immersion in methanol 
is the highest in the case of the dialyzed mineral, and on increasing surface modification 

its value decreases[22]. The comparison of immersion wetting enthalpies relative to unit 

mass of the adsorbent is justified only in case if the specific surface area of the adsorbent is 
constant. It is also known, on the other hand, that the value of liquid sorption capacity is 

a function of surface modification (02 = n~aa-n,2/aSq). If a uniform treatment of immersion 
wetting data is desirable, it is advisable to relate the wetting enthalpy to the material 

amount in the interfacial phase, i.e. to use molar immersion wetting enthalpies in the 
calculations. In this way the changes in specific surface caused by disaggregation need not 

be separately monitored, since our data always refer to enthalpy changes accompanying 
the sorption of molar amounts of material. 

The changes in molar immersion enthalpies, AwHm = Awh, upon the surface modi- 
fication in methanol and benzene are presented in Fig. 5. In methanol, parallel with an 

increasing organophilicity of the surface, AwHm decreases nearly exponentially, while in 
benzene it increases (to a significantly lesser extent). Our experimental data can be ap- 

proximated by the following exponential function[22]: 

14 
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r - - - t  
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02 

Figure 5. The molar immersional wetting enthMpy on illite organocomplexes with different 
hydrophobicity: (o)in methanol, and (o) in benzene. 
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AwH m = AwHoe -koi (4) 

where AwHo is the molar immersional wetting enthalpy determined on the original dialy- 
zed hydrophilic mineral and k is the empiric constant characteristic of the course of the 
function. The k values that characterize the solid-liquid interfacial interaction described 
by the above equation are following: k = -2.54 in methanol, k = 0.47 in benzene. 

2.3. A d s o r p t i o n  and i m m e r s i o n a l  w e t t i n g  on swell ing m o n t m o r i l l o n i t e  

o r g a n o c o m p l e x e s  
Since dry organocomplexes have layer structure and their basal spacing can be deter- 

mined by X-ray diffraction, it is possible to gain information about the structure (more 
precisely, the arrangement of the interlamellar chains) of the suspended and swollen ad- 

sorbent subjected to liquid sorption studies (Table 2). The data show that in benzene, in 
the case of bimolecular orientation of the alkyl chains the extent of interlamellar swelling 
is significant, while in methanol it hardly changes with organophilicity. Since the basic 
difference between montmorillonite and illite is that the former is a swelling clay mine- 
ral, so-called interlamellar spaces, i.e. inner surfaces are also opened up by swelling. The 
adsorption capacity of montmorillonite and its organocomplexes therefore several times 

exceeds that of non-swelling organophilic illite. 

Table 2 
Interlamellar sorption and expansion data on hydrophobic montmorillonite organoclays in me- 
thanol(1)and benzene(2) 

organic 
s d~ ry dL,1 dL 2 Adsorbent cation 02 ni,o , 

(mmol/g) (retool/g) (h) (h) (h) 

Na-montmorillonite 0.00 0.00 3.44 12.3 15.9 14.2 

Na-HDP-montm.1 0.20 0.20 4.72 14.0 16.2 16.4 

Na-HDP-montm.2 0.39 0.58 5.69 14.1 32.4 30.7 

Na-HDP-montm.3 0.55 0.67 6.69 15.8 32.2 34.7 

Na-HDP-montm.4 0.68 0.73 7.72 16.8 31.6 36.0 

Na-HDP-montm.5 0.81 0.75 8.04 18.2 31.0 37.0 

*HDP-montm. 0.85 0.82 8.25 18.2 31.3 38.6 

*HDP-montm. 0.82 0.73 8.51 18.4 30.5 33.3 

*ODP-montm. 0.82 0.84 8.33 18.2 31.9 42.0 

Na-DMDH-montm.1 0.20 0.38 4.92 15.2 16.3 15.7 

Na-DMDH-montm.2 0.53 0.70 8.08 26.7 34.0 42.7 

*DMDH-montm. 0.83 0.84 8.90 29.1 37.7 45.1 

*TDP: tetradecyl-, HDP: hexadecyl-, ODP: octadecylpyridinium cation, DMDH: dimethyldi- 

hexadecylammonium cation; dL,i (i=l,2)-basal spacing in benzene (i=l) and in methanol (i=2) 

Adsorption capacity given for methanol, n], 0 in Table 2 was calculated from type IV 
excess isotherms, using the Schay-Nagy method. The course of the isotherms is identical 

with the functions determined for organophilic illites [25-27]. 
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The immersional wetting of montmorillonite organocomplexes in methanol and in ben- 

zene may give rise to the three types of detector signal presented in Fig. 6. Isotherm 

microcalorimetry of the hexadecylpyridinium derivatives in methanol and benzene yields 

an exothermal effect, since in these organocomplexes interlamellar swelling is not very 

significant. In the case of dialkylammonium derivatives a significant swelling is observed, 

therefore either endothermal- exothermal signals separated in time are registered wi- 

thin the same measurement, or immersion wetting results in an endothermal heat effect 
only[23]. 

1 2 3 

~o 0 ~ t, min -,--4 

0 10 
0 

o 5 10 

Figure 6. Exothermic and endotherraic immersional wetting on swelling montmorillonite orga- 
nocomplexes. 1. AwH - -3.63J- g-l,  dL=  3.13nm 2. AwH -- -2.90 J -g -a ,  dL = 4.16 nm 
3. AwH = +l.10J. g-l,  dL-4.51 nm. 

Fig. 7 shows the quantity of heat measurable by calorimetry as a function of the mass 

of the organocomplex. The points representing TDP-  amd HDP-montmorillonites fall on 

straight lines with a positive slope, while in the case of the well swelling dialkylammo- 

nium derivatives the amount of heat measured decreases with increasing the mass of the 

adsorbent. The lines do not intersect in the origo since the liquid influx at m = 0 mass 

produces 75-80 mJ of heat in the measuring cell. The endothermal effect associated with 

the swelling of bentonites was first pointed out by Zettlemoyer at al. [38] and Slabaugh 

et al. [39-42]. They established that good swelling and gel formation result in small exo- 

thermal or exclusively endothermal effects. According to these authors, when considering 

the immersion wetting of swelling systems, both the interaction of polar molecules with 

the silicate surface and the solvatation of apolar molecules by alkyl chains, as well as the 

interlamellar expansion have to be taken into account. The two former interactions are 

always exothermal, while the latter may often be endothermal. In our view the reason for 

the temporal separation of the exothermal and endothermal processes presented in Fig. 6 
is that interlamellar wetting may occur only in case if the silicate lamellae open up. Con- 

sequently, in the course of interlamellar wetting there may also occur a special case when 
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Figure 7. Enthalpy of wetting at different 
mass of the organo-montmorillonite in me- 

thanol. 1. TDP-, 2. HDP-, 3. DMDH- 
montm. 4. Benton 34. 

Figure 8. The molar immersional wetting en- 
thalpy on organo-montmorillonite with diffe- 

rent hydrophobicity in methanol ( - - -  non- 
swelling illite, - - -  swelling montmorillonite). 

expansion along the edges of the lamellar packages is indicated by a sharp endothermal 

peak, and only then follows wetting in the interlayer space, appearing in the form of an 

endothermal effect. 

Next we shall examine how an increase in the hydrophobicity of the surface affects 

immersion wetting enthalpy in polar solvents such as methanol. It has been pointed out 

already in the discussion of hydrophobic illites that molar immersion wetting enthalpy 

decreases exponentially with an increasing extent of hydrophobization. The same holds 

for swelling hydrophobic montmorillonites as well. The difference between swelling hy- 

drophobic montmorillonite and non- swelling illite of identical hydrophobicity yields the 

value of swelling enthalpy, AHsw, which is endothermal and increases with the extent of 

hydrophobicity. 

