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Preface

“Oxide-based Systems at the Crossroads of Chemistry”, edited by Aldo Gamba, Carmine
Colella and Salvatore Coluccia.

The second International Workshop on Oxide-based Systems at the Crossroads of Chemistry
was held at Villa Olmo in Como, October 8-11, 2000, in the framework of A. Volta
Celebrations (1996-2000), under the auspices of the Universities of Insubria, Naples Federico
IT and Turin, Italian National Research Council (CNR) and Italian Zeolite Association. It was
attended by nearly 100 scientists, engineers and industrial researchers coming from about 20
countries.

This volume assembles reviews and research papers selected by the editors among those
presented in the oral and poster sessions of the workshop. These papers represent a significant
picture of the highlights of research in the field of oxides and related oxide-based materials,
e.g., zeolites and layer-structured compounds. A wide range of “oxidic” materials is
considered and described in terms of preparation methods, structural, physical and chemical
characterisation and applications, especially as catalysts.

The application of the most powerful simulation and physical-chemical techniques and their
skill in discovering and explain structural and dynamical properties of complex materials is
presented. Moreover, the development of sophisticated spectroscopic and analytical
techniques are shown to give decisive improvements to the growth of surface oxide science,
generating new tools for the knowledge of catalysts structure and reaction mechanisms.
Lastly, a wide selection of papers, focus the most recent achievements in the application of
zeolitic compounds, in the use of oxide materials in the fuel cells technology and in the
understanding of the complex mechanisms of oxide-based materials in the soil system.

As a consequence to put together different experiences in a global project on oxide materials,

we chose to order the papers alphabetically in the scope to furtherly unify different cultural
and technological research contributions.



This Page Intentionally Left Blank



Vil

Contents

Preface v

High-Resolution Electron Microscopy, Neutron Diffraction with Isotopic Substitution
and X-Ray Absorption Fine Structure for the Characterisation of Active Sites in Oxide
Catalysts

J.M. Thomas 1

Location of Brensted and cation sites in dehydrated zeolites:
A comparison
A. Alberti, G. Cruciani, M.C. Dalconi, A. Martucci and S. Caruso 13

Characteristics in the Photocatalytic Reactivity of the Tetrahedrally Coordinated Ti-
Oxide Species Designed within various Types of Zeolites and on Support Surfaces
M. Anpo, S. Higashimoto, Y. Shioya, K. Ikeue, M. Harada and M. Watanabe 27

Polymer-silica composite membranes for Direct Methanol Fuel Cells
V. Antonucci, A.S. Arico, E. Modica, P. Creti, P. Staiti and
P.L. Antonucci 37

Mixed vanadium oxides for application as electrode materials in the Li-ion cells
M. Arrabito, S. Bodoardo, S. Ronchetti, N. Penazzi, G. Martra, D. Sidoti, Y. Wang,
X Guo and S.G. Greenbaum 47

Search and Optimization of Multi-Metal-Oxide Catalysts for the Oxidative
Dehydrogenation of Propane - A Combinatorial and Fundamental Approach -

M. Bearns, O.V. Buyevskaya, A. Briickner, R. Jentzsch, E. Kondratenko, M. Langpape
and D. Wolf 55

FT-IR study of Pt, Cu and Pt-Cu phases supported on hydrotalcite-derived mixed oxides
L. Balduzzi, F. Prinetto, G. Ghiotti, A. Bianchini, M. Livi and A. Vaccari 67

Chemisorption and catalytic properties of gold nanoparticles on different oxides:
electronic or structural effects?
F. Boccuzzi and A. Chiorino 77

Modeling soil ped formation: properties of aggregates formed by montmorillonitic clay,
Al or Fe poorly-ordered oxides and polyphenol in acidic milieu
A. Buondonno and E. Coppola 87

The vibrational spectra of phosphorous oxynitride at high pressures
M. Capecchi, R. Bini, G. Cardini and V. Schettino 103

Fixed-bed ion-exchange process performance of Pb>" removal from a simulated ceramic
wastewater by Neapolitan yellow tuff
D. Caputo, B. de Gennaro, B. Liguori, M. Pansini and C. Colella 111



Vil

Adsorption features of clinoptilolite-rich tuff from Thrace, NE Greece
D. Caputo, B. de Gennaro, B. Liguori, M. Pansini and C. Colella

Dissociative Adsorption of H, on Defect Sites of MgO:
A Combined IR Spectroscopic and Quantum Chemical Study
M. Cavalleri, A. Pelmenschikov, G. Morosi, A. Gamba, S. Coluccia and G. Martra

Modification of redox and catalytic properties of Keggin-type, Sb-doped P/Mo
polyoxometalates in the selective oxidation of isobutane to methacrylic acid: control of
preparation conditions

F. Cavani, R. Mezzogori, A. Pigamo and F. Tirifiro

Evaluation of Italian phillipsite and chabazite as cation exchangers for Ba®* and Co**
A. Colella and B. de Gennaro

The role of Al- and Fe-oxy-hydroxides in determining surface properties of soil ped
models, with emphasis on phosphorus sorption/desorption phenomena
E. Coppola, M.L. Ambrosino, S. Deiana and A. Buondonno

Doped zirconia catalysts for the dehydration of 4-methylpentan-2-ol
M.G. Cutrufello, I Ferino, R. Monaci, E. Rombi and V. Solinas

Carbon tetrachloride hydrodechlorination with organometallics based platinum and
palladium catalysts on MgO: EXAFS characterization and catalytic studies
V. Dal Santo, C. Dossi, R. Psaro, S. Recchia and L. Sordelli

Effect of Ti insertion in the silicalite framework on the vibrational modes of the
structure: an ab initio, and vibrational study
A. Damin, G. Ricchiardi, S. Bordiga, A. Zecchina, F. Ricci, G. Spano and C. Lamberti

Surface Properties of Mesoporous Ti-MCM-48 and their Modifications Produced by
Silylation
V. Dellarocca, L. Marchese, M L. Pefia, F. Rey, A. Corma and S. Coluccia

Computer simulations of ethane sorbed in an aluminophosphate molecular sieve
P. Demontis, J.G. Gonzalez, G.B. Suffritti and A. Tilocca

Stabilisation of nanostructured CeQ,-ZrOQ; solid solutions by addition of Al,Oj:

a suitable way for production of thermally stable oxygen storage/release promoters for
three-way catalysts

R. Di Monte, P. Fornasiero, J. Kaspar and M. Graziani

Chemistry and Photochemistry of H, on MgO surfaces
O. Diwald, T. Berger, M. Sterrer and E. Knozinger

Intracage chemistry: nitrite to nitrate oxidation via molecular oxygen.
A Car Parrinello study.
E. Fois, A. Gamba and G. Tabacchi

121

131

141

153

163

175

185

195

209

221

229

237

251



Synthesis, Spectroscopic and Catalytic Properties of Cobalt and Copper Ions in
Aluminophosphates with Chabasite-Like Structure. Studies of the NO Reactivity

A. Frache, L. Marchese, M. Cadoni, S. Coluccia, B. Palella, R. Pirone and

P. Ciambelli 269

Highly dispersed CaO in mesoporous silica as efficient trap for stabilizing azo dyes
Z. Gabelica, M. Shibata, H. Hotta, T. Suzuki and S. Valange 279

Preparation and characterisation of WO,/SnO, nanosized powders for thick films gas
sensors
G. Ghiotti, A. Chiorino, F. Prinetto, M.C. Carotta and C. Malagi 287

Factors affecting the isomorphous substitution of Al with Fe in the MFI-type zeolite in
presence of TPABr and ethylene glycol
G. Giordano and A. Katovic 297

Synthesis and adsorption properties of iron containing BEA and MOR type zeolites
G. Giordano, A. Katovic and D. Caputo 307

Local Structures of Active Sites on Mo-MCM-41 Mesoporous Molecular Sieves and
their Photocatalytic Reactivity for the Decomposition of NOy
S. Higashimoto , R. Tsumura, M. Matsuoka and H. Yamashita 315

The factorial experimental design applied to the zeolite synthesis
A. Katovie, M. Cosco, P. Cozzucoli and G. Giordano 323

Spectroscopic characterisation and photocatalytic properties of Mg®* -modified

MCM-41

G. Martra, H Yoshida, V. Dellarocca, C. Murata, T. Hattori, S. Coluccia and

L. Marchese 331

Electroceramics in solid oxide fuel cell technology
A.J. McEvoy 341

Synthesis and characterization of Co-containing zeolites of MFI structure
E. Nigro, F. Testa, R. Aiello, P. Lentz, A. Fonseca, A. Oszko, P. Fejes,
A. Kukovecz, I Kiricsi and J.B. Nagy 353

Synthesis and Characterization of dye-containing MCM-41 materials
B. Onida, B. Bonelli, M L. Borlera, F. Geobaldo, C.0. Aredn and E. Garrone 361

Modeling of breakthrough curves in fixed-bed zeolite columns
F. Pepe, D. Caputo and C. Colella 369

A kinetic study of NO decomposition on Cu-ZSM35
R. Pirone, P. Ciambelli, B. Palella and G. Russo 377

Characterisation of palladium catalysts supported on hydrotalcite-derived mixed oxides
F. Prinetto, G. Ghiotti, N. Das, D. Tichit and B. Coq 391



Silica-aluminas: sol-gel synthesis and characterization
C. Rizzo, A. Carati, C. Barabino C. Perego and G. Bellussi

The Reductive Activation of Molecular Nitrogen on “electron-rich” MgQO: Details on
the Structure of the Adsorption Site via the N,-OH Superhyperfine Interaction

Z. Sojka, M. Chiesa, M.C. Paganini and E. Giamello

Kinetics of NO Photocatalytic Reduction by CO over MoO3/SiO; Catalysts

I R. Subbotina, B.N. Shelimov, M. Che and S. Coluccia

Author Index

401

413

421

431



Studies in Surface Science and Catalysis 140
A. Gamba, C. Colella and S. Coluccia (Editors)
© 2001 Elsevier Science B.V. All rights reserved. 1

High-Resolution Electron Microscopy, Neutron Diffraction with
Isotopic Substitution and X-Ray Absorption Fine Structure for the
Characterisation of Active Sites in Oxide Catalysts

John Meurig Thomas

Davy Faraday Research Laboratory, The Royal Institution of Great Britain,
21 Albemarle Street, London WIS 4BS, UK.; email jmt@ri.ac.uk; and
Department of Materials Science, University of Cambridge, Cambridge CB2 1QY

ABSTRACT

The power of high-resolution electron microscopy (HREM) for both ex sifu and in
situ studies of complex oxide catalysts is illustrated with specific reference to La;CuOy,
zeolite-L and (VO),P,0;. The surfaces of stoichiometric La,CuQ, are seen by combined
HREM and X-ray emission spectroscopy to be essentially La,O3. Unlike the surfaces of
simple oxides (e.g. those with corundum structures), those of zeolite-L are un-
reconstructed, and have essentially the same composition and structure as the bulk
zeolite. /n situ HREM studies (by Gai) shed considerable light on the catalytic properties
of (VO)2P,07 in its conversion of butane to maleic anhydride. Isotopic substitution of
Ni for natural nickel in NaNi-exchanged zeolite Y catalysts (for the cyclotrunerisation
of acetylene) offer novel insights into the initial act of bonding (via a m-complex)
between C,H; and individual Ni** active sites in the zeolite. The great advantages
attendant on the use of X-ray absorption fine structure (XAFS) for in situ studies of
active site participation Ti-SiO, and FeAIPO-31 catalysts are also illustrated.

1. HISTORICAL INTRODUCTION

“After a long silence, for which I will not try to excuse myself, I have the pleasure of
communicating to you, Sir, and through you to the Royal Society, some striking results
which I have obtained in following up my experiments ...... the electricity developed by
the mere contact of different metals ... ... "

These words were read by Sir Joseph Banks, President of the Royal Society in
London in mid-April, 1800. They constitute the opening sentence of Alessandro Volta’s
letter, despatched from Como on 20™ March, 1800. I chose to open this lecture with
these historical comments because, like others here this evening, I rejoice in being in
Como, the birthplace of Plinius the Elder and Plinius the Younger, and also the place
where Alessandro Volta was born and where he died. In common with millions of
scientists world-wide, I have revered the memory of Volta ever since I first heard of his
work. That reverence was enhanced when, nearly twenty years ago, my dear friend, the
late Massimo Simonetta, with whom I had an exciting collaboration up until he passed



away, took me to Pavia, where Volta was Professor. Later, more than a decade ago, my
family and I came to this wonderful place, where I purchased (in the Volta Museum) a
copy of Bertini’s famous painting of the occasion when Volta demonstrated his pile to
the Emperor Napoleon in 1801.

My predecessor but seven as Director of The Royal Institution (RI), Michael
Faraday, greatly admired Volta, who gave him a special Voltaic pole that Faraday
frequently demonstrated at the RI, and which we still have (and exhibit).

In October 1842, Faraday received a letter from W.R. Grove (a Welsh lawyer-
scientist working in London), describing the fuel cell, which Grove had invented. The
opening of that letter is rather evocative:

“I have just completed a curious voltaic pile, which I think you would like to see

3

When Faraday died in 1867, his successor John Tyndall (famed for the Tyndall
effect, and also as the first person to describe the greenhouse effect and global warming)
wrote a brilliant biography entitled “Faraday as Discoverer’™). Tyndall was a fine
stylist and wrote with melliflucus charm. 1 should like to draw to your attention a
passage in that book, which has particular resonance for this occasion when this
Symposium honours Volta’s name:

“In one of the public areas of the town of Como stands a statue with no inscription
on its pedestal, save that of a single name ‘Volta’ ... ... 7

Tyndall then proceeds to describe in beautiful English prose what Volta did, and the
controversy that raged for some considerable time as to the origin of the electromotive
force of a voltaic pile. Tyndall’s words merit repetition here, for they echo the essence of
many subsequent scientific disputes.

“The objects of scientific thought being the passionless laws and phenomena of
external nature, one might suppose that their investigation and discussion would be
completely withdrawn from the region of the feelings, and pursued by the cold dry light
of the intellect alone. This, however, is not always the case. Man carries his heart with
him into all his works. You cannot separate the moral and emotional from the
intellectual; and thus it is that the discussion of a point of science may rise o the heat of
a battle-field”.

2. BACKGROUND

The only major ex situ technique that I propose to dwell upon is high-resolution
(transmission) electron microscopy (HRTEM) which, nowadays (see later) can also be
used for in situ studies. Its value as a tool in post mortem (as well as pre natal) studies of
many catalysts has been highlighted on numerous previous occasions — see, for

example, refs. [2-5]. I also wish to say a few words about electron crystallography“].

So far as microporous oxide catalysts are concerned — and here I focus
predominantly on zeolitic ones or their aluminophosphate analogues — the great merit of
HRTEM™" is that it can be used to “read off’, in real-space images, the symmetry
elements of the structure, and often yield a reasonably accurate value of the number of
tetrahedral sites in a pore aperture. (In general, 5-, 6-, 8-, 10- or 12-membered (T sites)



can be straightforwardly discerned from the HRTEM images recorded down the
appropriate zone axis). This real-space approach also proves invaluable in identifying
intergrowth structures. I have given elsewhere!® an account of how several of the
ostensibly different members of the ZSM family of synthetic zeolites turned out to be no
more than intergrowth variants of well defined end-members. HRTEM, twenty years
ago, was shown to be capable of “seeing” in real space the intergrowth variants of
ZSM-5 and ZSM-11.

With CCD detectors and other instrumental advances!*®! the age of electron
crystallography is well and truly with us. Small, ultrathin specimens of zeolites (or
mesoporous silicas) can be processed by a combination of electron diffraction and
HRTEM imaging, so as to yield a full, hitherto unknown, structure, thanks to the
pioneering work of Terasaki and his colleagues in Tohuku University.

Surface structures of complex oxides are also amenable to direct imaging and
determination by HRTEM (which has the advantage over scanning tunnelling
microscopy in being able, through the observation of parallel X-ray emission spectra, to
yield elemental composition)!'”!. There are two examples which I wish to cite.

First, La,CuO4, 2 material that is of great relevance in the field of warm
superconductors, has been studied in detail by my former colleague Wuzong Zhou, now
of the University of St. Andrews. A strictly stoichiometric powdered sample of La;CuQ4
was viewed down the [110] direction by HRTEM. The outline of the [001] surface is
seen in Figure 1.
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Figure 1: A typical region of the surface of La,CuQ, viewed down the [110]
direction. The outer layers of the solid have the structure and composition
of La;0s (after Zhou et al')

Significantly, it is found that the surface composition does not correspond to
LayCuO4. The images leave no doubt (and microanalysis confirms it) that the exterior



surfaces (the last three layers or so) have the so-called C-La,O; structure and
composition!'"!. Zhou and I have recently reported!'®! that, in the warm superconductor
HgBa;CuOs.5, the exterior and immediate sub-surface region is stoichiometrically quite
different from the bulk. There are well-known reasons, discussed by Freund!"?! recently,
which lead us to expect polar surfaces (of oxides) to undergo reconstruction on exposure
to vacuum (or an ambient gas). What is surprising here, in this powdered specimen of
(nominally) La,CuOQs, is that there is extensive reconstruction and reconstitution at the
surface regions.

Low-energy electron diffraction (LEED) studies conducted by Freund et all'*), show
that, in simple oxides belonging to the corundum family (e.g. Al;Os, Cr0; and Fe;03),
there is quite extensive reconstruction (in a direction perpendicular to the [0001] surface),
amounting to between 50 and 60 percent change, compared with the inter-planar
distances inside the bulk of the oxide. With the complex oxides that have zeolitic
structure, however, the degree of reconstruction is rather minute. Thus, in zeolites L
(idealised formula Na;K¢[AlsSi;707,]) Terasaki ef al has shown!'* (Figure 2) by HRTEM
that the surface structure essentially retains that of the bulk, with the individual cancrinite
cages being intact right up to the last surface layer.

In addition to being able to cope with the structure determination of beam-sensitive
oxides by the methods alluded to above, many other developments in HRTEM now
underway are likely to contribute to further physico-chemical elucidation of oxide
surfaces, simple and complex. Thus, at the ex situ level, following Bovin’s recent classic
work!™! one can already see the advantage in recording energy-filtered transmission
electron micrographs (EFTEM) for the elemental mapping of ‘frozen’ particles. This
approach of Bovin's promises to be able to follow sub-monolayer structural changes at
solid surfaces undergoing reactions with liquids. There is also the (expensive) prospect
of doing photo-emission electron microscopy (PEEM) using synchrotron radiation as the
primary beam!'®!.