2.4. F l o w  m i c r o c a l o r i m e t r y  on h y d r o p h o b i z e d  v e r m i c u l i t e  

Swelling montmorillonites cannot be studied by flow microcalorimetric methods since 

the individual particles - due to their average lamellar diameter of 300-600 A- pass thro- 

ugh the sieve of the sorption measuring cell. Therefore we selected organophilic vermicu- 

lite which is made up of well-defined, crystalline lamellae (0.5-1.0 ram), and the surface 

structure of which is completely identical with that of montmorillonite. Its swelling can 

be precisely followed by X-ray diffraction measurements. Hydrophobized vermiculites are 

therefore excellent model systems for studies on the enthalpy balance of adsorption di- 

splacement processes on the hydrophobized surfaces and also for parallel investigations of 

adsorption and swelling. The excess isotherms determined on n- alkylammonium vermi- 

culites (nc = 1 2 -  18, the number of carbon a toms) in  methanol(1)+benzene(2)mixtures 

are S-shaped (Fig. 9). The course of the isotherms is similar to that of the hydrophobized 

silicates presented above, and the azeotropic composition also decreases with increasing 

the number of carbon atoms in a similar manner. 

Figure 10 shows basal spacing (dL) for the liquid sorption equilibrium systems descri- 
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Figure 9. Adsorption excess isotherms in me- 
thanol(1)+benzene(2) mixtures vs. the num- 
ber of carbon atoms in ammonium vermicu- 

lite" (o) nr (o) nr (A)nc=18. 

Figure 10. The mole fraction of benzene (x~) 

in the interracial layer and the basal spacing 
(dL) in ethanol(1)+cyclohexane(2) mixtures 
on hexadecylammonium-montmorillonite. 

bed above as a function of the composition of the bulk phase. It can be established that 

within the whole series of mixtures the value of dL decreases, i.e. the alkyl chains and 

the silicate layers get closer to each other (Fig. 11). The composition of the interracial 

layer is therefore also indicated in Fig. 10, and it is apparent that  this decrease is gradual�9 

This means that  the displacement of the apolar component from the interlamellar space 

leads to a decrease in basal spacing. The same conclusion is demonstrated also by Fig. 

11, assuming that the orientation of the alkyl chains is perpendicular. 

~ o66 l ilica, etare O941 

a b c 

Figure 11. Orientation of the alkyl chains between the silicate layers at different swelling. 
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Figure 12. The integral enthalpy of displacement in methanol(1)+benzene(2) mixtures (o) 
experimental data, - -  - calculated data, - -  calculated data with ideal adsorption layer (a). 
O~ - f(O1)is the adsorption equilibrium diagram (b). 

The integral exchange enthalpy isotherm calculated from the flow microcalorimetric 

measurements is shown in Fig. 12. The course of the i s o t h e r m -  in case of a U-shaped 

adsorption excess i s o t h e r m -  is determined by the composition of the interracial phase 

((I)~) according to the following equation[45-47]" 

A (5) A21H - (I)SA21Ht -4- 211t 

where A21Ht is the total integral exchange enthalpy in the range of Xl=0 to Xl-1 and 

A21H se is the excess enthalpy in the interfacial layer. In the case of ideal mixtures at 

S-shaped excess isotherms, the calculation of A21H has to be performed in two steps. 

First, from Ol - 0  to ~ = ~ azeotropic composition: 

A21H - (01A21H a ) /0~  (6) 

where A21H a is the exchange enthalpy of the azeotropic point, the value of which can be 

determined from the independent immersion wetting heat in a mixture of composition 

�9 ~. The second interval covers the range from 01 - ~ to 01 - 1" 

A2,H - [((I) 1 - ~1)A21H~] / (1 - r (7) 

It is obvious from the experimental data that the enthalpy change (A21H) calculated 

on the basis of Eqs. (6,7) differ from the measured data. Namely, in the case of nonideal 

adsorption layer and S-shaped excess isotherm an endothermal backward section should 

occur on hydrophobic surfaces [45-47]. According to our calculations, knowing the equ- 

ilibrium composition [0~ = f(02)] and 0~, this backward section indeed occurs (Fig. 12). 

The experimental data, however, significantly diverge: at (I) _> 0.7, A21H already increases 

and its maximal value is -12.6 J/g.  We assume that  the reason for this is a decrease in 

the swelling of the organocomplex (see Figs. 10,11). Namely, in the phase in alcohol rich 

interlamellar phase, the lamellae get closer to each other and the interaction among alkyl 

chains in the interlamellar space increases. The calculated function thus characterizes a 

non-swelling hydrophobic clay surface, while the experimental data describe the swelling 
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system. Their difference yields the swelling enthalpy, AHsw. Figure 12 well demonstrates 

that this effect appears in the alcohol-rich range of composition. The expansion or con- 

traction of silicate lamellae is well reflected by the enthalpy values presented in Fig. 13 

as a function of (I)~ composition. It is evident that  significant changes occur only beyond 

the azeotropic composition (I)~. 
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Figure 13. "Opening" of the interlamellar 
space. Enthalpy of displacement (AI:H) and 
basal spacing (dL) at different benzene vo- 
lume fraction ((I)~) in the adsorption layer. 
System: hexadecylammonium-vermiculite in 
methanol(1)+benzene(2) mixture. 
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Figure 14. The adsorption excess isotherm 
(a) and the interlamellar expansion (b) 
for system: dodecylammonium-vermiculite 
in benzene(1)+n-heptane(2) mixtures. Dot- 
ted lines: calculated excess isotherms with 
non-swelling (I) and swelling (II)system. 

2.5. L iqu id  s o r p t i o n  on p a l y g o r s k i t e s  a n d  t h e i r  h y d r o p h o b i c  d e r i v a t i v e s  

From pure Na-palygorskite produced under certain conditions by cation exchange with 

hexadecylpyridinium-chloride (HDPC1), palygorskite organocomplexes can be prepared 

[50]. In this chapter we wish to show how the surface properties of palygorskite and its 

organophilic derivatives can be characterized on the basis of gas adsorption, liquid ad- 

sorption and immersion wetting measurements (see Table 3), since surface modification by 

cations affects the porosity of chain silicates, and also alters the selective liquid adsorption 

properties of organocomplexes and the extent of solid-liquid interracial interaction. 

We studied the surface characteristics of palygorskite and its organocomplexes first 

by nitrogen adsorption at standard temperature and pressure (STP). The isotherms are 
shown in Fig. 15. According to Brunauer's, Emmet 's  and Teller's classification, the iso- 

therm determined on palygorskite is of type IV and exhibits adsorption hysteresis. An 
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Table 3 
Results of analysis of the excess isotherms on palygorskite and hexadecylpyridinium-palygor- 
skites in different liquid mixtures 

Liquid mixtures 
s s n ~  s nl n2 l,o aeq. aBET 

(retool/g) (m2/g) 

Palygorskite 

methanol( 1 )+benzene(2) 
ethanol( 1 )+ benzene(2) 

1-propanol(1) +benzene(2) 

2-propanol(1) +benzene(2) 

5.25 0.0 5.25 499 
2.07 0.45 2.75 330 

1.20 0.35 1.59 255 
0.92 0.56 1.52 254 

HDP-palygorskite 1 (0.10 mmol HDP+/g clay) 

methanol(1)+benzene(2) 
l-propanol(1)+benzene(2) 

3.62 0.51 4.59 436 
0.68 0.85 1.64 262 

HDP-palygorskite 2 (0.19 mmol HDP+/g clay) 

methanol( 1 )+ benzene(2) 
ethanol(1)+benzene(2) 
1 -prop anol ( 1 )+ benzene(2) 

2.50 0.60 3.63 346 
1.05 1.10 2.70 324 
0.65 0.90 1.66 266 

HDP-palygorskite 3 (0.34 mmol HDP+/g clay) 

methanol(i) +benzene(2) 
ethanol(i) +benzene(2) 

1-prop anol ( 1 )+ benzene(2) 

1.95 0.88 3.63 364 
0.80 1.01 2.30 276 

0.45 1.05 1.63 261 

HDP-palygorskite 4 (0.38 mmol HDP+/g clay) 

methanol(i) +benzene(2) 

ethanol(i) +benzene(2) 

l-propanol(1) +benzene(2) 

1.80 1.01 3.76 358 
0.72 1.02 2.25 270 

0.35 1.16 1.65 165 

312 

254 

182 

141 

115 

isotherm of this kind is characteristic for markedly porous adsorbents. Part of the pores 
are the micropores mentioned in the discussion of structure, and another part is formed 
among the fibrous, stringy bundles of the mineral, in which capillary condensation takes 
place. Surface modification by HDP-cations brings about a change in the course of the 
isotherm and adsorption hysteresis does not appear. It is revealed by the Fig. 15 that with 
increasing surface modification the adsorption capacities gradually decrease, the reason 
for which is that due to organophilization, palygorskite fibres adhere more and more to 
each other. This fact is also expressed by a decrease in the specific surface area calculated 
according to the BET-equation (Table 3)[50]. 

The isotherms presented in Fig. 16 are shown in de Boer's representation [V s = f(t)], 
where t is the statistical thickness of the adsorptive layer [51,52]. If a non-porous adsor- 
bent of plain surface is considered, this representation gives a straight line starting from 
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Figure 15. N2 adsorption isotherms on pMy- 
gorskite (P) and on HDP-palygorskites with 
increasing hydrophobicity (1-3). 
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Figure 16. The de-Boer t-plot on palygor- 
skite (P) and on HDP-palygorskites with in- 
creasing hydrophobicity (1-3). 
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Figure 17. Adsorption excess isothermson 
Na-palygorskite in alcohol(1)+benzene(2) 
mixtures: (o) methanol, ( �9 ethanol, (/~) 
n-propanol, (A) i-propanol. 

Figure 18. Adsorption excess isotherms 
HDP-palygorskite in alcohol(1)+benzene(2) 
mixtures. (o) methanol, (o) ethanol, (/k) 
n-propanol, (A) i-propanol. 

the origo. However, as revealed by the Figure 16, in the case of natural palygorskite the line 

intersects the positive half of the axis indicating the presence of micropores. In the case 
of the HDP-palygorskite samples the V s = f(t) function starts from zero, suggesting the 

disappearance of micropores, since the long chains of the surfactant molecules may cover 
or clog these "zeolite-like" channels. It appears from a comparison of the BET-surfaces 

in Table 3 and the specific surfaces area calculated according to the de Boer's method 
that in the case of the organophilized samples the data computed according to the two 
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methods are in very good agreement and decrease with increasing surface modification. 

For palygorskite, the specific surface area according to de Boer was calculated from the 

slope of the first section of the function. This value (256 m2/g) characterizes only the 

external surfaces and gives no information about the surface of the micropores. 

We shall next examine how these surface structural characteristics affect liquid sorption 

in the alcohol(1)+benzene(2) mixtures. Figure 17 shows the excess isotherm determined 

on palygorskite. In the case of methanol(1)+benzene(2) mixtures the isotherm is of type 

II, indicating that methanol is preferentially adsorbed and penetrates into the micropores 
of the "zeolite-like" channels as well. With increasing the number of carbon atoms in the 
alcohol, preferential adsorption is repressed and isotherms of types III and IV are obtained. 

The reason for this is that, due to steric hindrance, alcohols of larger size cannot enter 
the micropores. 

Similarly to the case of the hydrophobic clay minerals described above, isotherms deter- 

mined on HDP-palygorskite are S-shaped (Fig. 18). Surface modification by HDP+-cations 

has a double effect. On increasing the amount of HDP-cations the liquid sorption capa- 

cities decrease, since the micropores get clogged. On the other hand, the polarity of the 

surface decreases and the azeotropic composition indicates the displacement of the alcohol 

on the surface[50]. 

2.6. A d s o r p t i o n  and we t t ing  on zeolites 
Zeolites are silicates composed of 3-dimensional network and structurally they do not 

belong to the group of clay minerals. Their adsorption and wetting characteristics, howe- 

ver, are close to those of the chain silicates discussed above. 

It is well-known in the special literature on zeolites that as a result of the partial or 

complete removal of aluminium, the sorption characteristics of zeolites are significantly 
altered. The adsorption of various polar vapours on so-cMled ZSM-5 zeolite was studied 
by Flaningen et al. in detail [53]. These authors pointed out that zeolite lattices free of 
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Figure 19. Adsorption excess isotherms on 
Na-Y zeolite in alcohol(1)+benzene(2) mi- 
xtures: (O) methanol, (0) ethanol, (A) 
n-propanol, (&) n-butanol. 
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aluminium are hydrophobic, which means that the surface energy of the zeolite crystal 

is significantly decreased in the course of dealuminization. In order to investigate this 

phenomenon in detail, we examined the sorption of mixtures of heptane and benzene, and 

of alcohols of various chain lengths and benzene on Na-Y and dealuminated zeolites[54]. 

Type II excess isotherms determined on Na-Y zeolite in the alcohol(1)+benzene(2) 

mixtures are presented in Fig. 19. It can be concluded from the isotherms that in a wide 

range of mixture compositions alcohols are preferentially adsorbed on the surface and 

micropores of the adsorbent. The adsorption capacities characterizing the preferentially 

adsorbed alcohols are listed in Table 4. Adsorption excess isotherms determined on de- 

aluminated Y zeolite in the alcohol+benzene mixtures are presented in Fig. 20. These 

isotherms may be classified as type IV, which is characterized by a linear region in a 

rather wide intermediate composition range (in the present case, xl = 0.15 - 0.55). The 

adsorption capacities determined on the basis of these linear regions by graphic extrapo- 

lation are given in Table 4. 

Table 4 
Results of analysis of the excess isotherms on zeolites in different liquid mixtures 

s s n s V s 

Liquid mixtures na n2 1,o 
(retool/g) (cm3/g) 

methanol(1)+benzene(2) 

ethanol(i) +benzene(2) 

1-propanol(1) +benzene(2) 

1-butanol(I) +benzene(2) 

benzene( 1 )41-heptane (2) 

methanol(I) +benzene(2) 

ethanol(1 ) +benzene(2) 

1-propanol(1) +benzene(2) 

1-butanol( 1 )+benzene(2) 

benzene(i)+ 1-heptane(2) 

Na-Y zeolite 

7.13 - 7.13 0.290 

4.71 - 4.71 0.276 

3.64 - 3.64 0.270 

2.97 - 2.97 0.273 

3.16 - 3.16 0.282 

dealuminated Y-zeolite 

1.58 1.76 4.91 0.222 

0.98 1.66 3.47 0.206 

0.69 1.58 2.45 0.193 

0.73 1.52 2.21 0.203 

1.17 0.81 2.32 0.244 

In the relatively wide composition range where the isotherm is linear, the molar ratio of 

alcohol and benzene within the interfacial phase is constant. In other words, the less polar 

benzene also appears in the interracial layer and, as a result of dealuminization, ca. 70% of 

the total volume of the interfacial phase is occupied by benzene molecules[54]. Figure 21 

shows the adsorption excess isotherms of benzene(1)+n-heptane(2) mixtures on Na-Y 

and dealuminated Y zeolites. On Na-Y zeolite, benzene from a benzene(1)+n-heptane(2) 

mixture is preferentially adsorbed in the micropores, and in the composition range of 

Xl > 0.1 it almost completely displaces n-heptane in the interfacial phase. The volume 

V s calculated from the adsorption capacity of benzene is in good agreement with that 

calculated from the preferential adsorption of alcohol (Table 4). 
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Figure 21. Adsorption excess isotherms on Na-Y (o) and dealuminated Y (o) zeolite in 
benzene( 1 )+ n-hept ane(2) mixtures. 