Figure 2: Unlike many simple metal oxides, such as those possessing the corundum
structure, there is very little reconstruction at the outer layers of zeolite L



Gail>'"!® has used HRTEM successfully as an in situ technique in her pioneering
work on the dynamic reduction of vanadyl pyrophosphate (also known as VPO) under
reaction conditions. She was able to chart the formation of extended defects by a glide
shear mechanism. Ordering of the glide shear (so-called GS defects) leads to a new
structure by transformation of the orthorhombic vanadyl pyrophosphate [(VO),P,07] into
an anion-deficient tetragonal structure. The GS defects essentially preserve anion
vacancies and do not lead to a collapse of the lattice (Figure 3), and are distinct from the
well-known crystallographic shear (CS) planes, which eliminate oxygen ion vacancies.
These GS defects, as Gai has shown elsewherel”, have important consequences in the
VPO-catalysed conversion of butane to produce maleic anhydridem]‘

3. INSITU STUDIES OF OXIDE CATALYSTS USING NEUTRON BEAMS

At first sight, neutron scattering may seem singularly ill-suited to probing the
surfaces of heterogeneous catalysts. Compared with electrons or even X-rays, neutrons
are only weakly scattered by matter. But neutron scattering studies come into their own
with solids of very high areas and for investigating interlamellar species (as in clay
intercalates). The study of zeolitic oxide catalysts has benefited enormously from
neutron scattering, especially through high-resolution (time-of-flight) neutron diffraction,
assisted by Rietveld powder profile refinement. An early example®™ entailed the
determination of the precise position of pyridine adsorbed within the channels of a zeolite
-L model catalyst. And an ever more relevant application, in the context of catalysis by
zeolitic oxides, was the proof by Cheetham ez al?'), again via the agency of Rietveld
analysis, that La** ions in zeolite Y (idealised formula NasoAlssSij330334) polarise their
hydraion shells so much that (LaOH)** ions, together with “free” protons, loosely
attached to the framework, are formed (see Fig. 3.51 of ref. [8]).

Inelastic neutron scattering as a spectroscopic tool is not limited by restrictive
selection rules and, despite its relatively low sensitivity, can also reveal a good deal about
species attached to oxidic surfaces.

3.1 Neutron Diffraction with Isotropic Substitution (NDIS) for In Situ Studies of
Complex Oxides

When the atoms present at the active sites of complex oxide catalysts constitute a
small fraction of the total number of atoms in the catalytic system, advantage may be
taken of the isotopic substitution method, which then yields (see below) radial
distributions of the surrounding species. Take, for example, Ni’* ion-exchanged zeolite
Y which is known'® to be a good catalyst for the cyclotrimerization of benzene. It so
happens that there is an enormous difference in neutron scattering lengths between
‘natural abundance’ nickel atoms (“'Ni) and the isotope **Ni. The change in scattering
length in going from "™Ni to *’Ni is 18.9fin, even larger than the substantial change
(10.4fm) in going from 'H to *H*.

By performing neutron diffraction experiments on two samples which are identical
in every respect except that a specific atom has been isotopically enriched, it is in
principle possible to extract correlations involving just the isotopically enriched
species® 2!, Previously this NDIS technique has been applied to disordered systems
such as liquids and glasses, but Turner et al*®! have recently shown that it is equally
applicable to spatially distributed atoms (as in Ni**-zeolite Y) with low site occupancies.



In situ Environmental-HREM

Figure 3: In situ studies using HRTEM (See text) reveal that so-called glide shear
defects, identified by Gai™ play an important role in the catalytic action of
(VO,)P,0 during the oxidation of butane to maleic anhydride. P; and P; are
partial screw dislocations.

The quantity measured in such an experiment is the differential neutron scattering
cross section 96/0Q, of which the interference part (or total structure factor) can be
expressed as a linear sum of the partial structure factors, S(Q). The structure factor
describes the spatial distribution of scattering centres (the atomic nuclei) of the sample in
question. Thus, in the total structure factor, all distances between all scatterers are
present, weighted according to the concentration of each particular type of atom, ¢, and
their scattering length, . The differential neutron scattering cross section can be written
as:



% - N@ e, b, + ZcmbmcﬁbB [Sug Q- 1] }

where the partial structure factor Sqp(Q) describes interaction between atoms of type a
and B. Sap(Q) in turn is related directly to its real space radial distribution function gep(r)
through Fourier transformationst>**.

The quintessential points to bear in mind in regard to the NDIS method is that data
are collected for the zeolitic (Ni*"-exchanged) catalyst (i) both in its "Ni and “Ni
(dehydrated) states, (i) both in the "Ni(C,D,) and *’Ni(C;D,) states, at a particular
loading (or series of loadings of C;D;). As is described in detail elsewhere[26], the real
space environment of Ni*" ions both in the absence and presence of the (deuterated)
bound acetylene can be measured, if necessary, at a series of temperatures and acetylene
pressures. These measurements then yield the precise interatomic distances in the
Ni:C,D, complex, which is the precursor state leading subsequently to trimerisation and
benzene formation.

In the experiments of Turner et al*! it transpired that the neutron diffraction data
were consistent with the Ni complex of the Dewar-Chatt-Duncanson type involving n-
acid coordination (Figure 4).
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Figure 4: Ni** ions in zeolite Y form a n-complex of the Dewar-Chatt-Duncanson
type. The distances shown here were deduced from neutron diffraction studies”®,
The figure shows the BLYP/DNP optimised geometries, charge on the Ni ion and
binding energy for the interaction of a molecule of C;H; with a bare NiZ* ion

What we have outlined above is an experiment that probes the formation of the
initial complex between acetylene and the Ni*" ion at the active site. By repeated
experiments with progressively increasing doses of (deuterated) acetylene injected into
the *Ni-enriched zeolitic catalyst, one would acquire information that would chart the
formation of benzene by trimerisation. There is no doubt that, given adequate neutron-
beam time — a not inexpensive factor — the NDIS technique could become a powerful
in situ technique for exploring active centres in these complex oxide catalysts. What is
increasingly apparent, however, is that synchrotron radiation sources at centralised



facilities present fewer logistic, and far fewer time-consuming operations, than neutron
sources. The experiments that my colleagues and I have been carrying out at the
Daresbury Synchrotron Laboratory in the U K. highlight this point (see refs. [27-30]). In
the next section we cite a few illustrative examples of the merits of synchrotron radiation
for the in situ study of oxide catalysts.

4. X-RAY ABSORPTION FINE STRUCTURE (XAFS) STUDIES FOR IN SITU
INVESTIGATIONS OF ACTIVE SITES IN OXIDE CATALYSTS

Of the various tools available to the catalytic scientist, few are more versatile and
illuminating than XAFS, as has been demonstrated adequately elsewhere?” ¥ Briefly,
armed with high fluxes of ; metrating and continuously tunable X-rays, XAFS yields
atom-specific structural and electronic information concerning bond lengths,
coordination numbers and mean-square deviation in bond-distances as well as the
oxidation state. And, if an appropriate in situ cell is used, this information may be
obtained as a function of temperature and under a variety of ambient conditions involving
reactant or product species. Such information may be obtained even when there is no
long-range (crystallographic) order: XAFS yields strictly local, short-range structural
information. ~When, however, the technique is used under in situ conditions in
combination with X-ray diffraction ()(RD)[28’3°’35'37], both short- and long-range
structural information becomes available, and this yields far greater insights than the
deployment of either technique alone. With microporous or mesoporous oxide catalysts
it is vital to know not only the atomic structure of an active site, but also whether the
long-range structural integrity of the porous catalysts remains intact during use. The
activity and selectivity of micro- or mesoporous catalysts may be completely destroyed if
their open structure collapses during use, even if the local structure of the active site is
preserved.

My colleagues and 1 have used two variants of the combined XAFS-XRD
experiment. Faster speed in acquiring data is achieved with the dispersion method (see
ref [38]), which uses an array of photodiodes as a detector of the absorption spectra. But
greater energy resolution (typically +1.0eV in the positon of absorption edges) is
achieved in the scanning mode, schematised in Figure 5.

In each case a position-sensitive detector records the diffractograms over a range of
26 which typically extends from 10° to 60°. The scanning mode enables so-called
QEXAFS (Q for quick) data to be recorded®’. Often, because of the small
concentrations of active sites present in inorganic catalysts — in the Ti/SiO; ones
discussed below, for example, Ti/Si ratios seldom exceed 1:50 — it is not possible to
acquire reliable XAFS data in the transmission mode. It then becomes essential to use a
sensitive, multielement fluorescence detector such as the 13-element germanium one that
we and our collaborators at Daresbury have routinely used*".

Reaction cells for our studies were constructed to suit the needs of a particular set of
experimental conditions. Gas-solid studies- have been carried out with cells that permit
temperatures up to 900°C to be explored; and also liquid-solid ones for use at lower
temperatures. In each instance, the products of catalytic action may be quantitatively
monitored using on-line mass-spectrometry and/or gas chromatography!?**’!



Figure 5: Set-up used for recording combined XAFS and XRD data of a solid
catalyst under ir situ conditions. This scanning arrangement (see [35] and [39] for
further details) permits rapid study of traces of catalytic active centres.

4.1 Mesoporous Silica Catalysts with Ti"" Centres

Ti-SiO, epoxidation catalysts are important industrially (in, for example, the
production of propylene oxide from propylene). In 1995 my colleagues and I set out to
determine the nature of the Ti'"-centred sites*”. Up until that time several contradictory
proposals had been made concerning the nature of these centres. Some were based on a
3-coordinated titanyl group; some even on 5- or 6-coordinated centres.

Starting from titanocenedichloride, we grafted on to the inner surfaces of MCM-41
mesoporous silicas, highly active Ti''-epoxidation centres. Our in situ XAFS studies!*”
! left us in no doubt that the active centres are tripodally attached titanol groups: (Si-
0); — TiOH (see Figure 6). Such centres permit facile expansion of the coordination
shell (also monitored by in sifu XAFS) during the catalytic conversion of alkenes
(typically cyclohexane) with alkyl hydroperoxides (typically THBP) to the corresponding
epoxide.

Armed with such information minute changes in hydrophobicity and local
composition (e.g. replacement of one Si by a Ge) can be wrought so as to boost the
performance of the catalyst®!.

Recently, Italian workers!*”! have shown that our method of producing Ti"-centred
active sites in mesoporous silica yields a catalyst that converts citronellal, in ‘one-pot’
fashion, into isopulegol, an important fine chemical.

Elsewhere we have summarised®”! how XAFS or combined XAFS-XRD in situ
studies have elucidated the nature of the catalytically active sites in several oxidic
systems:

(i) in FeAlPO-31 for instance, which converts cyclohexane to adiPic acid in air™*®,

the active centres are 4-coordinated (largely tetrahedral) Fe' ions linked to
bridging oxygen atoms; and



(i) in hydrotalcite structures containing copper, magnesium and aluminium in the
metal hydroxide layers, we find that, for the decomposition of NO, the active
sites are Cu' ions whereas for the reduction of nitrogen oxides, the active sites
are Cu® species'™”).

)

f T 1

4900 4950 5000 5050 5100
ENERGY (eV)

Figure 6: The Ti K-edge XANES spectrum shown here, along with the EXAFS
spectrum (not shown) reveals that the catalytically active site in Ti-SiO; epoxidation
catalysts (see text) are tripodally anchored Ti" -OH groups. Only three of the
oxygens of the silica support are shown

Many other examples have been described elsewhere; and several new types of
catalyst are currently under investigation using either XAFS alone or combined
XAFS/XRD (in situ) procedurest”*°Y

I acknowledge financial support from the UK. EPSRC, and continued devoted
collaboration with my colleagues, especially G. Sankar, C.R.A. Catlow and T.
Maschmeyer.
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Location of Bronsted and cation sites in dehydrated zeolites: A
comparison
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To date, the location and population of protons in acid forms of zeolites and those of
exchangeable cations in dehydrated zeolites have been investigated as two distinct topics.
This paper intends to highlight the analogies and differences in the siting of protons and
extraframework cations in dehydrated zeolites. The starting point is that a framework oxygen
whose bond strength from tetrahedral cations is low and/or whose bond strength from
extraframework cations is high presumably has a higher probability of hosting a proton. A
comparison between the bond strength on oxygen atoms and the location of hydroxyl groups
in mordenite, ferrierite, chabazite, faujasite, and rho showed that this assumption is supported
in the majority of cases. Consequently, bond strength information can be utilized to locate
Brensted acid sites even if neutron diffraction data are not at our disposal.

1. INTRODUCTION

Among the factors controlling catalytic activity a fundamental role is played not only by
zeolite topology, but also by the type of cation, its location and coordination. Of particular
importance is the location and population of proton sites of framework hydroxyls in hydrogen
zeolites.

To date, no particular attention has been paid to comparing the location and population of
proton and extraframework cation sites. Consequently, it could be of interest to highlight the
analogies and differences between proton and extraframework cation siting in dehydrated
zeolites. Unfortunately, while a lot of work has been done to locate cations, little information
exists on proton location.

First of all, we must consider that peculiar features characterize and differentiate proton
and cation sites.

As concerns protons, we accept that:

a) a proton can be bonded to a framework oxygen bridging an Al and a Si atom, but not
bridging two Si atoms;
b) only one proton can be allocated at any one time to the oxygens of a tetrahedron.

No experimental or theoretical studies have been carried out, to our knowledge, to confirm
or reject the latter assumption; however, the marked increase undergone by the Al-O and Si-O
distances when the oxygen is protonated — as found by quantum chemical calculations [1,2]
and experimental data [3,4] — makes the presence of two contemporaneous OH groups on the
same tetrahedron extremely unlikely.

As concerns cations, we know that:
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a) an extraframework cation can be coordinated to framework oxygens bridging two Si atoms;

b) the same cation can be bonded to more than one oxygen of a tetrahedron;

¢) normally, in dehydrated phases, cations split over a larger number of sites when compared
with hydrated ones [5-7], to improve the charge compensation of as large a number of
framework oxygens as possible; in hydrated phases this charge compensation can be
obtained by hydrogen bonding.

When comparing the locations of Brensted and extraframework cation sites, we must take
into account that:

1. the distance of a proton from its framework oxygen is around 1A, whereas the distance of a
cation from coordinated framework oxygens can be as much as two A greater;

2. a proton in a Brensted site is bonded to one oxygen, whereas the coordination number of a
cation in dehydrated phases is usually greater than or equal to three; only in few cases do
cations with small jonic radii display a twofold coordination.

In dehydrated zeolites, the Si/Al distribution can play an important role in guiding the
location and population of ion sites, no matter if they are occupied by protons or
extraframework cations. An oxygen on which bond strength from the tetrahedral cations is
low has a higher probability of hosting a proton or bonding cations. This means that Bransted
acid sites are often associated to framework oxygens on which there is a strong bond strength
from extraframework cations. Therefore, this strength in dehydrated cation-exchanged forms
of zeolites can provide information useful for localizing Bransted sites. The literature, in fact,
abounds with studies on the structure of dehydrated cation-exchanged zeolites, whereas
framework hydroxyls have, to date, been recognized only in very few zeolites; it is obvious
that other factors can influence the location of protons and cations. Framework topology, for
example, can favour the bonding of a proton on an oxygen atom, whereas it can hinder the
location of a cation, especially if its ionic radius is large. Nevertheless, the analysis of bond
strength on framework oxygens can help to locate Brensted acid sites. This is the most
important goal of the present paper. Sometimes, however, it is not easy to decide if a cation is
bonded or not to a framework oxygen. As a general rule, we consider a cation as coordinated
to an oxygen when its distance from the oxygen is not greater than (Rc + Ro + 0.84), where
Rc and Ro are the ionic radii of the cation and oxygen (according to Shannon [8])
respectively.

A limitation which arises in comparing proton and cation sites is that investigations into
acidic forms by X-ray or neutron diffraction, in order to obtain the location and population of
Bronsted sites, have so far been carried out only for faujasite [3,4,9-12], rho [13,14],
mordenite [15], chabazite [16]) and ferrierite [17]). Our work will therefore be concerned with
these zeolites. One feature of all these materials, excluding faujasite, is that their acid forms
show topological symmetry, whereas their dehydrated cation-exchanged forms undergo a
lowering of symmetry, sometimes accompanied by remarkable distortion of the framework
only for some cations: this can be an obstacle in the computation of bond strength.

In this paper protons are referred to with the symbol H, followed by the framework oxygen
numbers of the Brensted hydroxyls, which are numbered according to the sequence
commonly adopted. As concerns extraframework cations, they are referred to with Roman
numbers; the nomenclature commonly adopted in literature to indicate cation sites is followed
whenever it is possible, and the nomenclature used by Mortier {18] in his compilation of
extraframework sites is moreover reported every time this is useful or possible.
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2. RESULTS AND DISCUSSION

2.1 Mordenite

The topological symmetry of mordenite is orthorhombic, space group Cmcm. In its
framework there are four tetrahedral and eight oxygen sites, symmetrically independent. The
topological symmetry is also the real symmetry of dehydrated H-mordenite, and of many of
its dehydrated cation-exchanged forms. In Na-, K-, and Ba-mordenites [19-21] the framework
is slightly distorted and the real symmetry is lowered to the space group Pbcn. In this case
framework oxygens O1, 02, and O3 are split over two pseudo-symmetric positions. As this
effect does not influence in any remarkable way the data and conclusion reached, their split
will be overlooked in the following.

Four Bronsted acid sites have been recognized in mordenite [15], each bonded to one of
the four symmetrically independent tetrahedra. One of these sites (H9 in Fig. 1) is bonded to
09, a framework oxygen of the 4-ring, and heads toward the centre of the 8-ring. In
monocationic dehydrated mordenites two different sites have been localized in the 8-ring.
One, site I in Fig. 1, is at the center of the ring, at z=0 (site A according to Mortier [18]), and
is 6-fold coordinated with two 09 oxygens at quite a small distance (around 2.5-2.6A), and to
four O1 oxygens at a rather long distance. Site I is occupied only by quite small cations such
as Na [19], Ca [20] and, according to the spectroscopic data of Dedecek and Wichterlova
[21], by cobalt.
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Fig. 1. Projection of the crystal structure of mordenite along the [001] direction.

When mordenite is exchanged with large cations such as K [22], Rb [23], Cs [24] or Ba
[25], site I is empty, whereas another site, site II (which corresponds to site B [18]), still in the
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8-ring but rather distant from the previous one, hosts these cations and is coordinated to 09,
01 and O6. Both cation sites I and II are quite close to the position of proton H9 (see Fig. 1).