When an excess isotherm is determined on dealuminated Y zeolite in benzene(i)+ 

n-heptane(2) mixture, again a type IV excess isotherm is obtained. In the composi- 

tion range of Xl = 0 . 3 5 -  0.75 the interfacial phase contains not only benzene but also 

n-heptane. Thus adsorption capacities determined in the mixtures of benzene and alcohols 

of various chain lengths, as well as in benzene(1)+n-heptane(2) mixtures unambiguously 

prove that for dealuminated zeolite, in the case of selective sorption of polar and apolar 

components of a mixture, there exists a relatively wide composition range in which a 

significant part of the interfacial phase is made up by the apolar component. The reason 

for this is that due to dealuminization the high-energy sites binding Na + ions disappear 

and the polarity of the surface is therefore decreased. On the basis of the data described 

above it is obvious that dealuminization of Na-Y zeolite achieves the same hydrophobizing 

effect as hydrophobization by cationic surfactants of clay minerals. Further information 

on the alteration of surface energy due to delauminization and on the depolarization of 

Table 5 
Immersional wetting enthMpy on Na-Y and dealuminated Y zeolites (after heating at 623 K) 
in different organic liquid 

Liquids 
Na-Y zeolite Dealuminated 

zeolite 

AwH(J/g) /kwH(J/g) 

methanol 214.0 • 2.4 41.4 • 8.5 

ethanol 196.5 i 2.0 30.1 + 8.7 

n-propanol 190.6 • 4.5 20.5 • 6.7 

n-butanol 175.0 • 2.8 16.4 • 9.7 

benzene 129.5 i 8.9 29.1 • 6.5 

n-heptane 73.4 + 7.6 32.9 • 7.6 
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the surface may be obtained by the determination of immersion wetting enthalpies. The 
values determined in alcohols of various chain lengths, benzene and n-heptane are listed 
in Table 5. The values of specific immersion wetting enthalpies (AwH) on Na-Y zeolite 
are very large in the alcohols; in benzene and n-heptane the wetting effect measured 
is less significant. In each liquid, the values measured on the dealuminated sample are 
significanly lower than those determined on Na-Y zeolite. It is clear from the data in 
Table 5 that on dealuminated samples the values of heat of wetting in benzene and in 
n-heptane are nearly identical, and do not differ significantly from the values measured 
in methanol and ethanol. In contrast, it can be seen that the heat effects measured on 
Na-Y samples in alcohols and benzene are significantly higher than those determined in 
apolar n-heptane[54]. 
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Chapter 3.10 
Liquid chromatography of fullerenes and study of adsorption properties 
of fullerenes crystals 

V.Ya.Davydov 

Department of Chemistry, M.V.Lomonosov Moscow State University, 119899 Moscow, 
Russia 

1. I N T R O D U C T I O N  

The discovery of stable C60 species which was named buckminsterfullerene or fullerene 
is one of the important events in chemistry [1]. 

The working out of preparation of fullerenes with high yield [2] was the beginning 

of intensive study of physicochemical, chemical, biochemical and other properties of new 
carbon modification [3,4]. To investigate the properties of fullerenes it is necessary to have 

a pure fullerenes so the separation and characterization of new modification of carbon - 

fullerenes have became increasingly important. The high performance liquid chromato- 

graphy is the most effective method of separation and analysis of fullerenes [5-10]. For 
the separation of fullerenes different types of intermolecular interaction of fullerenes with 
the adsorbent and eluent have been exploited . The investigation of the effect of surface 

chemistry and eluent composition on the separation of fullerenes and their derivatives is 
an important problem. 

Carbon containing solids is used as adsorbents for chromatography or for purification of 
compounds, as catalyst or supports for the preparation of catalyst. Activated carbon [11 - 

13] and graphite [14] are used for the separation of fullerenes. Silica with deposited carbon 

layer may be used for separation in liquid chromatography [15, 16]. Carbon adsorbent 

namely graphitized carbon black is used in gas [17] and liquid [18] chromatography. For the 

separation of fullerenes carbon adsorbents are very useful, but owing to high adsorption 
potential of such adsorbents the large quantity of organic solvents is needed for the elution 

of all fullerenes and for the regeneration of chromatographic columns. As it was shown 

in [16] the adsorption potential of fullerenes crystals are much smaller than graphite 

adsorbent. So the use fullerene film on adsorbent surface makes it possible to prepare 
carbon containing adsorbent with smaller adsorption potential. The problem is to attach 
fullerene to the adsorbent surface by covalent bond. In this case the adsorbent with the 

attached fullerene molecules can be used in liquid chromatography. 
The synthesis of polymer adsorbents containing fullerenes on the base of fullerene - 

melamine - formaldehyde polymer as well as on the base of fullerene- alkoxysilane xerogel 

are presented in [19]. These adsorbents with relatively high specific surface area are quite 

thermostable up to ,~673 K. The main reaction for the synthesis of adsorbents was the 
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reaction of fullerene with aminogroups of compounds [20]. For the preparation of fullerene 
- containing organic aerogels and fullerene - containing silica aerogels supercritical carbon 

dioxide extraction was carried out [19]. 
The investigation of interactions of fullerene molecules with organic molecules may 

bring essential contribution to the study of physicochemical properties of fullerenes. The 
most distinctly intermolecular interactions are manifested in adsorption and chromato- 
graphy based on these interactions. The study of adsorption at small coverage of different 
organic molecules on fullerene crystal surface makes it possible to determine thermody- 
namic characteristics of adsorption by means of which the intermolecular interactions can 

be described. 
The properties of fullerene molecules arranged in surface layer of fullerene crystals 

can be characterized from the adsorption of compounds with different functional groups. 
Although the properties of free fullerene molecules are slightly different from the properties 
of fullerene in a crystal surface nevertheless the data on adsorption of organic compounds 
of different classes can be used to characterize intermolecular interaction of fullerenes with 

organic molecules and properties of fullerene molecules itself. 
The most convenient method of study of adsorption at small coverage is gas chromato- 

graphy. By this method it is possible to determine the constant of adsorption equilibrium 

(retention volume) and from the retention volumes at different temperatures to calculate 
the heat of adsorption and changing of differential standard entropy of adsorption. If the 
support for fullerene crystals is the adsorbent with inert and small specific surface area so 
the retention of compounds will be determined by intermolecular interaction of compo- 
unds with fullerene crystal surface. The deposition of fullerene crystals on support surface 
is quite difficult owing to small solubility of fullerene in organic solvents [21, 22] as well 

as small vapour pressure of fullerene [23]. 
For the characterization of interaction of fullerene molecules with organic compounds 

it is more convenient to determine not only thermodynamic characteristics of adsorption 
of molecule on the whole but also the contribution of different groups or fragments of 

molecules to these characteristics [24,25]. 

2. S E P A R A T I O N  OF F U L L E R E N E S  BY LIQUID C H R O M A T O G R A P H Y  

In arc discharge method of preparation of fullerenes [2] the mixture of fullerenes is 

produced. After isolation of fullerene mixture from the soot the extract containing C60, 

Cr0, Cr6, Crs, Cs4 and other more heavy fullerenes are separated by liquid chromatography. 

Structure of these fullerenes are presented on Fig. 1. 
For the separation of fullerenes by HPLC the stainless steel columns with Alusorb N 

200, # Bondapak 10 C18, LiChrosorb Diol, LiChrosorb SI 60 with bonded diphenylsilyl 
groups were used [16]. For the semi-preparative separation of C60 and Cr0 glass column 
(70x 12 mm) packed by LiChrosorb SI 60 with deposited carbon layer prepared by modi- 

fied method [15] was used [16]. 
In normal-phase liquid chromatography on silica and alumina the hydrogen bonding of 

fullerenes with surface hydroxyl groups of adsorbent is the most important. On separation 
of C6o and Cr0 on a column packed by alumina Alusorb N 200 from n-hexane the selectivity 
is 1.80 (Fig. 2 a.). The reversed-phase adsorbents such as silica with bonded diphenylsilyl 
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Figure 1. Fullerenes C60, C70, C76, CTs and Cs4. 

groups also can be used for the separation of fullerenes. The separation on silica with 
bonded phenyl groups is based on a more strong interaction of fullerenes with phenyl 

groups of adsorbent than with n-hexane used as eluent. On separation of C60 and C70 
from n-hexane on a semipreparative column packed by LiChrosorb SI 60 modified by 

diphenyldichlorosilane [26] the selectivity is 1.48 (Fig. 2 b.). 
Excellent separation can be achieved by using silica with bonded octadecylsilyl groups 

and optimized composition of alcohol- hydrocarbon eluent [16]. At separation of C60 and 
C70 on # Bondapak 10 C18 from mobile phase containing 70% of n-hexane and 30% of 
isopropanol the selectivity was 1.91 (Fig. 3 a.). For the detection UV detector at 254 nm 
can be used. In this case the oxide of C60 can be separated from C60 with the selectivity 
1.18 and the oxide is eluted before C60 owing to more strong interaction of C60 oxide with 
alcohol in eluent. The determination of fullerene oxides is quite important in analysis of 

the purity of fullerenes. 
The most convenient column for the separation of fullerenes and their oxides is the 

column packed by LiChrosorb Diol with eluent containing n-hexane and n-pentane. This 
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10 20 20 40 min 

Figure 2. Separation of C60 and C70 fullerenes on Alusorb N 200 from n-hexane (column 250• 
mm, w = 0.5 ml/min) (a) and on LiChrosorb SI 60 with bonded diphenylsilyl groups from 
n-hexane (column 250• mm, w = 1 ml/min) (b). 

column can be used for the separation and analysis of C60, of C60 oxide, C70, C76, C78 
and C84 with the selectivity relatively to C60 1.33, 1.53, 2.20, 2.27 and 2.87 respectively 
(Fig. 3 b.). For the detection UV detector at 254 nm was used. This separation shows 
that the hydrogen bond of surface hydroxyl groups with fullerenes and their oxides is the 

most important in the separation process [16]. Oxides of fullerenes are eluted after the 
corresponding fullerenes. 