Another proton site is on framework oxygen 06 (H6 in Fig. 1), and heads toward the side
pocket; cation site III (site C [18]), which is frequently weakly occupied, is not far from the
center of the side pocket and is coordinated, at a short distance, to oxygen 06, like site 11, and
to OS. Site III is always weakly occupied and is empty in mordenites exchanged with large
cations.

Two other Brensted acid sites have been recognized in the 12-ring channel, and are bonded
to framework oxygens O5 (H5 in Fig 1) and O10 (H10 is the proton), respectively. A cation
site, site IV of Fig. 1 (site D [18]), is present in the 12-ring in all dehydrated mordenites. This
site is normally strongly occupied and is 5-coordinated, twice to O5 and O2, and once to O10.
Its position is therefore intermediate to the H5 and H10 positions, coordinating both O5 and
010. Another cation site, site V of Fig. 1 (site E [18]), inside the 12-ring, is often present in
dehydrated cation-exchaged mordenites, even if with low occupancy, and is also coordinated
to OS.

To sum up, all framework oxygens bonded to protons, id est 05, 06, 09, and 010, are
bonded to at least one, strongly occupied cation site.

Alberti [26] showed that in mordenite, according to the results of crystal structure
refinements of some natural samples, there is a partial order in the Si/Al distribution, and Al is
distributed in the four symmetrically independent tetrahedral sites according to the ratio:
T1:T2:T3:T4=18:10:43:29.

Therefore, in the calculation of the bond strength on oxygen atoms by tetrahedral cations,
the Al content given by the chemical analysis was distributed in the four T sites according to
the above ratios.

Table 1 reports the values of bond strength for the 10 symmetrically independent oxygen
atoms of the mordenite framework. This Table shows that 09, O1, 05, 010 and O6 receive
the lowest bond strength from tetrahedral cations and the highest from extraframework
cations. Therefore we can argue that Bronsted acid sites are present on a few of these
oxygens. This conclusion is in very good agreement with the results of the neutron structure
refinement of dehydrated D-mordenite, which clearly shows that protons are bonded to 09,
05, 010, and 06 [15].

2.2 Ferrierite

In the topological symmetry of ferrierite, orthorhombic, space group Immm, there are four
tetrahedral and eight oxygen sites, symmetrically independent. Unfortunately the structural
information available for this zeolite is not as satisfactory as that of mordenite. To date, only
four X-ray single-crystal structure refinements, on natural samples, are available. As reported
by Alberti and Sabelli [27], three of these (Mg-rich ferrierites characterized by Immm
symmetry) seem to indicate an Al enrichment in the T2 tetrahedron, whereas the other (a Mg-
poor, K-, and Na-rich ferrierite characterized by a monoclinic symmetry, space group P2,/n)
does not show any significant Si/Al ordering in the tetrahedral sites. All the structure
refinements of dehydrated cation-exchanged ferrierites have been made, by powder
diffraction data, on synthetic Mg-absent materials; therefore we assumed a complete disorder
in the Si/Al distribution. Consequently, bond strength by tetrahedral cations cannot provide
useful information to locate hydroxyl groups.
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Bond strength on framework oxygens in mordenites. First line: overall bond strength; second
line: bond strength from framework cations; third line: bond strength from extraframework

cations.
Nat® CaPT  RbPT csPT NalPlx K™+ Ba®lx  Average
ol 212 203 200 196 201 2.00 2.03 2.02
1.93 1.90 1.89 1.91 1.90 1.90 1.89 1.90
0.17 0.13 0.11 0.05 0.11 0.10 0.14 0.12
02 204 196 204 199 205 2.03 2.03 2.01
198  1.93 194 193 192 1.94 1.95 1.95
006  0.03 0.10 006 0.3 0.09 0.08 0.06
03 196  2.00 198 200 200 1.99 1.97 1.99
196 197 196 196 196 1.97 1.97 1.97
0.00 0.3 002 004 004 0.02 0.00 0.02
04 190 190 190 192 190 1.90 1.90 1.90
190 190 190 192 190 1.90 1.90 1.90
0.00  0.00 000 000 0.0 0.00 0.00 0.00
05 201 204 206 204 204 2.09 2.03 2.04
187  1.94 194 194 194 1.94 1.92 192
0.14  0.10 0.12 0.0  0.10 0.15 0.11 0.12
06 1.95 1.96 2.03 1.97 1.94 2.00 2.02 1.98
188 1.93 191 191 194 1.93 1.92 1.92
007  0.03 012 006 0.0 0.07 0.10 0.06
07 194  2.00 198 202 201 1.99 1.94 1.99
194  1.94 194 192 193 1.94 1.94 1.94
0.00  0.06 004  0.10  0.08 0.05 0.00 0.05
08 198 201 199 198 200 1.98 1.97 1.99
198 1.99 199 198  2.00 1.98 1.97 1.99
0.00 0.2 0.00 000  0.00 0.00 0.00 0.00
09 220 212 208 202 216 2.12 222 2.13
182  1.83 185 187  1.84 1.84 1.84 1.84
038 029 023 015 032 028 038 0.29
010 197 195 208 200 198 2.02 2.01 2.00
187  1.90 191 190 191 1.90 1.92 1.90
0.10 0.05 0.17 0.10 0.07 0.12 0.09 0.10

0o reference
* Space group Pbhen; bond strength values of 01, 02, and O3 averaged over the two pseudo-
symmetric positions.
Bond strength calculated according to Ferguson [57].
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Two Bronsted acid sites have been recognized in ferrierite [17]. One of them is on
framework oxygen O4 (H4 in Fig. 2), and heads toward the centre of the ferrierite cage, while
the other is on O6 (H6) and points toward the 10-ring channel, not far from the center of the
8-ring of the ferrierite cage facing towards the channel (see Fig. 2).

Fig. 2. The crystal structure of ferrierite viewed along [001].

Four cation sites have been recognized in dehydrated ferrierite. In K-ferrierite [28] the
most important one, site I in Fig. 2, is at the center of the 8-ring of the ferrierite cage, facing
towards the 10-ring channel. This site is coordinated with two O6 framework oxygens at quite
a short distance (2.6-2.9A), and with four O7 at a distance greater than 3A. In dehydrated Co-
, Ni-, and Cu-ferrierite [29-31] this site, called I’ in Fig. 2, is shifted from the center of the
ring, and is coordinated to only one Q6 and one O7; the ionic radii of these cations are too
small to remain at the center of the 8-ring. The similarity of location between H6 these sites is
evident in Fig. 2.

In Co- and Ni-ferrierite a cation site is located inside the ferrierite cage, in the so called
“boat shaped” position (site II), and is bonded to O6 and O5.

A second K site (site III in Fig. 2) has been found in K-ferrierite [28], not far from the
center of the 10-ring channel; this site is coordinated to O1 and O7. In Ni- and Co-ferrierites
(whose ionic radii are far shorter than that of K) this site is shifted in III’ in order to have a
better coordination, and is bonded to 06 and O8 (see Fig. 2). Another extraframework site
was found in Co- and Ni-ferrierites, and is bonded to O3. Moreover, cobalt exerts a strong
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interaction on O1 (this oxygen shifts about 0.6A from its position when Co is present), so that
O1 is coordinated to site IV in Co-ferrierite but not in Ni-ferrierite.

Table 2
Bond strength on framework oxygens from extraframework cations in ferrierite.
01 02 03 04 05 06 07 08
CuM 0.00  0.00 0.00 0.00 0.00 0.08 0.03 0.02
Nil2% 0.00  0.03 0.18 0.00 0.03 0.10 0.03 0.04
Co®! 0.12  0.02 0.13 0.00 0.02 0.08 0.04 0.05
K28 0.07  0.00 0.00 0.00 0.00 0.10 0.14 0.00

Average  0.05 0.01 0.08 0.00 0.01 0.09 0.06 0.03

0od reference
Bond strength calculated according to Ferguson [57].

Table 2 reports the values of bond strength from extraframework cations for the 8
symmetrically independent oxygens. Bond strength from tetrahedral cations is omitted
because a complete disorder in the Si/Al distribution was assumed.

As pointed out before, protons are attached to 06 and 04. Of these, 06 receives the
highest bond strength among all framework oxygens, whereas this value is zero for O4. It is to
be noted that the value of bond strength on O1, 03, and O7 strongly depends on the
exchangeable cation, whereas this value for O6 does not greatly depend on the cation.

2.3 Chabazite

In the topological symmetry (R3m) of chabazite there is only one symmetrically
independent tetrahedron. Consequently, in all chabazite we can assume as a first
approximation that each framework oxygen receive the same bond strength from tetrahedral
cations. Nevertheless, the bond strength from extraframework cations is often strongly
different, so that this information could be useful for localizing hydroxyl groups. Four oxygen
sites are present in the topological symmetry of chabazite. The topological symmetry is also
that of the majority of the dehydrated cation-exchanged phases. In Na- and Ag-exchanged
chabazites [32,33] the framework is remarkably distorted, and the real symmetry lowers to
monoclinic, C2/m space group. As a consequence, oxygen sites split over three (O2) or four
(01, 03, O4) symmetrically independent positions. However, this circumstance does not
significantly change the bond strength on the pseudo-symmetric oxygen sites, so that their
averaged values have been utilized in the following.

In synthetic chabazite two Brensted sites have been recognized by neutron powder
diffraction data [16]. One of these (H1) is on oxygen Ol, which is on the 4-ring joining
together the 6-rings of the double 6-ring, and the other (H3) is on framework oxygen O3 of
the double 6-ring. Both head toward the large cage of the zeolite (see Fig. 3). It is important
to note that the latter proton (H3) was found to tilt towards the center of the six-ring at an
angle as high as 45° from the plane of the T-O3-T bridge and shifted toward O4, the other
oxygen in the six ring, so that the H3-04 distance was only about 2.6A.
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Fig. 3. Perspective view of the crystal structure of chabazite.

Three extraframework cation sites are present in dehydrated chabazites [32-37]. One, site
IIl in Fig. 3 (site A according to Mortier [18]), is at the centre of the double 6-ring; its
occupancy is always very low or even zero. The most important, site II in Fig. 3 (site C [18]),
is on the threefold axis in the large cage outside the double 6-ring, but near the center of one
6-ring of D6R, and coordinates the 6 oxygens of the ring: three O4 at a short distance (around
2.4A) and three O3 at about 2.8A. This site is not far from proton H3. The last cation site is
on the 8-ring, coordinating O1 and, at larger distances, O2 and O3. This site is not far from
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proton H1.
Table 3
Bond strength on framework oxygens from extraframework cations in chabazite.
Ca P CoP® MnP"! CsP¥ CuP*  Nal?hx Ag[33]* Average
01 0.00 0.12 0.05 0.24 0.00 0.03 0.05 0.07
02 0.00 0.00 0.05 0.00 0.00 0.18 0.17 0.07
03 0.30 0.24 0.26 0.30 0.25 0.28 0.25 0.27
04 0.36 0.23 0.29 0.08 0.36 0.14 0.13 0.23
T reference

* Space group P 2,/n; bond strength values averaged over the pseudo-symmetric positions.

Bond strength calculated according to Ferguson [57].



21

Table 3 reports the values of bond strength from extraframework cations on the four
oxygens. According to these data, O3 appears the most probable location of hydroxyl groups,
not only because the highest bond strength is on this oxygen, but also because this value is
about the same independently of the exchanged cation (and indeed a proton is bonded to O3).
As concerns the other oxygen sites, there is a remarkable dishomogeneity in the bond strength
depending on the exchangeable cation. O1 is usually characterized by low or even zero bond
strength, but in Cs-chabazite this value is high; O2 receives a remarkable bond strength only
in the Na- and Ag-forms, whereas the value of the bond strength on O4 is high every time this
value is low on O1 or O2. Experimental data has shown that another proton is bonded to O1;
from the data of Table 3 we must conclude that, for this Brensted site, the information given
by the bond strength is unsatisfactory, whereas O3 is clearly the best candidate to host a
hydroxyl group.

2.4 Faujasite

The topological symmetry of faujasite-type zeolites is Fd3m with only one tetrahedral and
four oxygen sites, symmetrically independent. This is also the real symmetry of Al-poor
faujasite (zeolite X), whereas Al-rich faujasite (zeolite X), as a consequence of ordering in the

Si/Al distribution, lowers its symmetry to the Fd3 space group with two symmetrically non
equivalent tetrahedral sites (and four oxygen sites). However, also in this case each oxygen
receives the same bond strength as is bonded to an Al tetrahedron and to a Si tetrahedron.
Consequently, only the bond strength from extraframework cations is taken into account.

The location of Brensted acid sites in dehydrated faujasite has been studied by many
authors, who agree that two proton sites are present in this zeolite [3,9-12]. One has been
recognized on framework oxygen O1 (H1), which is the oxygen joining the two 6-rings of the
D6R, and points toward the large cavity, while the other is bonded to O3 (H3), an oxygen of
the 6-ring. Proton H3 heads toward the center of the 6R, but outside the D6R, i.e. in the
sodalite cage. According to Czjzek and coworkers [4], a third proton site (H2) with lower
occupancy is bonded with 02, the other oxygen on the 6R and, like H3, points toward the
center of the 6R. It is evident that the position of H1 in faujasite resembles that of H1 in
chabazite, whereas H3 (and H2) can be compared with H3 in chabazite. Protons have not been
found in either structure on the oxygen of the 4-ring which joins the D6R.

There is a wealth of literature on the dehydrated forms of faujasite, which is difficult to
schematise. In fact, the Si/Al ratio strongly varies in this phase, and significant differences
have often been found by different authors in materials exchanged with the same cation and
having comparable Si/Al ratio.

Basically, in dehydrated faujasite cations can occupy four sites on the triad, normally
called sites I, I’, Il and II’ (according to Mortier [18], sites A, C, G, E, respectively), whereas
two other sites, usually called III and III", very near each other and normally weakly occupied
or even empty, are often present in the large cage. It is unusual that all these sites are occupied
in a single phase, whereas cations are always present in site I or I’ and in site Il or II’

Site [ is 6-coordinated to oxygen O3, while is bonded to proton H3, and I’ is 3-coordinated
to the same oxygen at quite a short distance (around 2.5A) and to O2 at a greater distance
(around 3A); sites II and II’ are 3-coordinated (at very short distances, 2.3-2.5A) with 02,
bonded to proton H2, and with 04, whereas sites III and III’ are bonded to O4 and O1 (see
Fig. 4). When protons begin to exchange extraframework cations, they tend to occupy
Brensted site O1, and only at a higher cation exchange do they occupy site O3. It may seem
strange that the first Brensted site involves framework oxygen O1, which is weakly bonded to
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cation sites (see Table 4), whereas 03, 02 and also O4 are strongly bonded to cations; an
explanation can be found in the fact that site II is almost fully occupied in dehydrated Y, so
that O2 and O4 cannot host a proton, and the fact that O3 cannot host a proton until both I and
I’ sites are empty.

04

02

iy

0o3% 01 4

Fig. 4. Schematic representation of faujasite structure viewed along [111].

Table 4
Bond strength on framework oxygens from extraframework cations in faujasite.

NaX NaX NaX CdX TIX AgXY AgY CaXY CaY LaY CuY Average
[40)  [41) [421 {43 @7 |4 [46 [45] [44]  [9]  [48)

O1 0.18 0.06 0.20 0.00 0.15 0.14 0.00 000 000 0.00 0.03 0.07
02 031 031 031 042 023 027 020 033 016 006 020 0.25
03 0.21 0.17 021 021 020 027 020 034 033 041 020 025
04 028 0.19 026 027 028 025 0.11 023 0.11 002 0.10 0.19

bl reference
Bond strength calculated according to Ferguson [57].
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According to Bosacek et al. [12] the affinity of Brensted sites with the framework oxygens
is:

03>01>02~04.

According to the data of Table 4, O3 is the best candidate to host a hydroxyl group due to
its high bond strength with extraframework cations, whatever these are. Also O2 seems a
feasible candidate to coordinate a Brensted acid site, much more so than O4 and O1.

2.5 Zeolite Rho

The topological symmetry of zeolite rho is cubic, space group Im3m, with only one
tetrahedral and two oxygen sites symmetrically independent.
It is interesting to note that the H-form of zeolite rho maintains its topological symmetry,

whereas all dehydrated cation-forms of this zeolite are strongly distorted and assume an /4 3m
symmetry. In this space group there is again only one tetrahedral site, but there are three
symmetrically independent oxygens, due to the splitting of site O2 over two sites, O2 and O3.

Only one Brensted acid site has been recognized in synthetic zeolite rho [13,14]: proton
H1 is bonded to framework oxygen O1 and heads toward the 8-ring (Fig. 5, on the right).

143 m Im3m

Fig. 5. Schematic representation of the structure of zeolite rho in its acid form with
topological symmetry (on the right), and in its cation-exchanged form, with real symmetry
(left), viewed along [001].

Three cation sites are present in this zeolite: one, site I, is at or near the center of the
double 6-ring (see Fig. 5); a second, site I, is at the center of the S6R; and the last, site III,
approximately on the plane of the S8R, but shifted with respect to the center of the S8R in
order to have better coordination distances. Site I is 4-fold coordinated to O3 and, at a greater
distance, to O1; this site is normally fully occupied, whereas it is empty when zeolite is
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exchanged with small cations. Site II is 3-fold coordinated, at short distances, to oxygen O2.
Site M1 is 4-fold coordinated, twice to O1 and twice to O3.

To sum up, both sites I and III are located in positions which resemble that of proton H1.
It is to be noted that when site I is weakly occupied, or empty, site III is largely occupied, and
if site I1I is empty site I is fully occupied.

Table §
Bond strength on framework oxygens from extraframework cations in zeolite Rho.

NaCsPY  SrCsPPHT grogPPIT Pl PO RpP2 T Bal™l Average

0Ol 0.10 0.11 0.13 0.16 0.08 0.10 0.07 0.10 0.11
02 0.08 0.00 0.00 0.00 0.00 0.06 0.17 0.00 0.04
03 0.23 0.21 0.16 0.18 0.09 0.13 0.19 0.10 0.16
X1 reference

HT: heated at 573 K and collected at 573 K; LT: heated at 473 K and collected at 293 K
Bond strength calculated according to Ferguson [57].

However, from Table 5 we do not have a clear picture of the most probable location of
hydroxyl groups. Bond strengths seem to suggest a preference of protons in the order O3 >
O1 > O2 but, if we consider that in the H-form (space group /m3m) site O2 is not split over

02 and O3 (as happens in /4 3m symmetry), no indication can be obtained from the location
of extraframework sites in dehydrated zeolite rho.