For the purification of fullerenes from the fullerene oxides the activated alumina and 
silica can be used. Fulllerene oxides are adsorbed strongly on such adsorbents from solution 

and the oxides are removed from fullerene samples. For the preparative separation of 
fullerenes at present activated carbons and graphite are used [11-14]. For this purpose 
silica with the depositedcarbon layer [16] can be used also. In this case it is very easily 

to regulate the pore diameter and specific surface area of adsorbents as well as particle 

diameter. Such adsorbents is very important for the decreasing of fullerenes loss. On 

preparative separation of fullerenes on LiChrosorb SI 60 with deposited carbon layer by 

modified method [15] on glass column first fractions contained quite pure C60. 
Thus silica with different surface chemistry is very useful for analytical and preparative 

separation of fullerenes. Silica with properly modified surface by deposition of carbon layer 
is useful adsorbent for preparative separation of fullerenes. 
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Figure 3. Separation of fullerenes and fullerene oxides on # Bondapak C 18 from 
i-propanol-n-hexane (20:80)eluent (column 300x 4 ram, w - 0.4 ml/min) (a) and on LiChro- 
sorb Diol from n-hexane-  n-pentane (80:20) eluent (column 250x4.6 mm, w - 0.2 ml/min) 
(b). 

3. S I L I C A  W I T H  B O N D E D  F U L L E R E N E S  

The fullerene containing silica adsorbent can be prepared by use the reaction of fulle- 

renes with bonded to silica surface amino groups. 
Silica gel with bonded aminopropyl groups (concentration of aminogroups is 0.8 retool/g) 

with specific surface area s = 180 m2/g and Silasorb Amin (CzR) with s = 200 m2/g as 

initial adsorbents and fullerene C60 (more than 99% purity) were used for the modification 

of silica surface. 

The surface of fullerene molecules itself in porous fullerene - containing aerogel pro- 

bably are screened for the interaction with other organic molecules owing to the bonding 

of possible 14 aminocompounds with fullerene molecules during the reaction of poly- 

condensation [19]. So to prepare fullerene containing adsorbent with opened for interac- 

tion of fullerene molecules with other compounds it is better to modify silica surface by 

3-aminopropyltrietoxysilane and then to modify this adsorbent by fullerene molecules. In 

this case fullerene molecules can be attached to the surface only from one side of molecule 

and after reaction of modification the pore surface will be covered by fullerene molecules. 

The pore diameter and specific surface area of prepared adsorbent will be determined 
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by the corresponding values of initial silica adsorbent and by Van der Waals diameter of 
fullerene molecules. 

Fullerene Cs0 and aminosilica react in toluene or p-xylene solutions at heating with 

formation of brown adsorbent. Specific surface area of silica gel and Silasorb Amin conta- 

ining fullerene C60 after reaction of modification is increased a little in compared with the 

specific surface area of initial adsorbents. The values of C constant of BET equation for 

both adsorbents are practically the same. So the adsorption properties of these modified 

adsorbents are similar as well as the degree of modification by fullerene molecules. 

SiO 2 

"V" 

S i ~ .  

Figure 4. Arrangement of bonded C60 fullerene molecules on the surface of aminosilica. 

The chemical at tachment of fullerene molecules to the aminosilica surface does not 

produce the dense monolayer fullerene film on a surface of adsorbent owing to the diffe- 

rences in area occupied by amino group on surface of adsorbent and Van der Waals area 

of fullerene molecules. The concentration of free hydroxyl groups on hydroxylated silica 

surface is about 4 #mol /m 2 or approximately 2.6 groups / nm 2 [27]. After modification of 

silica by 3-aminopropyltriethoxysilane the concentration of amino groups on the surface 

will be approximately the same. So amino groups occupy the same area as free hydroxyl 

groups and the mean distance between amino groups is -~0.544 nm calculated from data 

[27]. Diameter of fullerene molecule can be accepted as 1.002 nm determined from closed 

- packed C60 [2]. It means that less than 20% of surface amino groups can react with 

fullerene C60 molecules (Fig. 4.). 

Some information on adsorption potential of adsorbents with bonded fullerene molecu- 

les it is possible to obtain from the nitrogen adsorption isotherms. On Fig. 5 the isotherms 

of nitrogen adsorption on both adsorbents are presented. These isotherms coincide because 

of the C constant of BET equation practically the same (C constants of BET equation 

are 64 and 67 respectively). These values are much smaller than C on graphitized car- 

bon black (C is --~1000) and a little smaller than on fullerene crystals (C is ,~90). So the 

adsorption potential of such adsorbent is not, very high. 
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Figure 5. The isotherms of nitrogen adsorption at 77 K on aminosilica gel (filled dots) and on 
Silasorb Amin (open dots) with bonded fullerene C60. 

On separation of fullerenes on Silasorb Amin with bonded fullerene C60 the selectivity 
of adsorbent is comparable with selectivity of adsorbents used for separation of fullerenes. 

Silica with bonded fullerene probably can be used for the separation of organic com- 
pounds by reversed phase liquid chromatography if the fullerene modifying layer will be 
stable to hydrolysis. The reaction of fullerenes with amino groups can be used for the 
modification of capillary columns for the separation of compounds by capillary gas chro- 

matography. 

4. A D S O R P T I O N  P R O P E R T I E S  OF F U L L E R E N E S  C6o A N D  C7o 

C R Y S T A L S  

In [16] the adsorption of organic compounds on fullerene C60 deposited on Chromosorb 
750 was investigated. The comparison of the thermodynamic characteristics of adsorption 
of some organic substances on fullerene C60, C70 crystals and on graphitized carbon black 

(Carbopack C HT) is of great interest. 
Fullerenes C60 and C70 (more than 99% purity) were deposited on Chromosorb 750 

(England) from the saturated solutions in o-dichlorobenzene. Carbopack C HT the ad- 
sorption properties of which is similar to the properties of graphitized carbon black was 
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used for the comparison of thermodynamic characteristics of adsorption of organic com- 
pounds on fullerenes C60 and C70 crystals and graphitized carbon black. The retention 
volumes of all compounds under investigation on support Chromosorb 750 itself coincide 
with void volumes of columns. So the retention volumes of compounds determined on 
Chromosorb with deposited fullerenes Ca0 and C70 characterize the interaction of organic 
molecules with surface of fullerene crystals. Thermodynamic characteristics of adsorption 

and the contributions of molecular groups to the adsorption equilibrium constant and to 

the heat of adsorption were calculated by the least-squire method. 

Va,  crn 3 / m 2 

0 . 3  -- 

0.2 

0.1 

0.05 0.10 0.15 
P/Ps 

Figure 6. The isotherms of nitrogen adsorption at 77 K on Carbopack C HT (1), on Chromosorb 
750 with deposited fullerene C60 (2) and Cr0 (3). 

Fig. 6. shows the nitrogen isotherm of adsorption on Chromosorb with fullerene C60 and 
C70 crystals and on Carbopack C HT. Specific surface area s for Chromosorb with C60 
is 0.52 m2/g, with C70 is 0.45 m2/g and Carbopack is 8.7 m2/g. The constant C of 
BET equation for fullerenes are much smaller than for graphite . Constant C for C 60 

crystals is 90, for C70 is 35 and for Carbopack is about 1000. These data shows that 
dispersion interactions of molecules with fullerene crystals will bring smaller contribution 
at adsorption in compared with graphitized carbon black owing to smaller concentration 

of adsorption centers on the surface of fullerene crystal. 
The thermodynamic characteristics of adsorption of some organic compounds on fullerene 
crystals C60 and CT0 are presented on Table 1 and those on Carbopack on Table 2. 
Adsorption equilibrium constant values of n-alkane and aromatic compounds on fullerenes 
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Table 1 
The retention volumes (V~, cm3/m 2) at 373 K, the heats of adsorption at small coverage (q, 

kJ/mol) and changes of differential standard entropy of adsorption ( -AS -~ J/mol-K) of some 
organic compounds on fullerenes C60 and C70 

C 60 C 70 

Compound V~ q - A b  ~ V,~ q - A S  ~ 

n-Hexane 1.27 48+2 134+5 0.48 40+2 122+5 

n-Heptane 3.99 52+6 135+6 1.16 47+2 133+5 

n-Octane 11.38 5 2 - t - 2  126+7 2.85 50+2 134+4 

n-Nonane 31.57 52+4 118-t-10 7.25 54+3 136+7 

Benzene 0.69 37+2 11,0+5 0.75 26+2 79+6 

Toluene 2.99 41+2 109+6 2.07 34+3 94+7 

Ethylbenzene 7.53 46+2 114-t-7 3.84 39+4 102+11 

o-Xylene 8.91 48+2 118+7 3.65 47+3 123+8 

Chlorobenzene 4.57 41+3 107+9 4.06 33+4 85+10 

Ether 0.69 40+2 111+6 0.59 24+2 77+5 

Acetone 0.86 31+3 92=t=8 1.02 22+3 66+8 

Methyl ethyl ketone 1.65 35+3 96+9 1.40 29+4 84+12 

Ethyl acetate 2.06 37+3 100+9 1.64 32+4 88+12 

n-Propanol 1.55 36+3 101+8 1.32 31+4 88-t-12 

n-Butanol 3.33 42• 112-t-12 2.20 38+4 103+12 

Acetonitrile 2.30 18+3 49+9 5.72 22+5 53+13 

Nitromethane 1.13 22+3 65+10 4.19 25+3 62+10 

Pyridine 4.44 37+4 99+12 5.21 25+4 62+12 

Triethylamine 4.33 4 6 - t - 4  119+11 1.56 45+5 124+14 

are essentially smaller than on Carbopack and on C70 they are smaller than on C60. Polar 

compounds adsorb stronger on fullerene crystals than on Carbopack owing to stronger 

interaction of electron-donor and electron-acceptor molecules with fullerene molecules 

arranged on the surface of its crystals in compared with the graphite surface of Carbopack. 

Fig. 7 and 8 shows the differences in the retention volumes of hydrocarbons and alcohol 

on C60, C70 and Carbopack. 
From the retention volumes at different temperatures the heats of adsorption at small 

coverage and changes of differential standard entropy of adsorption were calculated (see 

Table 1 and 2). The heats of adsorption are less sensitive to the properties of fullerene 

molecules and to the distinction in geometry of surface of fullerene crystals and surface 

of Carbopack. 

Considering adsorption interaction of molecules with different functional groups as a whole 

sometimes it is difficult to reveal the details of interaction because of the increasing 

of contribution of one group to the interaction can be compensated by decreasing of 

contribution by other groups. So it is important to determine the contribution of different 

groups or fragments of molecules to the thermodynamic characteristics of adsorption and 

to consider mechanism of adsorption in accordance with these data. 
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Table 2 
The retention volumes (V~, cm3/m 2) at 373 K, the heats of adsorption at small coverage (qi, 

kJ/mol) and changes of differential standard entropy of adsorption ( - A g  ~ J/mol.K) of some 
organic compounds on Carbopack C HT 

Compound V~ qi --A~-'~ 

n-Hexane 3.15 41 110 

n-Heptane 12.34 47 112 

n -Octane 48.12 53 117 

n-Nonane 195.33 60 125 

Benzene 2.05 39 106 

Toluene 12.44 47 112 

Et hylb enzene 26.47 49 112 

o-Xylene 79.36 54 117 

Chlorobenzene 15.28 47 111 

Ether 0.50 32 99 

Acetone 0.17 28 98 

Methyl ethyl ketone 0.56 33 102 

Ethyl acetate 0.81 35 104 

n-Propanol 0.23 31 103 

n-Butanol 0.81 38 111 

A cet onit rile 0.09 23 90 

Nitromethane 0.11 26 96 

Pyridine 2.88 44 119 

Triet hylamine 4.47 40 103 

In liquid chromatography such consideration already used for the quantitative charac- 

terization of interaction of molecules and of its fragments with solvent and surface of 

adsorbent for study of mechanism of adsorption from solution [24,25].The approach that 

groups of the same type in different molecules bring the same contribution to the adsorp- 

tion is quite well realized on adsorption from solution owing to interaction of adsorbed 

molecules with solvent that decreases the differences in interaction of similar groups in 

various molecules with adsorbent [28,29]. 
On adsorption from the gas phase at small coverage at gas chromatographic conditions 

the contribution of groups the same type in different isomer molecules will be distingu- 

ished. This distinction is used for the determination of structure of molecules by chro- 

matoscopic method [30] . If to consider molecules of similar geometry for example the 

derivatives of n-alkanes and benzene it is possible to propose that groups of the same 

type will bring similar contribution to the adsorption from gas phase also. 

The retention volume of compound (V~) can be presented as: 

in V~ = ~ ( l n  V~)ni (1) 

where V~i is the contribution to the retention volume of i - groups and ni is the number 

of such groups in a molecule. 
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Figure 7. Effect of temperature on the retention volumes V~ (cm3/m 2) of some n-alkanes on 
fullerene C70 (open dots), on fullerene C60 (half filled dots) and on Carbopack C HT (filled 
dots). 1: n-heptane, 2" n-octane and 3: n-nonane. 

From the retention volume for some compounds consisting of different number of the same 

groups it is possible to determine the contribution of groups to the retention by solving 

system of linear equations (1). 
The contribution of groups or fragments to the retention volume at different temperatures  

(V~i) can be calculated from the retention volumes of compounds at the same temperatures  

(V~) and then the contribution of groups to the heat of adsorption from equation: 

In V=a - qi /RT + (A~i + R ) / R  (2) 

where qi is the contribution of i-group to the heat of adsorption. 
On the other hand the heat of adsorption of compound can be presented as sum of the 

contribution of groups to the heat of adsorption. 
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Figure 8. Effect of temperature on the retention volumes V~ (cma/m 2) of n-propanol (1) and 
n-butanol (2) on fullerenes C60, Cr0 and on Carbopack (dots are the same as on Fig. 7). 

q -- E qini (3) 

where qi is the contribution of i-group to the heat of adsorption and ni is the number of 

group the same type. By solving the system of linear equations Eq. (3) it is possible to 

calculate qi also. 