3. CONCLUSIONS

It has been seen that Brensted acid sites are frequently associated to framework oxygens
on which there is a strong bond strength. Therefore, the information given by the location and
occupancy of cation sites in dehydrated cation-exchanged forms can help to localize Bronsted
sites. The literature, in fact, abounds with studies on the structure of dehydrated cation-
exchanged zeolites, whereas framework hydroxyls have, to date, been recognized only in the
zeolites discussed above. Also the Si/Al distribution could provide useful information. An
oxygen on which bond strength from tetrahedral cations is low has a higher probability of
hosting a proton. Mordenite is a good example of this statement. Unfortunately, zeolite rho,
chabazite, and faujasite, having only one symmetrically independent tetrahedral site, cannot
provide information in this way, while the data from the literature on Si/Al distribution in
ferrierite, is insufficient to utilize this information for our aim.

Spectroscopic data (IR and NMR in particular), as well as the information given by
quantum-chemical computations, can be extremely useful, when supported by structural data,
for recognizing Brensted sites. In our opinion, if all this information is taken into account
together, it is possible in many cases to locate framework hydroxyls, even if neutron
diffraction data are not at our disposal.
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Characteristics in the Photocatalytic Reactivity of the Tetrahedrally
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In situ characterizations of Ti-oxides included within various types of zeolites or
anchored on support surfaces were carried out by means of UV-Vis, ESR, photoluminescence
and XAFS (XANES and EXAFS) investigations, providing important insights into their local
structure and their photocatalytic reactivity for the decomposition of NO into N, and O, as
well as the reduction of CO, with H,0 into CH,OH and CH,. It was found that Ti-oxides
prepared within zeolites or on support surfaces exhibit quite different and high photocatalytic
reactivity as compared to bulk powdered TiO, and also that the high reactivity of the charge
transfer excited triplet state of the tetrahedrally coordinated Ti-oxides, ( Ti>* - O~ )*, plays a
significant role in the unique and high photocatalytic reactivity of these catalysts. The
reactivity of such a charge transfer excited state was also found to strongly depend on
differences in the molecular environment of the Ti-oxides such as the rigidity or flexibility of
the zeolite framework and the local structures of the TiO, unit, i. e., Ti(OSi),, Ti(OH)(OSi);
or Ti(OH),(0Si),.

1. INTRODUCTION

The design of highly efficient and selective photocatalytic systems that work without
any loss in the use of solar energy is of vital interest for future energy needs. In particular,
the development of efficient photocatalytic systems which are able to decompose NO directly
into N, and O; or to reduce CO, with H,O into chemically valuable compounds such as
CH3;0H or CH, are among the most desirable and challenging goals in the research of
enviromentally-friendly catalysts [1]. From this point of view, much attention has been
focused on the useful application of Ti-oxide photocatalysts, mainly as TiO, semiconductors,
TiO, thin films as well as isolated tetrahedrally coordinated Ti-oxides [1-3]. Recently, we
have reported that the highly dispersed tetrahedrally coordinated Ti-oxides, when compared
with bulk TiO, powder, exhibit high and unique photocatalytic reactivity for the NO
decomposition reaction as well as the reduction of CO, with H,O [2-5]. Thus, it is of special
importance to understand the relationship between the local structure of the Ti-oxides and
their photocatalytic reactivity, especially their selectivity among various types of Ti-oxide
catalysts.
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The present study deals with the distinct characteristics of Ti-oxides incorporated
within zeolite frameworks (TS-1, TS-2, Ti-MCM-41, Ti-MCM-48) or on the surface of
supports (Ti/FSM-16, Ti/Vycor glass) and their photocatalytic reactivity including their
selectivity for the NO decomposition reaction as well as for the reduction of CO, with H,O at
the molecular level using various in situ spectroscopic techniques such as photoluminescence,
UV-Vis, XAFS (XANES and EXAFS) and ESR spectroscopy.

2. EXPERIMENTAL

TS-1 and TS-2 (Si/Ti = 83), Ti-MCM-41 (S/Ti = 100) and Ti-MCM-48 (Si/Ti = 80)
were hydrothermally synthesized according to procedures previously reported [6-8].
Ti/FSM-16 and Ti/Vycor glass were prepared by a chemical vapor deposition method (CVD)
of the Ti-oxides onto FSM-16 or Vycor glass, respectively, through a facile reaction of TiCl,
with the surface OH groups of these supports in the gas phase at 453-473 K, followed by
treatment with water vapor to replace the chlorine atoms with the OH groups [2,9]. A TiO,
powdered catalyst, JRC-TIO-4 (anatase 92 %, rutile 8 %), supplied by the Catalysis Society
of Japan was used. Prior to photocatalytic reactions and spectroscopic measurements, the
catalysts were heated in O, at 723 K and then evacuated at 475 K. The photoluminescence
and lifetimes of the catalysts were measured at 77 K with a Shimadzu RF-501
spectrofluorophotometer and an apparatus for lifetime measurements. The XAFS (XANES
and EXAFS) spectra were obtained at the BL-7C facility of the Photon Factory at the
National Laboratory for High Energy Physics (KEK-PF) in Tsukuba. The Ti K-edge
absorption spectra were recorded in the fluorescence mode at 295 K with a ring energy of 2.5
GeV.  UV-Vis spectra were recorded at 295 K with a Shimadzu UV-2200A
spectrophotometer. The ESR spectra were recorded with a JEOL-2X spectrometer (X-band)
at 77 K. The photocatalytic decomposition reactions of NO and the reduction of CO, with
H,0 were carried out using the catalysts (150 mg for each) in a quartz cell with a flat bottom
(ca. 100 ml) under UV irradiation using a high pressure Hg lamp (A > 240 nm) at 295 K or 323
K, respectively.

3. RESULTS AND DISCUSSION

3.1 Characterization of the Local Structure of the Ti-oxides within various Types of
Ti-oxide Catalysts

The results of the XRD patterns and UV-Vis absorption spectra indicated that TS-1,
TS-2, Ti-MCM-41, Ti-MCM-48 and Ti/FSM-16 have original zeolitic structures with high
crystallinity while no aggregated Ti-oxides are formed [6-9]. The FT-IR spectra of TS-1 and
TS-2 exhibit significant bands at 960-970 cm", attributed to the stretching vibration mode of
the Si-OH groups bonded to the metal ions, indicating the successful incorporation of the Ti
ions within the zeolite framework [6]. The ESR signals of all Ti-containing zeolites as well
as Ti/Vycor glass show that the Ti3* ions are produced by photoreduction in the presence of
H, at 77 K, indicating that they involve the tetrahedrally coordinated Ti-oxides within the
framework or on the surfaces of the supports.
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Figure 1 shows the XAFS (XANES and EXAFS) spectra of Ti-MCM-41, Ti-MCM-
48 and the reference TiO, powdered sample. The shape of the XANES spectra provides

useful and detailed information on the local structure and coordination geometry of the central
Tiatoms. One of the characteristic features of the XANES spectra of these Ti-containing
zeolites was the appearance of a single pre-edge peak and its shape was similar to that of
Ti(O-iPr), having tetrahedral coordination, indicating that the Ti-oxides in these catalysts form
a tetrahedral coordination, while the bulk TiO, exhibited three peaks with lower intensities,
characterizing an octahedral coordination as in a rutile or anatase structure. However, the
pre-edge peak in the XANES spectra reported in Fig. 1 (A, B) for Ti-MCM-41 and Ti-
M CM -48 exhibit about 30 % of the edge jump, suggesting that these samples include a rather
large fraction of Ti in square pyramidal or octahedral coordination, which was probably caused
by pre-treatment problems in the samples, i.e., some water may have adsorbed on the samples
before and/or during the XAFS measurements. M oreover, in the Fourier transforms of the
EXAFS spectra of these catalysts, there is only one peak at around 1.6 A due to the
neighboring oxygen atoms (Ti-O), indicating the presence of isolated Ti-oxides in these
catalysts. The curve-fitting analysis of the EXAFS spectra of Ti-MCM-41 and Ti-MCM-

Magunitude / a. u.

Normalized Absorption

1 T F
4960 5000 5040
Energy / eV Distance / A
Fig. 1. XANES (left) and Fourier transforms of normalized k3
weighted EXAFS (right) without phase-shift correction of Ti-

MCM-41 (A, a), Ti-MCM-48 (B, b), and the bulk powdered
TiO, (C, c) as the reference sample.
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48 showed the tetrahedrally coordinated Ti-oxides to have four oxygen atoms in Ti-O
distances of 1.86 A and 1.88 A, respectively. Analyses of the XAFS (XANES and EXAFS)
spectra of the dehydrated TS-1 and TS-2 showed that they involve tetrahedrally coordinated
Ti-oxides within zeolite framework having four oxygen atoms in Ti-O distances of 1.83 A and
1.84 A, respectively, as shown in Table 1. In TS-1 and TS-2, Ti-O distances of 1.83 A and
1.84 A, respectively, are rather large when compared those reported in the previous literature.
This would probably be caused by the average bonding distance involving the presence not
only of tetrahedral but also Ti in square pyramidal or octahedral coordination [8, 10-14].

Table 1
Comparison of the various chemical parameters of the Ti-oxide species formed within zeolites and on
FSM-16 and SiO, surfaces and their photocatalytic reactivity.

\ TS-1 TS-2 T;-IMCM B'gMCM TIVGFSM Ti/Vycor glass Bulk TiO3

Coordination Tetra Tetra  Tetra Tetra Tetra Tetra Octa
Ti-O bond length,
A 1.83 1.84 1.86 1.88 --- - -
Photoluminescence
wavelength, nm 480 480 480 480 465 445 -
Selectivity for the
CH,OH formation, %| 206 26.5 30.8 28.8 412 350 =0

Selectivity for the 820 800

- 89.0 --- .
N, formation, % 88.0 > 18

Figure 2 shows that Ti-MCM-48 exhibits a photoluminescence spectrum at around
490 nm by excitation at around 270 nm at 77 K. The observed photoluminescence and
absorption bands are in good agreement with those previously observed with highly dispersed
tetrahedrally coordinated Ti-oxides prepared in silica matrices except for the band position.
We can, therefore, conclude that the observed photoluminescence spectrum is attributed to the
following radiative decay process (eq. 1) from the charge transfer excited state to the ground
state of the highly dispersed Ti-oxides in tetrahedral coordination [3,5].

hv
(TiY-0F) = (Ti*" -0 )* (eq. 1)
hv'

The maximum positions of the photoluminescence spectra on the various types of Ti-
oxide catalysts are shown in Table 1. It can be seen that the Ti-containing zeolites (TS-1,
TS-2, Ti-MCM-41 and Ti-MCM-48) exhibit photoluminescence at a maximum position of
480 nm, while TVFSM-16 and Ti/Vycor glass exhibit photoluminescence at 465 and 445 nm,
respectively. Marchese et al. proposed that the various band positions in the spectra are due
to the relaxation of the different oxygen molecules to tetrahedral Ti (IV) charge transfer
processes in the different environments [11]. Moreover, it is supposed that Ti-oxides
included within TVFSM-16 or Ti/Vycor glass prepared by the CVD method have an open



structure with one or two
terminal OH ligands,
Ti(OH)(OSi); or
Ti(OH),(0Si),, while Ti-
oxides incorporated within the
zeolite framework have a
closed structure of Ti(OSi),, as
suggested by Coluccia et al.
[15] Moreover, it is likely
that the molecular environment
of the Ti-oxides such as the
rigidity or flexibility of the
zeolite framework causes a
significant and pronounced
effecct on the chemical
properties of the TiO, unit.
Taking these results into
consideration, the different
band positions of the observed
photoluminescence  of  the
various Ti-oxide catalysts may
be attributed to the differences
in the molecular environment
of the Ti-oxides such as the
rigidity or flexibility of the
zeolite framework and the
local structures of the TiO,4
unit, i e., Ti(OSi),,
Ti(OH)(0OSi), or
Ti(OH),(OSi);, as shown in
Fig. 3[14,15].

Figare 2 also shows
that the addition of NO, H,0
or CO, molecules onto the Ti-
MCM-48 catalyst leads to an
efficient quenching of the
photoluminescence as well as a
shortening of the lifetime of
the charge transfer excited
state, its extent depending on
the amount of gasses added.
Such an efficient quenching of
the photoluminescence with
NO, CO; or H,O molecules
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Fig. 2. Effect of the addition of CO, on the
photoluminescence spectra of the Ti-MCM-48 catalyst
measured at 77 K. Pressure of added CO,: 0 (A), 0.1
(B), 0.5 (C), 2.0 (D) and (E) 10.0 Torr

(a) Surface type (b) Zeolite cavity and
(open structure) framework type (closed
structure)

Fig. 3. Local structure models of the tetrahedral
Ti-oxides between the open structure type (a) and the
closed structure type (b) in different environments.
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suggests not only that tetrahedrally coordinated Ti-oxides locate at positions accessible to
these small molecules but that they also interact with the Ti-oxides in both its ground and
excited states.

3.2 Interaction of the Ti-oxide Catalysts with the Guest Reactant Molecules and their
Photocatalytic Reactivity

3.2.1 Photocatalytic Reactivity for the Reduction of CO, with H,O and NO
Decomposition on the Ti-oxide Catalysts
UV-irradiation of the
Ti-oxide catalysts in the
presence of a mixture of CO,

and H,0 led to the formation 80

of CH30OH and CH, as the L

main products as well as CO, " 70 CH,

CHy and C;Hg as the minor 160 - M cHsoH

products in the gas phase at =550l

323 K, while the yields of @

these photo-formed products g 40 |

increased in proportion to the =~ 2

irradiation time [4]. The @ 30 -

yields of CHyand CH;OHas @ 20 |

well as the selectivity for >

CH;OH formation, which 10

have been normalized for the 0 1773 7 Anmmm o %lﬂlll

unit amount of TiO, in the Tio 781 Ti-MCM Ti-MCM Ti/FSM
catalysts, are shown in Fig 4 2 -41 .48 -16

and Table 1, respectively. It
can be seen that Ti-oxide
catalysts exhibit high
photocatalytic reactivity for
CO, reduction with H,0 as titanium oxide catalysts.

compared bulk TiO, in the

following order: TiO, << TS-

1 < Ti-MCM-41 < Ti-MCM-48 << TI/FSM-16 = Ti/Vycor glass. Thus, it can be seen
that highly dispersed tetrahedrally coordinated Ti-oxides play a significant role in the
reactivity and selectivity for CH;OH formation in this reaction. In particular, TVFSM-16
shows the highest reactivity among these Ti-oxide catalysts, which may be attributed to the
high reactivity of the charge transfer excited triplet state of (Ti** - O")*. It seems possible
that the reactivity strongly depend on the molecular environment of the Ti-oxide species such
as the rigidity or flexibility of the zeolite framework, including the differences in the local
structures of the TiO4 unit, i e, TiOH)(OSi); or Ti(OH),(OSi);. These results clearly
indicate that a high photocatalytic efficiency and selectivity for the formation of CH;OH in

Titanium oxide catalysts

Fig. 4. Yields of the photo-formed products in the
photocatalytic reduction of CO, with H,O on various
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the reduction of CO, with H,O

could be achieved by the design of ?2-
catalysts having highly dispersed Tit+
tetrahedrally  coordinated  Ti-
oxidfes within the mesoporous o 02 0%
zeolite cavities. ! ]

Furthermore, the
photocataly tic decomposition N2 02 (Gml::)d state) N0
reaction of NO was seen to
proceed on these Ti-oxide catalysts,
leading to the formation of N, O, /’ 0 (Local lecton tansler) gz
and N,O with a good linearity NeO o | ()
against the UV-irradiation time, T'4+ Tt
while under dark conditions, no / v / I\
products could be observed. The 02 Excitation 02- 02~ 02
selectivity for N, formation in the W
photocataly.tic de.con?position of (Excited state) Wk :gtcirlicst?:db%wéims)
NO on various Ti-oxide catalysts © {B)
are shown in Table 1. It can be
seen that the specific Fig. 5. Reaction scheme of the photocatalytic
photocatalytic  reactivity  and decomposition of NO into N, and O, on the Ti-
selectivity for N formation on the oxide catalyst with tetrahedral coordination.

Ti-oxide catalysts which have been

normalized for the unit amount of

titanium oxide in the catalysts are

much higher than the bulk TiO, catalysts. These results indicate that highly dispersed
tetrahedrally coordinated Ti-oxides exhibit high selectivity as well as efficiency for N»
formation in the photocatalytic decomposition of NO into N, and O, as compared with bulk
Ti0; having an octahedral coordination. From the above results, the reaction mechanism for
the photocatalytic decomposition of NO on the isolated tetrahedrally coordinated Ti-oxides
can be proposed, as shown in Fig. 5. The NO molecules are able to adsorb onto these Ti-
oxides as weak ligands to form the reaction precursors. Under UV-irradiation, the charge
transfer excited complexes of the Ti-oxides, (T’ - O°)*, are formed. Within their lifetimes
the decomposition of NO into N and O, as compared with bulk TiO, having an octahedral
coordination. These electron transfers lead to the direct decomposition of two sets of NO on
(Ti1-O) into N, and O, under UV-irradiation. On the other hand, with the bulk TiO, catalyst,
the photo-formed holes and electrons rapidly separate from each other with large space
distances between the holes and electrons, thus preventing the simultaneous activation of two
NO molecules on the same active sites while the decomposed N and O species react with NO
on different sites to form N,0 and NO,, respectively [5].
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3.2.2 Relationship between the Coordination Number of Ti-oxides and the Selectivity
for Photo-formed Products on the various Types of Ti-oxide Catalysts
As  mentioned
above, XAFS (XANES
and EXAFS) 100 —m88— o>

investigations of Ti-

oxide catalysts at the Ti 0

K-edge were performed L 8o

and the resuits revealed 5

the Ti-oxides to have a I

tetrahedral coordination c§> 60

within  the Ti-oxide e

catalysts, while the Ti- E

oxides have an L 40F

octahedral coordination *E'

in the case of the bulk 5 |

TiO, photocatalyst. % 20

Figure 6 shows the @

relationship between the 0 L : : ! ;
coordination number of 3.5 4 4.5 S 5.5 6 6.5
the Ti-oxides and the Coordination Number

selectivity  for N, Fig. 6. Relationship between the coordination number
formation in the of Ti-oxides and the selectivity for the N, formation in
photocatalytic the photocatalytic decomposition of NO into N, and O,
decomposition reaction on the various titanium oxide catalysts.

of NO on the various

Ti-oxide photocatalysts.

The clear dependence of the N, selectivity on the coordination number of the Ti-oxides can be
seen, i. e., the lower the coordination number of Ti-oxides, the higher the N, selectivity [5].
Moreover, the clear dependence of the CH30H selectivity in the photocatalytic reduction of
CO, with H,0 on the coordination number of the Ti-oxides could also be observed, i. e., the
lower the coordination number of Ti-oxides, the higher the CH;OH selectivity. From these
results, it can be proposed that the highly efficient and selective photocatalytic decomposition
of NO into N, and O, as well as reduction of CO, with H,O into CH;0H can be achieved
using Ti-containing zeolites as a photocatalyst involving highly dispersed tetrahedrally
coordinated Ti-oxides as the active species.

CONCLUSIONS

We have demonstrated that a highly efficient and selective photocatalytic
decomposition reaction of NO into N, and O, as well as the photocatalytic reduction of CO,
with H,O into CH30H can be achieved using Ti-containing zeolites as a photocatalyst which
includes highly dispersed tetrahedrally coordinated Ti-oxides. Furthermore, it was found
that a lower coordination number of Ti-oxides (from octahedral to tetrahedral coordination)
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caused a higher selectivity for photo-formed N, and CH;OH formation in the photocatalytic
decomposition of NO and reduction of CO, with H,O, respectively. Moreover, it was found
that the Ti-oxides anchored onto the surface of FSM-16 and porous Vycor glass exhibited
much higher photocatalytic reactivity for the reduction of CO, with H;O into CH;OH and
CH, than Ti-oxides incorporated within the micropores of the zeolite framework such as in
the TS-1 and TS-2, the reactivity strongly depending on the molecular environment of the Ti-
oxides such as the rigidity or flexibility of the zeolite framework as well as the local structures
of the TiO, units, i.e., Ti(OSi)y, Ti(OH)(OSi); or Ti(OH), (0Si),.
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Heteropolyacid-modified polymer silica membranes for Direct Methanol Fuel Cells have
been prepared and tested under high temperature operatlon conditions (145°C) in single cell
configuration. A maximum power density of 0.4 W/cm? in oxygen with 2 M methanol has
been obtained; with air at the cathode, this value decreased to 0.25 W/cm?. The hlgher
performance of the heteropolyacid-Nafion-silica membrane, with respect to Nafion-silica, is
attributed to its better ion transport properties, since the measured cell resistance value is
similar for both membranes.

1. INTRODUCTION

Solid polymer electrolyte direct methanol fuel cells (SPE-DMFCs) are emerging as
candidates for power sources in transportation applications, due to their very low emission
levels. A SPE-DMFC comprises a membrane electrolyte coated on one side with a platinum-
based cathode and the other side with a platinum ruthenium-based cathode. At present state-
of-the-art perfluorosulphonic polymer electrolyte membranes suffer two main drawbacks, i.e.
dehydration (with consequent lower conductivity and performance losses), and methanol
cross-over. The first drawback severely hinders the operation at temperatures higher than
100°C which is a prerequisite for the suitable electro-oxidation of small organic molecules
involving formation of strongly adsorbed reaction intermediates such as CO-like species.
Thus, a breakthrough would be needed to increase the working temperature and,
consequently, improve the performance of the methanol-fed devices; the development of of
high temperature resistant proton exchange electrolytes is an ambitious goal to be pursued in
order to favour the acceptability of DMFC worldwide.

Recently, Dahr [1], Stonehart [2] and Watanabe [3] have made an attempt to reduce the
humidification constraints in solid polymer electrolyte fuel cells (SPEFCs) by using modified
perfluorosutfonic membranes. A recast Nafion film sandwiched between the two electrodes
was first proposed by Dahr [1] for the realization of an internally humidified SPEFC.
Stonehart [2] suggested the inclusion of small amounts of silica powder into the recast film in
order to retain the electrochemically produced water inside the membrane. Watanabe et al [3]
have tried to exploit the Ho/O, crossover through the membrane to produce a chemical
recombination to water on small Pt clusters inside the membrane. All of these membranes
were operated with Hy/O, at 80°C and allowed the development of systems without assisted
humidification or with near ambient humidification.

The basic idea of the present work was to use a composite silica — recast Nafion membrane
in a SPE-DMFC operating at a temperature (about 150°C) well above that of a Hy/O> fuel



38

cell, in order to enhance the kinetics of methanol oxidation. In a liquid-feed fuel cell water is
supplied together with the fuel at the anode compartment and is produced at the cathode side
during the electrochemical operation. Thus, we have sought a first advantage from the water-
uptake properties of both recast Nafion and silica in order to allow fuel cell operation at
145°C.

In a further series of experiments, phosphotungstic acid (PWA) was impregnated onto
silica particles and the resulting material was loaded in the recast Nafion. As is well known,
heteropolyacids (HPAs) have demonstrated suitable characteristics to be used as proton
conductive materials in fuel cells [4-6]. Due to dissolution phenomena in water, however,
previous experiments using solid heteropolyacid did not result in stable fuel cell performance
[5]. To overcome this problem, resulting in a short lifetime of the fuel cell, experiments of
blocking the HPA in a host material were carried out [7-9). Thus, in this work the
phosphotungstic acid-modified membrane was compared, in terms of performance, with the
bare silica-recast Nafion membrane in direct methanol fuel cell at 145°C.

1.1. The heteropolyacids

Heteropolyacids (HPAs) have suitable characteristics to be used as solid electrolytes or as
aqueous solutions in fuel cells [4-6]. They are known to show very strong Bronsted acidity as
solid electrolytes [10], exceeding that of such conventional solid acids such as SiO,-ALO;,
H3P04/Si0,, and HX and HY zeolites. The acid strength of concentrated heteropolyacid
aqueous solutions in terms of the Hammett acidity function is higher than that of the
constituent oxo-acids and ordinary inorganic acids [10-12]. In fact, the three protons of
H3PW 1,04 are completely dissociated in dilute aqueous solutions. It has been recently
confirmed by calorimetric titration that anhydrous Hy;PW;,040 in acetonitrile is a superacid
[13]. The strong acidity is caused by two main factors: (1) dispersion of the negative charge
over many atoms of the polyanion and (2) the fact that the negative charge is less distributed
over the outer surface of the polyanion owing to the double-bond character of the M=0 bond,
which polarizes the negative charge of O to M [14]. Keggin was the first to determine the
structure of [PW 204> using X-ray analysis {15]. The acidity of the solutions of
heteropolyacids is reflected on their proton conductivity which is of the same order of
magnitude as that of ordinary mineral acids. Heteropolyacids also show high proton
conductivity when they are in crystalline forms with determined numbers of water molecules
in their structure [16-18]. Proton conductivities of 0.17 and 018 S cm” were measured by
Nakamura et al. [16}], respectively, for phosphomolybdic and phosphotungstic acids
containing in their structures 29 water molecules of crystallization. The proton conductivities
of the heteropolyacids in this solid form are higher than those of other known solid
conductors.

2. EXPERIMENTAL

An appropriate amount of Nafion® ionomer (5% wt/wt, Aldrich) was mixed with 3%
wt/wt SiO, (Aerosil 200, Degussa) in an ultrasonic bath for 30 min. This solution was cast
[19,20] in a Petri dish and heated at 80°C for 30 min. The recast composite Nafion® film was
detached from the Petri dish by addition of distilled water and allowed to dry for 15 hrs at
room temperature. Afterwards, it was cut to obtain a regular shape and then hot pressed
between two PTFE foils at a few bars and increasing temperatures. The final treatment was
160°C for 10 min. The latter step allowed to increase the crystalline fraction inside the
composite membrane with consequent improvement of the mechanical properties. The
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thickness of the dry membrane was 80 pm and contained 3% wt/wt of silica. The membrane
was purified in the usual way [21].

The same general procedure was adopted for the preparation of the PWA-silica-Nafion
membrane. The PWA-containing silica powder was composed of 30% wt/wt phosphotungstic
acid; this amount was dictated by the uptake characteristics of silica.

2.1. Membrane-electrode assembly (MEA)

The catalysts for methanol oxidation and oxygen reduction were 40% Pt-20% Ru/Vulcan
XC 72 (E-TEK Inc.) and 20% Pt/Vulcan XC 72 (Electrochem Inc.), respectively. The reaction
layers were prepared by directly mixing in an ultrasonic bath a suspension of Nafion®
ionomer in water with the catalyst powder; the obtained paste was spread on carbon cloth
backings. Pt loading was 2 mg cm™ in both electrodes. The MEA was manufactured by
pressing the electrodes onto the composite membrane at 130° and 50 atm {22].

2.2. Single Cell

The MEA was loaded into a single cell test fixture (Globe Tech Inc.) which was connected
to an HP 6060B electronic load. Aqueous solutions of methanol, as well as humidified
oxygen, were preheated at 85°C and fed to the cell. The operating temperature of the cell was
145°C. Oxygen humidification at significantly lower temperatures produced thermal gradients
which resulted in some fluctuations during the electrochemical polarization. The outlet fluxes
from anode and cathode compartments were measured on-line before being condensed in two
separate reservoirs. The solutions were analysed by a Carlo Erba VEGA Series 2 GC 6000
chromatograph equipped with Carbopack 3% SP 1500 column and flame ionization
detector[23].

An appropriate experiment was devised to analyze the gas compositions at both anode and
cathode outlets. The outlet stream composition was chromatographically analyzed by drawing
a dried gas sample with a syringe. Water and methanol from the stream were removed by a
magnesium perchlorate bed while the gas sample was being drawn from a glass sampling bulb
provided with a plug-type system. The gaseous products were analyzed with two columns in
series: (i) a 2.5 m Porapak QS 80/100 and (ii) a 2.5 m molecular sieve 5 A kept at 70°C and
connected to a thermal conductivity detector (TCD).

2.3. Physico-chemical characterization

X-ray diffraction (XRD) analysis was carried out with a Philips X-Pert diffractometer
using a CuKa source. Instrumental broadening was determined by a standard Pt sample under
the same analysis conditions.

The morphology of the MEA was investigated with a Philips XL20 scanning electron
microscope (SEM), equipped with a LaBs filament.

3. RESULTS AND DISCUSSION

X-ray diffraction analysis showed that both anode and cathode catalysts exhibit the
diffraction peaks of Pt fcc structure (Fig. 1). A significant shift to higher 20 values is observed
for the diffraction peaks in the Pt-Ruw/C sample with respect to the PUC catalyst. The lattice
parameters, ag,, were 3.921A in PY/C and 3.87 A in Pt-Ru/C catalysts, respectively, as
determined by the peak profile fitting of the (220) reflection (Fig. 2).
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The observed lattice parameter for the Pt-Ru/C sample follows from the presence of a solid
solution of Pt and Ru. According to the variation of ag, with composition for Pt-Ru bulk
alloys, an atomic fraction of 45% Ru should be present in the carbon supported alloy. An
average particle size for the metal crystallites of 23 A and 20 A in the PYC and PtRw/C
catalysts, respectively, was determined from the broadening of the (220) diffraction peak by
using the Debye-Sherrer equation.

X-ray diffraction patterns of the powder consisting of 30% wt/wt PWA revealed an
overlapping of the typical crystalline structure of heteropolyacid and the amorphous structure
of silica (Fig. 3 ); the PWA-modified membrane shows even larger crystalline characteristics,
indicating a higher degree of backbone chain packing.

250

200

15 25 35 45 55 65 75 85 95
Two-Theta Degrees

Fig. 1. X-ray diffractogram of Pt-Ru/C and Pt/C catalysts.
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Fig. 2. Peak profile fitting of the (220) reflection in Pt-Ru/C and Pt/C catalysts.
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Accordingly, Fig. 4 shows the X-ray diffraction profiles of Nafion® 117 and the composite
membranes, prepared as described in the experimental section, in the protonic form and dry
state. The broad diffraction peaks at 26 = 12-20° result from a convolution of a.morphous
(26 = 16) and crystalline (26 = 17.50) scattering from the polyfluorocarbon chains of Nafion®.
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Fig. 3. X-ray diffraction patterns of bare (a) and PWA-impregnated silica powder

Silica-Nafion

Nafion

Counts / a. u.

Two-Theta Degrees

Fig. 4 X-ray diffraction profiles of Nafion 117 and composite membranes in protonic form
and dry state. Curve a is the convolution of curves b and c. Measured data are shown by dots.
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By comparison of the diffractograms, an increase of the ratio between the crystalline peak
and the amorphous scattering, as well a shift of the crystalline geak to higher Bragg angles, is
apparent in the Nafion-silica membrane with respect to Nafion™ 117.

Thus, the addition of silica and heteropolyacid modifies the relative ratio between
crystalline and amorphous structure of cast Nafion with respect to bare Nafion. Yet, due to the
low loading of silica and heteropolyacid in the membrane (3% silica, less than 1.5% PWA), it
appears unlikely that the inorganic components are responsible of such significant
modification in the Nafion structure. More probably, the observed changes have to be
attributed to the final thermal treatment (160°C).

A secondary electron micrograph of the complete MEA is shown in Fig. 5 . At the bottom
and top sides of the micrograph, diffusion layers including carbon cloth fibers are easily
recognized.

Fig. 5. SEM image of a cross section of the membrane-electrode assembly. Anode, bottom;
cathode, top.

The electrode-electrolyte assembly was investigated in a single cell test station. After
installing the MEA in the fuel cell housing, water was supplied to the anode and cathode
backing layers and the cell was warmed-up step-wise from room temperature to 145°C. The
polarization curves obtained for the fuel cells equipped with the Nafion-silica and Nafion-
silica-PWA membranes, under same conditions in presence of oxygen feed at cathode and 2M
methanol solution at anode, are reported in Fig. 6.

Similar electrochemical characteristics are observed up to 0.5 A/cm” The PWA-based
membrane shows lower mass transport limitation with consequent higher voltage at higher
current densities, giving a maximum power density of 0.4 W/cm? at current density of about
1.4 A/em? under oxygen feed operation at 145°C; maximum power density of 0.34 W/em®
was obtained with the silica-modified membrane. It is clear that a positive effect on cell
performance is given by the addition of phosphotungstic acid to the silica-Nafion membrane.

Since the enhancement was observed at high current densities, one may ascribe this
behaviour to a better jon transport through the membrane under such conditions. Yet, this
conjecture is not supported by the analysis of the cell resistance-temperature relationship

(Fig. 7).
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Fig. 6. Polarization and current density curves for MEAs equipped with Nafion-silica (®) and
Nafion-silica-PWA () membranes. Conditions: 145°C, oxygen, 2M methanol.
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Fig. 7. Cell resistance vs. temperature during DMFC operation (current interrupter method).

In a previous paper [24] we have demonstrated a promoting effect of phosphotungstic acid
on the kinetics of electrochemical reduction of oxygen. This was mainly attributed to the high
oxygen solubility in the PWA electrolyte. Thus, the increase in limiting current density here
obtained with the PWA-based membrane-electrode assembly could be more properly related
to such high oxygen solubility. For what concerns a possible promoting effect on methanol
oxidation, it is known that CO-like products, which form at the anode during methanol
oxidation reaction giving rise to a strong chemisorption on the catalyst surface, are better
removed in the presence of heteropolyacid [25]. Yet, the expected improvement in the
activation- controlled region is not observed. Thus, the hypothesis of lower voltage losses at
high currents due to enhanced oxygen solubility at the interface appears to be the most
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probable. In the presence of oxygen, the best fuel cell performance was obtained with 2M
methanol solution. With air at the cathode, the best performance (0.25 W/em? at 145°C, PWA
membrane) was obtained by feeding 1M methanol solution at the anode, on account of the
more significant effect of methanol cross-over on cathode polarization in the presence of air
as oxidant; 0.21 W/ecm® were obtained with the silica-Nafion membrane at the same

temperature (Fig. 8).
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Fig. 8. Comparison of the polarization and power density curves with air and oxygen for the
MEA equipped with the PWA-modified membrane at 145°C. Operating conditions: oxygen

feed, 2M methanol; air feed, 1M methanol.
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Fig. 9. Influence of operation temperature on the DMFC polarization characteristics for the

MEA equipped with the PWA-modified membrane (oxygen, 2M methanol).

The influence of temperature on the polarization characteristics of the fuel cell working
with the PWA membrane is reported in Fig. 9. The voltage losses progressively decrease with
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temperature in the range 90-145°C for both activation- and diffusion-controlled regions;
experiments carried out at 150°C gave rise to an unstable electrochemical behaviour. It is
pointed out that the voltage gain at very low current densities (50 mA/cm?), passing from 90
to 145°C, is about 100 mV, denoting the strong activation nature of the methanol electro-
oxidation process.

4. CONCLUSIONS

Heteropolyacid-modified silica-Nafion membranes showed suitable properties for
operation at 145°C in direct methanol fuel cell. Since the cell resistance is similar to that of
Nafion-silica membrane and the main improvement in polarization is observed at high current
density, it is thought that the excellent oxygen solubility characteristics at the electrode/PWA
interface are responsible for the significantly higher limiting current density.
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ABSTRACT

The results obtained from the investigation of the crystallochemical properties of a
family of mixed Li-vanadates of general formula LiCoyNi(.,,VOs are reported. This kind of
material is believed to be a valid alternative to the traditional positive electrode materials in
the Li-ion cell, an electrochemical power source of outstanding importance in the portable
electronics field. The powders, prepared via two different methods (a wet chemistry route and
a solid state method), have been characterised by XRPD analysis, NMR and diffuse
reflectance Vis-NIR spectroscopy. The findings allowed to correlate the electrochemical
performance of the vanadates, which is higher for the samples prepared via wet chemistry, to
the crystallinity of the powders and to the transition metal cations distribution.

1. INTRODUCTION

The successful results of the Lithium ~ ion battery, a cell based on the rocking chair
concept [1], as an optimized power source system for portable electronics [2], has stimulated
research on new types of lithium insertion materials. This kind of accumulator needs, in fact,
that Li’ ions can be released during discharge from the negative electrode (anode) in
correspondence to the oxidation of some species in the electrodic material. Conversely, the
positive electrode (cathode) must intercalate Li" ions, during discharge, in correspondence to
the reduction of some component. Being this cell an accumulator, it can be recharged, at the
end of discharge, via a process opposite to that just described.