In Table 3 and 4 the values of contributions of different groups or fragments of mole- 

cules to the retention volume (V~i) calculated by Eq. (1) and to the heat of adsorption 

(qi) calculated by Eq. (2) (qi,1) and by Eq (3) (qi,2) are presented. It can be seen that the 

contributions of polar groups (electron-donor and electron-acceptor) to the adsorption 

equilibrium constant are much bigger on fullerenes then on Carbopack but the contri- 

butions of hydrocarbon groups are correspondingly smaller. There is a good agreement 

between qi calculated by two methods. The contribution to the heat of adsorption of 

molecular groups can be easily calculated from the heat of adsorption because there is 
no need to make intermediate calculation of the group contributions to the retention at 
different temperatures. 
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Table 3 
The contributions of groups or fragments of molecules to the retention volume (Vai, cm3/m 2) at 
373 K and the heat of adsorption (qi,1 and qi,2, kJ/mol) of some organic compounds on fullerenes 
C60 and CT0 

C 60 C 70 

Fragment V~ qi,1 --A~-'O Va qi,2 -AS-~ 

-CHa 0.16 20-t-4 20.0 0.15 11-t-4 10.0 

-CH2- 2.72 2=t=1 2.1 2.24 5+1 4.9 

- C H =  0.94 6-t-1 6.2 0.95 4.2+0.3 4.3 

> C =  24.10 -9-+-4 -8 16.10 3+5 2.0 

> C =  (orto) 20.80 -11•  -8 14.20 4+4 4.5 

-C1 0.26 19-t-4 18 0.32 9-t-5 9 

- O -  3.51 -54-5 -3.7 5.37 -7+5 -6.5 

> C = O  27.30 -8•  -7.6 36.30 2+8 2.4 

- C O O -  28.70 -6+7 -4.7 33.30 6+8 6.4 

-OH 1.14 14-+-2 14 1.53 11-t-3 12 

-CN 14.20 -3+4  -2 38.60 12+4 12 

-NO2 6.98 2+3 2 28.30 14+5 15 

- N -  6.06 4+4 6.2 6.60 4+3 3.3 

>N-  49.90 -21•  -20 42.70 -2+7 -1 

Table 4 
The contributions of groups or fragments of molecules to the retention volume (V~i, cm3/m 2) 
at 373 K and to the heat of adsorption (qi,a and qi,2, kJ/mol) of some organic compounds on 
Carbopack C HT 

Fragment V~i qm qi,2 

-CH3 0.15 8• 9 

-CH2- 3.44 6• 5.8 

- C H =  1.13 6.4• 6.4 

> C =  34.7 1• 4 

> C =  (orto) 45.7 4:k3 5 

-C1 0.25 11• 11 

- O -  1.9 3• 2.1 

> C = O  7.36 12=t=4 9.6 

- C O 0 -  10.5 13=t=4 11.1 

-OH 0.13 11~:1 11 

-CN 0.59 15~:4 14 

-NO2 0.73 18J:3 17 

- N -  1.29 10=t=2 11.8 

>N -  25.2 -5=k4 -5 
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Figure 9. Effect of temperature on the con- 
tribution o f -CH2- , -CH= and-CH3 groups 
to the retention volume Va (cm3/m 2) on ful- 
lerenes C60, C70 and Carbopack (dots are the 
same as on Fig. 7). 

Figure 10. Effect of temperature on the con- 
tribution o f - O H , - C N  and-NO2 groups to 
the retention volume Va (cm3/m 2) on fulle- 
renes C60, C70 and on Carbopack (dots are 
the same as on Fig. 7). 

For more polar groups the contributions to the heat of adsorption on fullerene C60 are 

negative but on fullerene C~0 only for some polar groups the contributions are negative 

while on Carbopack only for triethylamine the contribution of amino group to the heat 

of adsorption is negative. Probably it is owing to the repulsion of polar groups connected 

with neighbouring groups which bring addition interaction. Interesting to note the rela- 

tively large contribution of methyl groups to the heat of adsorption is realized at small 

contribution of these groups to the constant of adsorption equilibrium. The mobility of 

methyl groups are higher than methylene groups and so the last ones have large contribu- 

tion to the retention volume and relatively small contribution to the heat of adsorption. 

The comparison data of Table 1 shows that larger retention volumes of compounds on 

crystals C60 in compared with the retention volumes on crystals C~0 correspond to higher 

heats of adsorption as well as the data of Table 3 shows similar relationship between the 

contributions of molecular groups to the retention volumes and to heat of adsorption on 

C60 and C70 �9 The comparison of the data from Tables 3 and 4 shows that for polar groups 

smaller contributions to the retention volume on Carbopack correspond to larger contri- 

bution to the heat of adsorption in compared with adsorption on fullerenes. Probably it is 

connected with distinction in geometry of fullerene crystals surface and graphite surface 

and so with the effect of entropy of adsorption on adsorption process. 
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Figs. 9, 10 and 11 demonstrate effect of temperature on calculated In Vai for" hydrocarbon 
groups Fig. 9, for some polar groups Fig. 10 and for nitrogen in pyridine and triethylamine 

Fig. 11. 

I n  Vai, cm3 / m2 

_ 

1 - 

- 1  - 

~>N 

2.4 2.6 2.8 103/T 

Figure 11. Effect of temperature on the contribution of >N- and - N -  groups to the retention 
volume V~ (cm3/m 2) on fullerenes C60, C70 and on Carbopack (dots are the same as on Fig. 7). 

Thus the thermodynamic characteristics of adsorption at small coverage of different 
classes organic compounds determined by gas chromatography show that surface of ful- 
lerene molecular crystals and surface of graphitized carbon black have essentially diffe- 
rent adsorption properties. On adsorption on fullerene crystals the electron-acceptor and 
electron-donor properties of fullerene molecules are manifested. Adsorption data on ful- 
lerenes C60 and C70 show that properties of fullerene C60 and C70 molecules arranged in 

surface layer of crystals are different. 
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integral representation, 415-418 
Langmuir-Freundlich, 656, 790 
on equilibrium surface, 442-444 
on heterogeneous surfaces, 441-442 
on homogeneous surfaces, 440 
Toth, 656 

Adsorption kinetics 
first order, 446, 447 
on heterogeneous surfaces, 437 
on real surfaces, 435 et seq. 

second order, 446, 447, 449,451 

Adsorption model 
for liquid-solid interface, 651 
of adsorbed layer, 731 
of ionic surfactants, 799 

Adsorption of ionic surfactants 
critical micelle concentration (cmc), 

802, 806, 820 
electrophoretic mobility, 806, 817, 

824 
from aqueous solutions, 797 et seq. 

influence of physical factors on, 
812-824 

materials and experimental 
techniques, 798-800 

mechanism of, 810-812 
microcalorimetry of, 807-810 
on mineral substrates, 797 
surface phase model, 804 

Adsorption of ions, 734 
anions, 772, 833-834 
application to soil, 843-850 
cations, 772,831-832 
charge determinations, 758, 767 
monocomponent, 785 
multicomponent, 788 
on heterogeneous surfaces, 784-794 
one-pKH model of, 781 
site binding model of, 767 
specific adsorption charge, 762 
specific, 762-763, 772, 783-784 
two-pKn model of, 784 

Aggregation 
effect on, 98-104 

of hydrothermal treatment, 99 
of medium pH, 103-104 
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of particle concentration, 98 
of temperature, 99-103 

of silica polymers, 97-98 
Al13 colloids 

adsorption of surfactants, 321-323 
electrochemical interface model, 

323-325 
preparation, 320 
surface heterogeneity , 322 

Aluminophosphates 
adsorption of 

ammonia, amines, 7-11 
porphyrins, 15-20 
water, 11-15 

computational study of electronic 
structure, 3-5 

Calcium hydroxyapatite 
adsorption of carbon dioxide, 

314-316 
adsorption of methyl iodide, 313-314 
adsorption of water, 308-310 
adsorption of methanol, 311-313 
methods of preparation, 302 
surface structure, 303-305 

Calorimetry 
of adsorption of ionic surfactants, 

807-810 
Carbon-mineral adsorbents 

adsorption on, 117-123, 130, 131, 
135, 136, 139, 141, 142 

chemical composition of carbon 
deposit, 116, 117 

chemical modification, 120-125, 
134-136 

chromatographic separation on, 
125-128, 141 

hydrothermal treatment, 128-133, 
136, 137 

methods of preparation, 116 
surface heterogeneity, 116, 117 

Carbon nanotubes 
adsorption of aromatic 

hydrocarbons, 21-23 
structure, 20, 21 

Chemical potential 
analytical expression, 737, 739 
of adsorbed layer, 743 

Chemisorption 
alk-l-ens on modified silicas, 

159-163, 170, 171,179-183 
and micropore filling, 593 
benzene on chlorinated silica, 150 
chemical modification of mineral 

surfaces, 191 et seq. 

chlorides and oxychlorides of metals 
on silica and alumina, 215-228 

fixed heterogeneity model in, 
456-457 

induced-heterogeneity model in, 

role of external and internal 
pore diffusion, 244, 245 

structure and reactivity of 
modifiers, 267-277 

types of surface reactions, 
239-244 

organometallic compounds on 
chlorinated silica, 148-149, 156, 
158 

silicon hydroxides on silica, 154-156 
surface-reconstruction model in, 

459-461 
Chemistry of surface bounded 

compounds 
distribution of bounded compounds 

on silica surface, 194-204 

methods of determination, 
196-199 

types, 194-196 

organization of bounded layers, 
206-210 

subject matter, 192 
terminology, 192=194 

Colloidal silica, 
adsorption on, 109-11 
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physicochemical properties, 104-108 
surface modification, 111-112 
various forms, 93-94 

Computational studies 
multi technique methods, 3 
on the design of synthetic sorbents, 3 

et seq.. 