As far as the positive electrode material is concerned, promising alternatives appear to
be the mixed lithium vanadates of general formula LiCoyNiq.,yVO, [3,4]. These compounds
adopt an inverse spinel structure, where Li* ions reside in octahedral sites, Ni** and Co®" ions
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and V" ions can be distributed both in octahedrally and tetrahedrally coordinated sites [5,6].
Such structure should allow easy removal of lithium at potentials of the order of 4.2V to 4.8 V
vs. L1, depending upon the Ni/Co ratio.

We have therefore investigated the family of the mixed Li transition metal vanadates
trying to get an insight as complete as possible of the crystallochemical properties of these
compounds. Our goal for the future is to unravel the correlations between the structural
characteristics of these materials and their electrochemical behaviour.

Different preparation routes lead to powders with different electrochemical

performance, so, in order to investigate this aspect, we have prepared, by two different
methods, series of LiCo,Ni.,,VO4 (y=0, 0.2, 0.5, 0.8, 1) compounds. These powders have
been characterized by X-ray powder diffraction (XRPD), diffuse reflectance Vis-NIR and
NMR spectroscopies.
The XRPD technique, while an indispensable tool in the structural characterization of battery
cathode materials, provides information by averaging over hundreds of lattice sites. Thus it is
relatively insensitive to the local structural variations that occur when one kind of transition
metal ion is sequentially substituted for another (although it does give the average change in
lattice parameter according to Vegard’s Law™). On the other hand, NMR is particularly
sensitive to short range interactions, and then it yields information on short-range spatial
correlations, especially when the ions being substituted into the lattice are
paramagnetic.Diffuse reflectance Vis-NIR spectroscopy appeared, and proved to be, a useful
tool to investigate the features of nanometric thickness surface layers of the materials.

2. EXPERIMENTAL

A series of LiCo,Ni(1,)VO, materials, namely LiCoVOs4, LiCo002NiggVOs,
LiCog sNig5sVOys, LiCo0osNio2VOs and LiNiVO,4 have been considered in this work. These
compounds have been synthesised starting from reagent grade chemicals (ALDRICH
chemicals) by two different preparation methods: a wet chemistry and a solid state route. The
wet chemistry preparation procedure (hereafier referred to as WCh) has been described
elsewhere [5]. In the solid state route (hereafter referred to as SS) the precursors, LiCOs,
CoO0, NiO, V,0s, were finely ground in a ball mill and then annealed at 530 °C for about 200
to 230 hours. During this treatment the powders were re-ground each 24 hours to reduce the
size of the grains.

The structure of the compounds was probed by XRPD (Philips PW Diffractometer with
graphite monochromator). The measured integrated intensities were used for the refinement of
the unit cell dimensions, the atomic coordinates, the site occupancies and the isotopic thermal
factor related to a crystallographic model developed by XRD123, a publically available
software (internet address: http://www polito.it/Ulisse/Corsi/TLC/F0620/materiali).

The sample (500 mg) was packed into 5 mm OD pyrex tubes for the NMR
measurements, which were performed with a Chemagnetics CMX300 Spectrometer,
operating at 'Li and *'V resonance frequencies of 116.8 and 79.2 MHz respectively. Single
pulse excitation sequence was employed. A typical B/2 pulse width was 2.5 ps. For 'Li,
typically 1200 spectral acquisitions were required. Chemical shift references were aqueous
solutions of LiCl.

Diffuse reflectance Vis-NIR spectra were obtained using a Perkin-Elmer Lambda 19
spectrophotometer equipped with an integrating sphere and using BaSO, as reference powder.
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3. RESULTS AND DISCUSSION

3.1. XRPD analysis

The analysis of XRPD data indicates that all prepared materials have an inverse spinel
structure belonging to the cubic Fd3m space group. In the case of SS samples, as the duration
of annealing increased, diffraction peaks progressively narrower were recorded, indicating a a
corresponding increase of the cristallite size. After the annealing step, the diffraction peaks
obtained for the SS appeared narrower than those for the corresponding WCh samples,
indicating that this second set of samples is constituted by smaller size crystallites. SEM
micrographs [5,7] confirm this trend: SS powders are composed by about 5 pum particles,
while WCh samples contain grains smaller than 1 pm.

Figure 1 reports the variation of the lattice parameter a, for the materials prepared via
the two preparation procedures. It can be observed that for both sample sets the lattice
parameter increases linearly with the Co®* content, mainly because of the larger radius of this
ion with respect to Ni*" and that for each composition the SS and WCh samples exhibit the
same value of ag, within the limits of the experimental error.
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Figure 1. Variation of the lattice parameter aq [A] vs Co content for all studied samples in
dependence on the preparation method.

As the crystallographic site occupancy is concerned, in inverse spinels all Li" ions
reside in octahedral coordination sites, while the transition metal ions (TMI) can occupy both
octahedral and tetrahedral sites. The results obtained are reported in Table 1; they suffer a
limitation due to the fact that the XRPD technique can discriminate between V*' ion and Co®"
or Ni*" ions, while it fails in the distinction between Co*" or Ni** cations. The data reported
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clearly indicate, anyway, that the occupancy of octahedral and tetrahedral sites by Co?"- Ni*"
and V°* ions depends on both composition and preparation method.

Table 1:
Number of Co®* and/or Ni** and V" ions in octahedral (Oh) and tetrahedral (Td) sites per unit
cell for the LiCoyNi(1.y,VOs materials prepared via solid state (SS) or wet chemical (WCh)
method.

Entry Sample Preparation  Co’ on- Co* re- V' on V> 1
method Nit'on Ni* 14
1 LiCoVO, SS 8 0 0 8
2 LiCoVO, WCh 7 1 1 7
3 LiCOo,sNio_zVO‘; SS 8 0 0 8
4 LiCOo_sNio(zVO:‘ WCh 7 1 1 7
5  LiCoosNigsVOs SS 5 3 3 5
6  LiCoogsNigpsVO4 WCh 7 1 1 7
7 LiCOo_zNio_sV04 SS 5 3 3 5
8  LiCog2NipgVO, WCh 6 2 2 6
9  LiNiVO, SS 5 3 3 5
10 LiNiVO,4 WCh 6 2 2 6

considering SS samples it can be seen that, in LiCoVO,; and LiCoogNig2VOs, Co* -
Ni** ions are confined in octahedral and V** ions, consequently, occupy tetrahedral sites
(Table 1, entries 1 and 3). From LiCog sNip.sVO4 down to LiNiVOQy every kind of ion appears
distributed aimost equally between both tetrahedral and octahedral sites (Table 1, entries 5,7
and 9) with some preference of the Co®>" - Ni*' cations for the octahedral sites and,
conversely, of the tethraedral ones for V°*.

These findings are quite interesting since they are different with respect to what has
been reported for the pure spinels where Co** exhibits a tendency (of the order of 13 kJ/mole,
difference between the octahedral and tetrahedral coordination lattice energies) to assume a
tetrahedral coordination and Ni*" even a more marked tendency (of the order of 50kJ/mole,
difference between the tetrahedral and octahedral coordination lattice energies) to assume an
octahedral coordination [8].

As for the WCh materials, in LiCoVO, already some sharing of the Co®" ions between
the tetrahedral and octahedral sites appears, the same happening, in a complementary way, for
the V" ions (Table 1, entry 2). With the increase of the y value, in LiCoyNi(.,) VO, the extent
of the tetrahedral - octahedral distribution of the same kind of ion becomes more marked. This
takes place for the highest y values and it is not so extended as in the SS samples (Table 1,
entries 8 and 10).

A possible explanation of the differences in the TMI site occupancy between the SS
and WCh samples comes from the fact that during the long annealing treatment of the SS
materials the cations can have enough time to migrate so to achieve the most
thermodynamically stable coordination, whereas only metastable conditions are reached in the
mild conditions used for the WCh route.
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3.2. NMR spectra
Lithium-7 NMR spectra of all samples are displayed in Fig. 2 (Section A and B).

LicoVOs LiCoVO),

LiNioCop VO, LiNiosCog6VO;
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Figure 2. 'Li NMR signal at room temperature. Section A: WCh samples. Section B: SS
samples.

The spectrum of LiNiVO, (bottom) is a relatively narrow line with no evidence of
quadrupole satellite transitions, consistent with Li in an octahedral environment. Substitution
of Co®* for Ni*" broadens the "Li resonance line significantly due to the strong magnetic
dipolar interaction with spins localized on the Co site. Comparison of samples with the same
composition but different preparation methods shows that the 'Li NMR line shapes are
substantially different, especially when the Co-substitution is in the range of 50%, reflecting a
different spatial distribution of paramagnetic Co®" ions with respect to the Li* ions. The line
width of the solid synthesis (SS) sample at the 1:1 Ni:Co composition is narrower than that of
the corresponding wet synthesis (WCh) material, and the peak positions of the two lines
differ, with the SS peak appearing between the main peak and observable shoulder of the
WCh sample. This is consistent with a statistically random distribution of Li-Co spatial
correlations in SS as opposed to a non-random distribution in WCh.
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3.3. Diffuse reflectance Vis-NIR spectra

Figure 3A reports the diffuse reflectance Vis-NIR spectra of the LiCoVO4 materials
prepared through the two different routes. The spectrum of the LiCoVOs WCh sample
exhibits an intense edge absorption at 21300 cm™ and two weaker signals at 16500 and 7500
cm™ (with a shoulder at 6800 cm™). (Fig 3A, a). The edge at high frequency is attributed to
the lowest-energy charge transfer transition (LCT) associated with electron transfer from o*
ligands to V** ions in octahedral coordination [9]. As for absorptions at lower frequency, by
comparison with the spectra of Co®" ions in oxidic matrices [10,11), they can be assigned to
the *A;—*T\(P) (component at 16500 c¢m™) and *A,—*T,(F) (band at 7500 and shoulder at
6800 cm™) d-d transitions of Co®" in tetrahedral coordination, their broadness and complexity
resulting from the lack of resolution of the transition to the various states of the excited terms.
Apparently, Co*" ions in octahedral sites, which represent the overwhelming fraction of Co*"
in the material (see Table 1, entry 2), do not contribute significantly to the spectrum. This is
not surprising, because the absorption coefficients of their d-d transitions are more than one
order of magnitude weaker than those of ions in tetrahedral one {11]. It can be then supposed
that their absorptions, expected to occur in the 18000-21000 and 8000-8700 cm’’ ranges [11],
contribute as weak, unresolved features to the low frequency side of the edge absorption at
21300 cm™ and to the high frequency side of the band at 7500 cm™, respectively.
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Figure 3. Diffuse reflectance Vis-NIR spectra of LiCoVO,4 and LiNiVO,4 materials prepared
via both wet chemistry (WCh) and solid state (SS) methods. Section A: a) LiCoVO4 WCh, b)
LiCoVOy, SS; Section B: LiNiVQ4 WCh, b) LiNiVQ,4 SS.

On this basis, only very weak d~d bands due to octahedral Co®* should be expected in
the spectrum of the LiCoVOQ4 SS material, as XRPD data indicate that in this case all Co*"
ions are in octahedral sites (see Table 1, entry 1). By contrast, the absorptions at 16500 and
7500 cm™ due to tetrahedral Co®" ions are present also in the spectrum of this materials, and
exhibit an intensity significantly higher than for the previous sample, while new components
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appear at 19200 and 13100 cm™ (F ig. 3A, b). Furthermore, the LCT edge due to the V3" ions
appears less intense than for the LiCoVO4 WCh sample.

The electronic spectroscopic pattern is then really different from that expected on the
basis of the structural insights provided by the XRPD data. However, it must be considered
that the depth of penetration of a radiation in a solid where it can be efficiently absorbed is
confined to a layer close to the surface [12], whereas highly energetic radiation that are
simply diffracted can travel through the solid for larger distances. It can be considered that
XRPD data provide information on the structural features of thick portions (at least a few um)
of the grains of the materials, whereas the DR Vis-NIR spectra monitor the status of a thin
(about 50 nm) surface layer, the contribution of which to the XRPD pattern is negligible.
Apparently, in the case of the LiCoVO, SS material such thin surface layer contains
tetrahedral Co®" ions in larger amount than the corresponding WCh sample. The assignment
of the new components at 19200 and 13100 cm™ is not so evident, and further studies and
experiments devoted to clarify their nature are in progress.

Finally, it can be noticed that the lower intensity of the edge due to V> species might
indicate that the surface layer of the LiCoVQ, SS grains monitored by the Vis-NIR radiation
is poorer in such type of ions in octahedral coordination.

The DR Vis-NIR analysis of the LiNiVO; WCh and SS materials was also performed,
and the results are reported in figure 3B.

In the spectrum of the LiNiVO; WCh sample an edge absorptlon at 23500 cm™ and
two bands at 13750 (with a shoulder at 12200 cm™) and 8200 cm™ (with a shoulder at 7200
cm’) are present Also in this case, the edge signal is assigned to the LCT transition from o”
to octahedral V' ions, its position at higher frequency with respect to that observed in the
LiCoVO, samples probably resulting from a decreased number of structural units containing
octahedral V°' ions sharing their electronic structure,

The absorptions at lower frequency can be attributed to the T\(F) —»’T1(P) (band
with maximum at 13750 cm™) and >T;(F) —>Ax(F) (band with maximum at 8200 cm™) d-d
transitions of Ni*' ions in tetrahedral coordination [10,13]. The position of the 3TW(F) -’ Ti(P)
absorption suggests that such ions experience a ligand field weaker than in other oxidic
matrices (e.g. ZnO) [10,13].

The same d-d bands observed for the LiNiVO,; WCh material are present also in the
spectrum of the corresponding SS sample (Fig. 3B, b), but ca. 2.5 times more intense. XRPD
data indicate that in the bulk of this material tetrahedral Ni>" ions are only 1.5 times more
abundant than in the bulk of the LiNiVO; WCh grains. It can be then proposed that such
higher relative content in tetrahedral Ni*" jons is a characteristic of the surface layer
monitored by the Vis-NIR radiation.

For both samples no d-d bands due to octahedral Ni*'ions are observed, because of the
very low value of their extinction coefficient with respect the tetrahedral species (13), as in
the case of Co®" ions. Finally, it can be noticed that for the L1N1VO4 SS sample the edge
associated with the LCT transmon from O to octahedral V ° ions appear less intense and
located again at 21300 cm™, indicating that the surface region of the grains of such material
are less rich in octahedral V** ions, and that these species are located in larger domains of
structural units sharing their electronic structure.

DR Vis-NIR spectra of the WCh and SS materials containing both Co®" and Ni*" ions
were recorded also. Owing to the heavy overlapping of components due to Co®" and Ni** they
appeared very complex, and do not allow a detailed recognition of specific features of each
material.
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4. CONCLUSIONS

All the experimental techniques used have put in evidence well detectable differences
between materials of the same chemical composition prepared via different routes. Diffraction
data showed differences in the kind of distribution of the MTI between the tetrahedral and
octahedral crystaliographic sites. As y increases, the MTI ditribution for SS LiCoyNi(;.,)VO4
samples markedly varies tending to an almost even occupation of the tetrahedral and octaedral
sites. The WCh samples show only a slight MTI distribution variation.

As expected, some of the results obtained from different experiments seem at a first
sight in contrast. This is not true because, as reported in the introduction, every experimental
technique gives informations on a particular aspect only of the tested system. So, while X ray
diffraction describes the overall situation of the TMI distribution, NMR data have shown that
one can expect that WCh samples present locally a preferred distribution of the ions, different
from the general one. The DR Vis-NIR spectra have made clear that the ions distribution
varies with the distance from the surface.

Previously reported electrochemical data [14,15] showed that WCh materials are in
general characterized by superior performance with respect to SS samples. This result has
been related to the higher crystallinity of the SS powders, that is the larger crystallites size.
Now we now that the differences in the structure, the TMI distribution between the octahedral
and tetrahedral sites and the composition in the surface layers of the materials prepared via the
two different methods could play a role in determining their electrochemical behaviour.
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This study presents a strategy for elaborating multi-metal-oxide materials for the oxi-
dative dehydrogenation of propane, which was chosen as a model reaction. This strategy is
based on an evolutionary approach, which uses fundamental knowledge on catalysts op-
eration for supporting design of a first generation of catalytic materials to start with. The
additional knowledge derived from further characterisation of catalytic materials of subse-
quent generations was shown to be the important factor for further development of cata-
lytic materials with improved performance.

Key words: combinatorial catalysis, isolated VO, sites, MCM-41 and -48 support for
highly dispersed VO, oxidative dehydrogenation of propane

1. INTRODUCTION

In spite of very significant progress in the fundamental understanding of catalysis there
is nevertheless still a need for an empirical approach when searching and optimizing
catalytic materials. This is illustrated by the revival of high-throughput experimentation
including synthesis and catalyst testing which has been already appiied in a somehow dif-
ferent manner by A. Mittasch in the development of an iron-based catalyst for ammonia
synthesis {1]. Present-day high-throughput experimentation aims at diminishing the time
required for the above mentioned steps. Usually only activity and yield of tested materials
is screened for. Only very recently also physico-chemical characterization of such tested
materials has become known [2]; further development will certainly aim also at a rapid
and parallel characterization of catalysts which are being tested. Another characterization
approach for the catalytic materials besides activity or yield respectively would be a com-
plete kinetic assessment of the catalytic performance. The kinetics would give the oppor-
tunity to identify the optimum operating conditions for achieving the maximum selectivity
or yield respectively of each material which may differ significantly on changing tem-

! Corresponding author: Manfred Baems, e-mail: baerns@aca-berlin.de
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perature and partial pressures. In the present contribution the combinatorial process de-
scribed recently by our group [3] is illustrated by a case study in which the search and
optimization procedure for catalytic materials applied to the oxidative dehydrogenation of
propane (ODP) is explained for illustration. ODP was chosen as a model reaction since
some catalysts have been already suggested [4] and we were interested to learn whether
the chosen combinatorial “grass-roots” procedure which was only based on some general
knowledge on partial hydrocarbon oxidation would lead to similar results.

2. COMBINATORIAL METHODOLOGY

Combinatorial approach in heterogeneous catalysis means search for optimal combina-
tions between chemical composition and structure of solid catalytic materials which are
related to a diversity of preparation parameters (type of precursors, calcination tempera-
ture, calcination media, etc.) and operating conditions (temperature, contact time, reactant
concentrations).

In the present work, a genetic algorithm was applied for searching new catalytic mate-
rials with high efficiency which was described in detail in [3]. The algorithm implies:

(i)  stochastic creation of a library of catalytic materials of the 1% generation based on

the pool of primary components,

(i) preparation and testing of catalytic materials of the first generation,

(iii) selection of a certain proportion of those materials from the 1% generation which

resulted in the best performance,

(iv) creation of a new library (2™ generation) based on the selected materials of the 1%

generation using mutation and cross-over methods,

(v) preparation and testing the 2™ generation of catalytic materials,

(vi) repetition of (iii) — (v) for the next generations.

These steps were performed in the following way:

The selection of primary redox compounds was based on the simplifying assumption
that a medium O-Me binding energy is required to ascertain the participation of lattice
oxygen in ODP. From the metal oxides having a free energy of oxide formation A(G per
oxygen atom in the range between -400 and -200 kJ/mol similar to V,0s (A/G = -311
kJ/mol), the following 13 compounds were selected which were expected to contribute to
the ODP catalysis: V,0s5, MoQO;, MnO,, Fe,0;, ZnO, Ga;03, GeO,, NbOs, W03, Co30,,
CdO, In;03, NiO.

In an early stage of our work (procedure (A)), the different materials of the first gen-
eration (Table 1) consisted of only three primary components chosen from the pool of 13
oxides mentioned above; the total number of combinations of the 1% generation amounted
to 20. In the subsequent generations only 10 new compositions were applied based on the
information of the S best catalysts; among these 10 new catalytic materials 7 had been
generated by mutation and 3 by cross-over. This approach had the advantage that fast im-
provement of the catalyst performance from generation to generation can be achieved.
However, this might also lead to a local convergence and a rapid loss of potentially active
components from the population. Due to this experience, a modified procedure (B) was
derived and applied to in an advanced step of combinatorial search.
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Procedure (B) was performed based on 5 different redox metal oxides which had
proven to be catalytically active towards propene formation as a result of procedure A and
3 additional metal oxides of strong metal oxygen bond strength; i. ., MgO of basic na-
ture, B,O; of acidic nature and La,O; on which dissociative oxygen adsorption takes
place.

According to the advanced procedure, five generations were prepared and tested using
always a population size of 56. Contrary to procedure A, catalytic materials with low per-
formance were not completely removed from the population when the new generation was
formed. Catalytic materials for preparing the next generation were chosen from the pre-
ceding generation with a certain probability which was proportional to their ranking in
propene yield. Thus, a proportion of less active and selective materials was maintained in
the population during the whole search process. Although this procedure leads to a slower
overall convergence of the properties of the population, the danger of a rapid local con-
vergence can be suppressed.

Table 1
Compositions of catalytic materials of the first generation (Procedure A)
No.  Content
\ Mo Mn Fe Zn Ga Ge Nb W Co Ni Cd In
1 0.79 0.02 0.19
2 0.44 0.23 0.33
3 0.7 0.08 0.22
4 0.33 0.43 0.24
3 0.009 0.33 0.66
6 0.33 0.42 0.25
7 0.11 0.33 0.56
8 0.26 0.33 0.41
9 0.16 0.33 0.5
10 0.42 0.53 0.44
11 0.47 0.19 0.33
12 0.41 0.51 0.08
13 0.45 0.22 0.33
14 0.75 0.05 0.2
15 0.33 0.43 0.23
16 0.67 0.1 0.23
17 0.33 0.42 0.25
18 0.065 0.33 0.6
19 0.33 0.41 0.25
20 0.14 0.33 0.53

Both procedures (A) and (B) were subsequently applied. The variation of the chemical
composition was accomplished according to [3] by qualitative mutation and cross-over.
By quantitative mutation the stoichiometry of the best samples was varied.

The best materials were partly characterized by their ability to adsorb oxygen by ap-
plying pulse experiments and by the state of the active material by applying XRD, XPS,
EPR and UV/vis.
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For comparison and further optimization with respect to the materials obtained by the
combinatorial procedure, V-Mg-O, V-Ga-O and V-MCM catalysts were also prepared and
tested.

3. EXPERIMENTAL

3.1. Catalyst preparation

The catalytic materials used in procedure A and B were prepared by dilution or disper-
sion of the starting compounds in water in the presence of granulated a-Al,O; (CONDEA,
particle size = 1mm, Sger = 5 m?g™") served as inert support for the active mass amounting
to 30 wt.%. The mixture was stirred at 353 K for 30 min before evaporating the water at
373 K under stirring. The solid material obtained was dried at 393 K for 10h and calcined
at 873 K for 3h in air. A more detailed description of the preparation can be found in [1].

The catalytic materials of the series V-Ga-O have been prepared by depositing VO, on
Ga03 [2]: Vanadium(V)oxide was dissolved at 353 K in oxalic acid. The gallium oxide
was added to the solution; after stirring for 30 min the water was evaporated at 353 K. For
the preparation of V-Mg oxide with Mg/V atomic ratios of 9/1, 4/1, 1/1 and 1/4, freshly
prepared Mg(OH), was added to a aqueous solution of NH,VO; (Merck, p.a.) followed by
water evaporation [3]. Drying and calcination of the samples were performed as described
above.

Two samples with a vanadium loading of 2.8 % on MCM were prepared by impregna-
tion of conventionally synthetisized siliceous MCM-41 and MCM-48 with (NHs)VO; [4].

3.2. Catalyst testing

The set-up for catalytic tests contained a parallel arrangement of 6 U-form quartz reac-
tors (Dine = 6 mm), kept at a constant temperature by means of a fluidized bed of sand. The
catalyst (e = 0.3 g, d, = 250 - 355um) was packed between two layers of quartz parti-
cles of the same size. The reactors were operated at ambient pressure and the reaction
mixture was sequentially passed over the catalysts. The analysis of the products is
achieved by on-line gas chromatography. A more detailed description of the set-up can be
found in [5].

The catalytic materials were tested for their catalytic performance at a reaction tem-
perature of 773 K. The reaction mixture consisting of CsHs, O, and N (C3;Hs/O./N; =
30/10/60 or 40/20/40) was passed over the catalyst at a total flow rate between 30 and
150 ml/min, depending on the activity of the catalytic material, which corresponds to a
contact time of 0.6 to 0.12 g s-cm™.

3.3. Catalyst characterization

Specific surface areas of the catalytic materials were determined by the one-point BET
method (Gemini III Micromeritics).

XRD powder analyses were carried out using a STADIP transmission powder diffrac-
tometer (Stoe) with CuK, radiation.

The near-surface composition of the catalytic materials was derived from XPS spectra
(ESCALAB 220i-XL, Fisons Instruments) using AlK,, radiation (1486.6 V).
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For analysing oxygen adsorption by transient experiments the TAP-2 reactor system
was used which has been described in detail elsewhere [6]. The catalytic material (30-
140 mg; d, = 250-355 pm) was packed between two layers of quartz of the same particle
size in the reactor. Before each experiment the oxide material was treated in a flow of O,
(30 ml/min) at 823 K for ca 1 hour at 100 kPa. Then, the reactor was evacuated at 773 K
to 10 Pa. Subsequently a reaction mixture of oxygen and neon (O2:Ne = 1:1) was pulsed
over the catalytic material. During a pulse experiment the response to a single pulse is
monitored at a fixed AMU value. Pulses are repeated regularly and the responses were
averaged to improve the signal-to-noise ratio. The repetition time was 1.3 sec to avoid
accumulation of adsorbed species at the oxide surface.

EPR spectra were acquired with an ELEXSYS 500-10/12 (Bruker) spectrometer in X
band at both 298 and 77 K. The magnetic field was measured with respect to the standard
2,2-diphenyl-1-picrylhydrazyl hydrate (DPPH).

UV/VIS-DRS measurements were performed using a Cary 400 UV/VIS spectrometer
(Varian) equipped with a diffuse reflectance accessory (praying mantis, Harrick). The re-
flectance spectra were converted into the Kubelka-Munk function F(R) which is propor-
tional to the absorption coefficient for low values of F(R). Spectra were deconvoluted into
Gaussian bands using the GRAMS/386 program (Galactic Industries Corporation).

4. RESULTS

4.1. Catalytic performance

The detailed results of the catalytic tests of the different catalytic materials have been
reported earlier [7]. The catalytic results for the best catalysts of each generation of proce-
dures A and B are presented in Figure la and 1b, respectively. In both cases an improve-
ment of the catalytic performance was observed. It became obvious that V,0s, MgO and
Ga,O; are the essential compounds of the best materials; however, even the best materials
contained Fe, Mn, and Mo in a minor amount. It could not yet be decided whether minor
amounts of these elements were of any significant effect.

In order to evaluate separately the effect of the major components 36 V-Mg-Ga mixed
metal oxides of different composition supported on a-AlLO; were investigated. The pro-
pene yields obtained were slightly lower than the results described above which may be
due to the absence of Fe, Mn or Mo.

These results were compared to those obtained for vanadium oxide supported on Ga;Os
and MgO with comparable vanadium content. It was found that V-Mg-O-materials per-
formed catalytically better and the V-Ga-O-materials performed worse than the V-Mg-Ga-
O mixed metal oxides supported on ALOs. Table 2 presents the catalytic performance of
the best catalytic materials from V-Mg-Ga, V-Mg-O and V-Ga-O solid material libraries.

Based on the characterization results (see below) meso-porous siliceous MCM-48 and
MCM-41 was used as support for VO,.

The catalytic performance of these materials was the best of all materials investigated,
maximal propene yields of 17.4 % were reached (Table 2).

4.2. Catalyst characterization
Bulk and surface compositions as well as surface areas of the best catalytic materials
are also summarised in Table 2. The V-Ga-O materials only consisted of phases of pure
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Fig. 1. Best propene yields achieved in each generation on the following catalytic materials (in the order of
decreasing catalyst quality)

Case A: 1™ generation: Vo 3;Fe)43Cdo 240, Vo33Mng43Nio 1305 Vo26Mnio33G20.410x, Mog s2Geo ssFeo 530, 2%
generation: VoM 2,Gao310,, VousMngsiFep005, Vo26M0g33Fe0 410, VosoFer4sCdor0s, 3™ generation:
Vo 2Mng 17Feg 3Gag 3,0y, Vo.4/Mng 13Gag 350;, Vo26Mng 33Gag 4105 Vo3:Mng 5Fepa10y,

4" generation: Vo 1oMng34Feq33G02505 VoosMnp 02G209:0 Vo.4sMng 13Ga03805, Vo.47Feo. 19680330k

Case B: 1* generation: V024Lao 23Feq.15Ga0 28, Vo.42M0p 11 Mg 26Gao 19, Vo4sM8o sFeg04Gag 14,

Vo.22Mgo34Mog 5 Feg, 18, 2 generation: Vo.49yMog gsMng 2,Gag 20, Vo 39M0g 22Mng 23Gag, 7,

Mo 26Moy 31 Mng 445 3 generation: Vg ;Mg 7Moy s 1030.20, Vo.1aMgoMng ysFeg 0sGag 42,

Vo.4Mgo yMng 09Gag 09, Vo 36Mgo24M0g 1Mny 1 Gag 17 4t generation: Vi ;7Mgg3:Moy 1Feq 13Gag ),

Vo 20M8031M0o 14G0 26, Vo.19M0 39M00 00Gag 33, Vo.41Mg 2sM0g 1Feq 0sGao 1s;

5* generation: Vy 3,Mgy 1sM0y 0iMit 096Gy 33, Vo.16MEo.11M0g 17F€0.09Ga0.47, Vo.36M804M0g 18Ga0 o1,
Vo.46Mgo28Mng 0sGay

oxides (V20s or Ga,03) and they had the lowest selectivity and yields of propene among
all the materials listed. All the active and selective catalytic materials stabilise different
Mg, V,0, phases and differ in Mg/V ratio on the surface as derived from XPS.

The catalysts Vg sMgo20x and Vo 1Mgo 9O, which are associated with the highest and
lowest propene yields, respectively, have been also studied by EPR and UV/VIS diffuse
reflectance spectroscopy to gain information on the degree of vanadium-site isolation [8].
The UV/VIS spectrum of sample V3sMgo,0x (Figure 2b) shows the typical charge-
transfer (CT) bands of pentavalent vanadyl species in crystalline V,0s [9]. This is in
agreement with XRD results which confirm the presence of V,0s as the main component
in VogMgp -0, The mean vanadium-valence state determined by potentiometric titration
[10] amounts to 4.91 indicating that 8.2 % of all vanadium ions are tetravalent. This per-
centage is too small to be detected besides V>* in the UV/VIS spectra. However, the EPR
spectrum, in which only tetravalent vanadium ions can be detected under the conditions
applied, shows a narrow isotropic singlet (Fxgure 3) which is characteristic of closely
neighbouring VO** jons coupled by effective spin-spin exchange interactions [11]. These
species are most likely formed by partial reduction of V,0s. Thus, as a rough approxima-
tion, the distribution of tetravalent vanadium sites reflected by EPR can be taken as a
monitor for the distribution of VO**, too

In the UV/VIS spectrum of sample Vo;1Mgo 9Oy CT bands of isolated tetrahedral v
[12] can be identified by spectra deconvolution at 224, 268 and 326 nm (Figure 2a). They
arise most likely from magnesium orthovanadate detected, besides MgO, as a minor com-
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ponent in this catalyst by XRD. Additionally, a weak band at 380 nm points to the pres-
ence of some V** in isolated octahedral or square-pyramidal coordination [13]. The EPR
spectrum of VMg 9Ox shows the characteristic hyperfine splitting multiplet (hfs) of
well-isolated octahedrally coordinated VO** species [14] superimposed on a broad iso-
tropic singlet of weakly interacting VO** species (Figure 3). By spectra simulation it has
been derived that the latter comprise about 97 % of the overall EPR active V** content.
Those species are probably dispersed on the surface of MgO being the main component in
V.1Mgo90,. In contrast to sample Vo sMgy 0, in which a narrow EPR singlet arises from
effective spin-spin exchange interactions between closely neighbouring VO?* sites, the
mutual distance of these species in sample Vo ;Mg 9Oy should be markedly longer since
the the large line width of the isotropic EPR singlet suggests weak dipolar interactions
only. This is confirmed, too, by the UV/VIS spectrum (Figure 2a) in which no bands of
oligomeric V>0, units at wavelength higher than 390 nm are observed. Thus, all vana-
dium species in sample V(Mg 90, including those giving rise to the broad EPR singlet
can be regarded as more or less isolated insofar as they do most probably not form V-O-V
bonds.

Table 2
Results of bulk and surface characterisation and catalytic performance (T=773 K,
CsHy/0,/N,=40/20/40)

Oxide materials Seer  Crystalline phases Mg/V, 1 S(CsHg) X(C;Hg)
m%g XRD Ga/V'XPS  sg-em’™ % %
Catalytic materials prepared by a combinatorial approach
Vo.sMgo 63Gag o7 10 Mg, V,0;, 2 0.18 49 224
Vo22MgoasMoy 1Gag, 17 Mg, V.0, 3.33 0.30 49.7 22.3
Vo.32Mgo 1Moy 0sMng 10Gag 27 13 MgV,06 Mn(VOs),, 0.47 0.08 452 21.1
Mn(V,07)
Vo.16Mgo.11Mog 17Feq 00Gag 47 14 Ga,0,, FeVO,, MoOs, 0.21 0.12 40.3 19.5
FCG3204
V-Mg-Ga-O/a-AlLO; catalytic system
Vo.2Mgy,Gagg 13.5 MgV,04, Ga,0;, V,0, 0.34 0.12 42.1 19.5
Vo2Mg, sGag 14.1 Mg3(VO,),, V,0,, 0.5 0.06 45.4 20.8
Mg.V,0,
V-Mg-O catalytic system
VosMgo, 1.9 V,0s, MgV,04 0.2 0.80 328 16.3
Vo sMgos 7.9 Mg,V,0, 1.2 1.20 46 18.9
Vo:Mgos 46.9 Mg;V,0g, MgO 4.5 0.24 55.2 23.6
VoiMgoo 874 Mg;V,05, MgO 9.3 0.24 57.5 24
V-Ga-O/a-AlLO; catalytic system
“VosGags 72 V,05, Ga,0; 21 0.18 31 242
Vo3Gager 49 V,0s, Ga,0, 0.91 0.18 364 22
VO,-MCM catalytic system
VO(2.8 wt.%)/MCM-41 682 0.04 49.1 30.3

VO,(2.8 wt.%)yMCM-48 878 0.08 32.8 53.0
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The EPR spectra of catalytic materials with vanadium contents between those of
V.1 Mg 9Oy and VMg, 204 (3.3 <V content / wt.-% < 15) show also a superposition of a
hyperfine splitting multiplet (hfs) of isolated VO?* species and a more or less broad iso-
tropic singlet of interacting VO** species. With increasing vanadium concentration the
fraction of interacting vanadyl species increases.
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Fig. 2. UV/VIS-DRS spectra of the catalysts Vo Mgo40, (a) and VosMgo,0, (b)
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Fig. 3. EPR Spectra at T=77 K of
Vo.3Mgo 204 (1), Vo1Mgo 90 (2).

Fig. 4. Comparison between simulated (line) and
and experimental (circle) responses of oxygen

pulses over different catalytic materials at 773 K:
(D) Vo.16Mgo.11Mo0g 17Fe0.00Gag 47,

(2) Vo.32Mg0.1sM0g0sMng 16Gag 27, (3) VosMgo 2,

(4) Vo :Mgos, (5) Vo2,Mgo 47M0o.11Gag

The finding that in all well performing catalysts vanadium existed as isolated VO sites
lead to the use of MCM-41 and -48 as already mentioned above.
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The analysis of oxygen adsorption kinetics led to further information on the mechanis-
tic background of catalyst activity and selectivity. The oxygen transient response were
fitted by simultaneous numerical integration applying first a genetic algorithm for prelimi-
nary parameter estimation and a Simplex procedure for final optimisation assuming that
irreversible dissociative adsorption of oxygen occurs on two catalytically active sites. The
mechanistic model and the oxygen-mass balances for data evaluation can be written as
following:

Oxygen adsorption on catalyst surface sites denoted z

0, +2z—Xads 35,0 ey
mass balance of gas-phase oxygen
Lo _p G ko CL-(1-0,)%-C 2
a—'eﬂ' @Cz_ad.v' tot'("o)'oz' )
mass balance of surface species
17C)
do =2k, -Cpy -Co, -(1-0,)’ 3
notations

1=0¢ + 0,, ©,= C,/Ci;, @0 = C.0/Cio: and D¢ : effective Knudsen diffusion coefficient

The search for the kinetic parameters was performed using a reactor model for the
pulse reactor and a numerical optimisation procedure as outlined above (see also [15]). A
comparison of experimental oxygen responses and the simulated ones is presented in Fig-
ure 4. It is obvious that the model describes the experimental data very well. This obser-
vation is in agreement with experimental data on isotopic exchange of oxygen [16] and
kinetic modelling of ODP [17]. From these earlier studies O, chemisorption was assumed
to be irreversible and dissociative which was confirmed by the present work. The opti-
mised values of parameters obtained from the modelling are summarised in Table 3.