Computer simulation 
methods, 335, 599 
molecular dynamics (MD), 5-7, 338, 

342 
Monte Carlo (MC), 262, 340, 342, 

599 et seq. 

of adsorption on amorphous oxides, 
335 et seq., 343-346 

above the Henry region, 
349-352 

adsorption potential, 343-346 
at Henry's low region, 346-349 

of atomic structure of amorphous 
silica, 338-341 

of atomic structure of vitreous silica, 
341-343 

Concentration swing adsorption 642, 
643-645 

Concentration-thermal swing adsorption, 
644 

Contact catalysis, 437 
Co-precipitated metal hydroxides 

binary systems, 58-74, 80-87, 89 
four component systems, 77-78,85 
influence on adsorption-structural 

properties of 

hydroxide concentration, 70-74 
pH-precipitation, 66-70 
temperature of 

co-precipitation, 80-83 

mechanism of structure formation, 
62-66, 75-79 

specific surface area of, 86-90 
synthesis of, 83-86 
ternary systems, 60, 75-79 

Desorption kinetics 
desorption isotherms, 453-455 
from heterogeneous surface, 437, 

445-446 
from homogeneous surface, 444 

Distribution function 
Gaussian, 661 
of surface active sites upon 

reactivity, 220 
Rayleigh, 661 
site energy, 751 

Double electrical layer 
diffuse charge density, 760 
diffuse layer potential, 760, 806 
Donnan model of, 764, 779 
electrokinetic potential, 763-764, 860 
for flat surfaces, 758 et seq. 

Gouy-Chapman (GC) model of, 758, 
860, 865 

of mineral oxides, 758 
Stern-Donnan (SD) model of, 

765-766 
Stern-Gouy-Chapman (SGC) model 

of, 761,865,869 
thickness of, 760 
zeta potential, 806, 860, 866 

Electrical interfacial layer, see also 

double layer model 
calorimetry, 869-873 
electrokinetics, 865-869 
in metal/oxide aqueous systems, 857 

et seq. 

modelling of equilibria in, 859 
potentials, 860 
problems in modelling, 857 et seq. 

structure of, 859-860 
surface complexation model, 

859-865, 873-875 
triple layer model, 860, 865 

Elovich equation, 438,439 
in terms of surface heterogeneity, 

449-453 
Flow calorimetry, 887, 888 
Gas chromatography, 503, 517, 674 

and gas-solid system, 420 
for studying the adsorption on 

solids, 553-560 
integral representation of the 

retention volume, 420-422 

Geothite 
adsorption of anions by, 833-834 
adsorption of cations by, 831-832 
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laboratory preparation, 830 
natural, 830 
reaction with metal ions, 831-833 
water content of, 830 

Heterogeneity 
chemical and structural of oxide 

surfaces, 238,251-253 
effect on adsorption of ionic 

surfactants, 817 
effect on surface change, 862 
energetical, 490, 650 

influence on gas adsorption, 
490-492 

equations for adsorption isotherm, 
369 

equations for heat of adsorption, 
370-373 

equations for heat of immersion, 
373-376 

fixed, 458, 459 
induced, 458, 459 
of inorganic oxides, 414-415, 423-427 
of oxide surfaces, 362-366 
of water/oxide interface, 362-366 
primary surface, 350 
structural, 660 
secondary surface, 350 

Heterogeneous catalysis, 435 

Homogeneous catalysis, 435 

Inverse gas chromatography (IGC), 465, 
517 

determination of 

acid-base interactions on 
surface, 466-468, 471-474 

dispersive increment of surface 
free energy, 469-470, 480-482 

specific component of free 
energy of adsorption, 470, 
474 

surface heterogeneity of solids, 
495-5OO 

determination of thermodynamic 
parameters, 517-519 

of non-porous carbons, 530-531 
of porous carbons, 519-530 
of silicates, 533-534 

different possibilities of using, 517 
investigation 

of liquid crystal layers on silica, 
514-515 

of long-chain alcohol films on 
silica, 505-513 

of modified oxides by, 483-487 
Kinetics 

chemisorption on heterogeneous 
surface, 254-267 

chemisorption on homogeneous 
surface, 254-257 

of organic compounds chemisorption, 
237 et seq.. 

on oxide surface, 237 et seq.. 

Liquid chromatography 
of fullerenes, 899 et seq. 

separation of fullerenes by, 900-903 
stationary phases for, 210 

Mechanism of adsorption 
water vapour on oxides, 360-362 

Micropore filling 
analysis and control of, 577-589 
cluster-mediated, 584 
mechanism in inorganic sorbents, 

573 et seq. 

Monte Carlo simulation studies, 577 
of supercritical gas, 589-596 

Molecular layering method, 213 et seq. 

physicochemical fundamentals, 
213-214 

technology and applications, 231--233 
Numerical methods 

of solving the integral equation of 
adsorption, 418-420 

Phase transitions 
first-order, 614 
higher-order, 614 
in adsorbed layers, 599, 743 
in long-chain alcohol films on silica, 

508, 513, 514 
in molecular sieves, 11 
order-disorder, 620 
second-order, 440 

Polyorganosiloxanes 
adsorption of benzene, n-hexane, 

293, 295 
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adsorption of metal ions, 292, 294, 
297 

methods of preparation, 287-291 
modification by metal complexes, 

294-296 
physicochemical properties, 291-294 
polyhydrosiloxanes, 151-152 

silica with deposited layer of, 
152-154 

Porous glasses 
affinity chromatography on modified, 

49-51 
hydrothermal treatment of, 51-53 
methods of preparation, 32 
pore size distribution of, 34-35 
structure of, 33-36 
surface chemistry of, 37-43 
thermal treatment of, 44-49 
with controlled porosity, 31 et seq. 

Porous structure 
of hydrated silica-coated activated 

carbon (CAC), 582-583 
pore/core size distribution, 670 
pore silica distribution, 667 

Pressure swing adsorption, 574, 629, 
643-645 

condensation swing, 578 
filling swing, 578 

Silicates 
clay minerals, 879 et seq. 

excess isotherms on, 883-885 
solid-liquid properties, 881-896 
structural properties, 879-881 
wetting enthalpy on, 883-885 
zeolites, 892 

adsorption on, 892-896 
wetting on, 892-896 

Size ratio parameter 
definition, 730 
molecular significance, 731 

Soil 
modelling the behaviour of, 850-853 
reaction of ions with, 829 et seq. 

Strontium hydroxyapatite 
adsorption of carbon dioxide, 

314-316 
methods of preparation, 302 
surface structure, 305-307 

Supercritical fluid extraction 
studies on, 23-28 

Surface 
Bernal, 336, 340 
charge, 759-761,799, 813,814, 858 
corrugated Bernal, 350 
diffusion of reactant, 250 
fractal, 461 
gibbsite type, 779 
heterogeneous 

patchwise model of, 262, 263, 
651,750, 785 

random model of, 262, 263, 651, 
750, 785 

various models, 258-260 

homogeneous, 733, 758, 770 
isoelectric point (iep), 758, 866-869 
of metal oxides, 238 

type of reaction sites, 236 

point of zero change (pzc), 757, 769, 
801,813, 820, 831,866-869 

silica type, 775 
Surface charge see also Surface 

and surface potentials, 864 
density, 9, 40, 864, 880 
of oxides, 860-862 

Surface phase capacity, 649 
determination methods, 652, 881 

Thermal swing adsorption, 629,642-645 

Thermogravimetric analysis, 650 
linear program, 666 
method, 664-667 
quasi-isothermal program, 666 
thermal adsorption, 665 
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