Table 3
Transient kinetic parameters for the elementary steps of oxygen interaction with different
catalysts

Ctotz'kads Ctot'kads Ctot
§! m?sites”-s”! sites-m™
V0.2:Mgo47M00.11Gao 2 14 3.2-10™* 4.5-10"
Vo.32Mgo.18M0g 0sMng 19Gag 27 36 1.6:10" 2.3-10"
Vo.16Mgo.11M0g 17F €9 09Gag 47 50 6.0-10 8.3-10"
Vo2Mgos 6.3 6.2-10™ 1.0-10™
VosMgo, 190 2.5.10 7.610'6

The effective parameter Ke=Cro>*Kags has units of s and it is an apparent first-order
rate constant of oxygen activation. The composition of the catalytic materials influences
strongly the apparent first-order rate constant of oxygen activation (Table 3). This constant
determines how high is the rate of oxygen activation and, therefore, how high is the sur-
face coverage by active oxygen species. As catalytic results show, the lowest selective
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catalytic material (Vo sMgo2) has the highest surface oxygen coverage, while the best per-
forming catalytic material (VMg ) has the lowest surface oxygen coverage.

Thus, kinetic and mechanistic information on oxygen activation and catalyst characteri-
sation data permit to conclude that a good catalytic performance for ODP is achieved by
an optimal concentration of the active VO, species which have to be well dispersed on the
catalyst surface

CONCLUSIONS

In order to illustrate that the combination of fundamental knowledge on catalyst opera-
tion and an evolutionary approach is a valuable method to improve existing catalytic ef-
fective compositions or to develop new catalytic materials, the oxidative dehydrogenation
of propane was studied as a model reaction over catalytic materials, which were prepared
based on such methodology. Fundamental knowledge supports the design of a first gen-
eration of catalytic materials. Based on the further characterisation of best performing
materials identified in subsequent materials generations, fundamental insights on catalyst
operation and designing were derived which give additional hints for improvement of the
catalytic material.
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FT-IR study of Pt, Cu and Pt-Cu phases supported on hydrotalcite-derived
mixed oxides.
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Pt, Cu and Pt-Cu dispersed catalysts were prepared by impregnation of mixed oxides
obtained by thermal decomposition of hydrotalcite materials. In this preliminary work, the
nature of the metallic Pt, Cu or Pt-Cu phases was investigated by CO and NO adsorption,
followed by FT-IR spectroscopy. On catalysts containing Pt and Cu the formation of a
bimetallic Pt-Cu phase was evidenced.

1. INTRODUCTION.

Synthetic hydrotalcite-type (HT) compounds, having general formula M M
(OHZ)]b+ [A"pm] - mH,O (M= metal, A= anion and B= x or 2x-1, respectively, for z=2 or 1)
are very attractive precursors of catalysts or catalyst supports [1, 2]. In particular, controlled
thermal decomposition of HT materials allows to obtain mixed oxides with high surface
areas, homogeneous and thermally stable interdispersion of the elements, synergetic effects
and peculiar acid-base properties. These features make the HT-derived mixed oxides
interesting supports for highly dispersed metal catalysts to be used in a wide variety of
reactions of industrial relevance. New applications of HT-based catalysts concern the field of
environmental catalysis, including SO,, NO, and N,O removal [2, 3]. Very good stability and
activity in the reduction of nitrogen oxides has been reported for mixed oxides obtained from
CwMg/Al HT precursors, which are able to operate in O, excess in the simultaneous presence
of SO, and NO, [4]. In the frame of the development of novel catalysts active and selective in
NO, storage-reduction cycles and stable towards poisoning by SO, our interest has been
focused on Pt, Cu and Pt-Cu catalysts supported on HT-derived mixed oxides. Preliminary
tests have evidenced that these catalysts show activity comparable or higher than that of a
reference P/BaO/Al,O; catalyst and a better resistance towards the deactivation by SO [5]. A
careful characterisation of the metal phases plays a fundamental role to shed light on the
catalytic behaviour as well as to optimise the chemical composition and activation conditions
of the catalysts.
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2. EXPERIMENTAL.

2.1. Sample preparation.

Mg/Al mixed oxide supports were obtained by calcination at 923 or 1173 K of a
commercial HT precursor [Mg”"/AI** = 60:40 as atomic ratio, by CONDEA (D)] and named
HTy,; and HT},7;, respectively. Pt, Cu and Pt-Cu supported catalysts (metal loading: Pt 1 wt-
%, Cu 4 wt-%) were obtained by incipient wetness impregnation of the calcined HT supports,
using Pt(NH;),(NO,), and/or Cu(NO,), 3H,0 as precursors, then dried at 363 K and calcined
at 823 K for 12 h.

2.2. Characterisation techniques and procedures.

XRD patterns were recorded on a Philips PW 1710 instrument using Cu K, radiation (A =
0.15418 A, 40 kW, 25 mA). N, sorption experiments at 77 K were carried out with a Sorpty
1750 instrument (Carlo Erba Strumentazione) and specific surface areas (SS) calculated using
the BET method (Table 1). Absorption/transmission IR spectra were run at RT on a Perkin-
Elmer FT-IR 1760-X spectrophotometer equipped with a Hg-Cd-Te cryodetector. For IR
analysis powders were pelletted in self-supporting discs (10-15 mg cm™), activated in vacuo
at increasing temperature up to 823 K, heated in dry O, at the same temperature and cooled
down in oxygen or subsequently reduced in H, at 623 K and outgassed at the same
temperature. CO and NO (Matheson C.P.) were used as probes.

Table 1.
Some characteristics of the samples.

Sample Calcin. temp. SS Metal loading Cristallographic
of the support (wt-%) phases
X) m’gh Pt Cu

HT - 208 - - Hydrotalcite
HTy;; 923 161 - - Mg(ADO
1Pt/HT ;3 923 147 1 - Mg(ADO
4Cu/HTgy3 923 128 - 4 Mg(ADO
1Pt-4CuwHTg; 923 125 1 4 Mg(A1)O
HTy 73 1173 82 - - MgO + MgAl,O4
1PUHT 173 1173 99 1 - MgO + MgALLO,
4CwHT)7; 1173 - 4 MgO + MgAl,O,4

1Pt-4CwHT 73 1173 94 1 4 MgO + MgAlL,0,
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3. RESULTS AND DISCUSSION.

As seen in Table 1, XRD patterns of HTy,; samples were characteristic of Mg(AO mixed
oxides with rock-salt-type structure, while for HT,5; they evidenced the formation of MgO
and of the MgAlL O, spinel phase. In the impregnated samples, Pt and/or Cu massive oxide
phases were never detected. Upon impregnation with Pt and/or Cu the specific surface area of
the HTg,; support (161 m? g") decreased of 10-20 %, while that of the HT);; support (82 m?
g") slightly increased.

The nature of the metal phases was investigated by interaction with CO and NO at RT
followed by IR spectroscopy. The study was carried out on the catalysts both pre-oxidised and
pre-reduced in H,, since the NO, storage-reduction cycle involves an alternation of lean and
rich steps, where the catalysts work under oxidising or reducing atmospheres, respectively.

Interaction with CO is first examined. No surface species were detected upon admission of
CO on the pure HT supports. At variance, on oxidised samples containing Pt and/or Cu
intense bands due to bridging and chelating bidentate carbonates (1680-1550 cm'], Ve=0,
1400-1250, 1060-1040 cm™, voco asym and sym, respectively) and monodentate carbonates
(1550-1500 and 1450-1350 cm™, voco asym and sym, respectively) were formed [6].
Carbonate species arose from the interaction of the basic oxygens of the support with CO,
produced from the reduction of Pt and/or Cu ions by CO at RT. CO co-ordinated to the
reduced metal sites thus formed gave monocarbonylic species. Noticeably, the relative
amounts of carbonate and carbonyl species was higher on Pt/HT than on Cu/HT catalysts (Fig.
la and b, respectively), evidencing the higher reducing effect of CO at RT on Pt than on Cu
ions (vide infra).

On oxidised PHT samples (Fig. 1a), linear Pt° carbonyls were mainly detected, exhibiting
a peak at 2095 cm (this value corresponds to the highest CO coverage studied), stable upon
heating under vacuum up to 573 K. CO bridged species were formed in negligible amounts.
Weak components at 2185 and 2160 cm’', the former reversible upon evacuation at RT, were
ascribed to AP** and Pt** carbonyls, respectively [7]. It is noted that the frequency of the Pt’
carbonyl band was quite high with respect to those generally found for Pt°(CO) species [8].
This accounts for an incomplete reduction of PtO particles by CO, so that electron donation
from the surface Pt atoms to bulk Pt** ions occurs in competition with the n back-donation
from surface Pt’ to chemisorbed CO. Accordingly, after reduction in H, at 623 K (Fig. 1¢) the
band due to Pt%CO) increased in intensity and shifted to 2065 cm’!, while carbonate species
were formed in very weak amounts, revealing the presence of a small fraction of Pt not
completely reduced during the sample pre-treatment.

Upon CO admission on oxidised CwHT samples (Fig. 1b) Cu”" ions were mainly reduced
to Cu’ which chemisorbed CO giving linear carbonyls at 2118 cm™ [9,10]. Anyway, Cu*" ions
could not be detected by CO adsorption at RT [9]. Cu’(CO) species were quite stable, only
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Figure 1. IR difference spectra upon CO adsorption at increasing pressure up to 50 mbar
and subsequent evacuation at RT (dotted lines) on Pt/HT,,3 (sections a, ¢) and Cu/HTgy;3
(sections b, d) oxidised at 823 K (sections a, b) or reduced in H; at 623 K (sections c, d).

20-30% being removed by evacuation at RT. After reduction in H, at 623 K (Fig. 1d),
carbonates were not formed, while Cu’ linear carbonyls were detected at 2108 cm”. In
agreement with the literature [11], Cu’(CO) species showed lower stability than Cu’(CO),
over 85% being removed by evacuation at RT.

Going from the Cu/HTyy; to the Cu/HT,,7; sample, the bands due to chemisorbed CO
exhibited a smaller half-width, evidencing a lower dispersion of the metal phase, in
agreement with the decreased specific surface area of the support. At variance, the effect of
the pre-calcination temperature of the support could not be evidenced in the case of PYHT
samples, possibly due to the low Pt loading (spectra not reported).

The spectra of oxidised Pt-Cu/HT catalysts upon CO adsorption (not reported) were very
similar to those of CwHT samples, while peculiar features were observed for Pt-Cw/HT
catalysts reduced in H, at 623 K. In particular, on Pt-Cu/HTg; (Fig. 2 curve 3) a band at 1996
cm’ (at the maximum CO coverage) was noted and ascribed to CO adsorbed on negatively
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charged Pt atoms, thus evidencing the formation of a bimetallic Pt-Cu phase, where electron
transfer from Cu to Pt atoms occurs {12]. As a consequence, the o donation from CO to Cu
and the  back-donation from Pt to CO increase. For the same reason a blue shift of the band
due to Cu®(CO) with respect to Cw/HT samples should take place. On the contrary it was not
observed, possibly accounting for the presence of a part of copper not involved in the
alloying, owing to the high amount of Cu relatively to Pt (Cu:Pt = 12:1 atomic ratio).

0.25

Absorbance

0.10 4

2250 2000 1950 1800

Wavenumbers (cm)
Figure 2. IR difference spectra upon CO adsorption (50 mbar) on Pt/HT,; (curve
1), Cu/HT,,; (curve 2), and Pt-Cw/HTy,; (curve 3) reduced in H; at 623 K.

By increasing the CO pressure and hence the CO coverage over Cu, the band due to Pt
carbonyls progressively shifted towards the lower frequencies (-10 cm™), evidencing a further
increase of the electron density over Pt (Fig. 3a). Upon the subsequent evacuation at RT
(dotted line in Fig. 3a), CO adsorbed on Cu’ was partially removed while the band due to CO
on negatively charged Pt atoms shifted towards the higher frequencies and was enhanced, due
to an increase in the extinction {12]. Further components were observed at 2057 and 2065
cm’, e in the CO stretching region observed for Pt’ carbonyls on Pt/HT samples, revealing
the presence of a fraction of Pt not interacting with Cu.

A similar behaviour was observed for Pt-Cuw/HT,,7; catalyst (Fig. 3b), although some
significant differences could be evidenced. Indeed, the components at 2057 and 2065 cm’
were absent while the band around 2000 cm™ showed a higher intensity, showing that in this
case all the Pt atoms were involved in the bimetallic phase. Furthermore, the carbonyl bands
exhibited a smaller half-width, accounting for a lower dispersion of the metal phase over the
HT);7; support.
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Figure 3. IR difference spectra upon CO adsorption at RT at increasing pressure up to 50
mbar and subsequent evacuation at RT (dotted lines) on Pt-Cu/HTg; (section a) and Pt-
Cuw/HT) 73 (section b) reduced in H, at 623 K.

NO molecule was then used in complement with CO as a probe of the metal sites. This
became particularly necessary in the case of Cu”" sites which could be not revealed by CO,
as shown above. No surface species were formed upon NO admission on the pure HT
supports (Fig. 4 curves 1). On oxidised PUHT catalysts, NO adsorption caused a partial
reduction of Pt ions with the consequent formation of small amounts of Pt° mononitrosyls
(1770 cm’™) and nitrites (1250 cm™). Weak amounts of NO chemisorbed on Pt sites (~ 1900
cm’') were also observed (Fig. 4a curve 2). After reduction in H,, linear, bent and bridged Pt’
nitrosyls (1780, 1700, 1595 cm’, respectively, [13]) were formed in high amounts (Fig. 4b
curve 2). Conversely, on oxidised Cw/HT samples NO was mainly chemisorbed on Cu®" sites
(band at 1855 cm™ with a shoulder at 1885 cm™), while only a small fraction of copper was
reduced by NO, giving then Cu’(NO) species (1747 cm™), nitrites (1250 cm™) and small
amounts of nitrates (1600-1300 cm™) (Fig. 4a curve 4). The formation of nitrites has been
suggested to involve the reduction of Cu** to Cu’, as in eqn. (1) [14]. The nitrites thus formed
are strongly co-ordinated on Cu" sites, which therefore are not able to give nitrosyl species.

Cu™- 0% + NOy; — Cu"- ONO' (1)

After reduction (Fig. 4b curve 4), the absorption due to Cu’(NO) species was enhanced and
shifted at 1740 cm™. Parallely, the bands due to Cu’* mononitrosyls, nitrites and N,O (2250
cm'l) developed, accounting for the dissociative chemisorption of NO on metallic Cuo, which
was at least partially reoxidised. Nitrites and N,O arose therefore from the reaction of gaseous
NO with N and O ad-atoms, respectively, formed upon NO dissociation.
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Figure 4. IR difference spectra upon NO adsorption (5 mbar) at RT on HTy,; (curves
1), Pt/HToy3 (curves 2), Pt-Cu/HTop; (curves 3), Cu/HTo,; (curves 4), PHT )73 (curve
27%), Pt-Cu/HT 473 (curve 37) and Cw/HT,;5; (curve 4°) oxidised at 823 K (section a) or
reduced in H, at 623 K (section b).

The spectra of oxidised Pt-CwHT catalysts upon NO adsorption (Fig. 4a curve 3) were
very similar to those of CwHT samples. After reduction in H, (Fig. 4b curve 3), they
represented an intermediate situation between those of PUHT and Cu/HT samples, showing a
broad absorption with maximum at 1780 ¢cm™' and shoulders at 1750 and 1610 cm™ where the
contributions due to Pt° and Cu’ mononitrosyls could be hardly distinguished. Noticeably, the
component due to bridged NO on Pt sites (1595 cm™) was markedly decreased in intensity in
comparison to Pt/HT sample, pointing out to the diluition of Pt by copper. Moreover, cu**
mononitrosyls and N,O were not detected and nitrites were formed in minor amounts in
comparison to CwHT sample, evidencing the lower ability of NO to reoxidise the copper
involved in the bimetallic Pt-Cu phase.

The effect of the pre-calcination temperature of the HT support was then examined. Very
similar features were observed upon NO adsorption on pre-oxidised Pt and/or Cu containing
catalysts supported on HTs,; or HTyy73 (spectra not reported). Conversely, on pre-reduced
PtHT and Cu/HT samples the amounts of nitrosyl species decreased going from the HTg,; to
the HT\y73 support (Fig. 4b curves 2, 2° and 4, 4°). These findings evidenced a lower
dispersion of the metal phases over the HT;;; supports and therefore a lower accessibility of
the metallic sites, not revealed for PYHT samples using CO as a probe. At variance, the
spectra of the bimetallic Pt-Cu/HTg); and Pt-Cuw/HT) 73 samples upon NO adsorption (Fig. 4b
curves 3, 3”) were similar and characterised by the strong superposition of the bands due to Pt
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and Cu nitrosyls. Therefore, in this case NO molecule did not allow us to obtain information
on the effect of the pre-calcination temperature of the support, which was instead provided by
CO.

4. CONCLUSIONS.

The complementary use of CO and NO as probe molecules allowed us to obtain
information on the nature and dispersion of the Pt and/or Cu supported phases and on the
effect of the pre-calcination temperature of the hydrotalcite support. The influence of the
sample pre-treatment was also taken into account in view of the catalytic applications of these
materials in the NO, storage-reduction process, which involves an alternation of oxidising or
reducing steps. We would just underline that the formation of a bimetallic phase evidenced in
the case of the catalysts containing Pt and Cu can be particularly interesting from a catalytic
point of view. Indeed, the modification observed in the metal properties due to the alloying
can induce favourable changes in the specific activity and selectivity of the catalysts.
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Chemisorption and catalytic properties of gold nanoparticles on different
oxides: electronic or structural effects?

Flora Boccuzzi and Anna Chiorino
Dipartimento di Chimica I. F. M. Universita di Torino, via P. Giuria 7, 10125 Torino, Italy

Infrared spectra of CO adsorbed on nanometric gold particles supported on different
supports, both oxidised and reduced, are reported. Depending on the nature of the supports, on
the pretreatments and on the size of the gold nanoparticles, different gold carbonylic species
have been evidenced. The electronic and structural properties of gold nanoparticles and the
electron-donating effects of reducible supports are shown to be relevant in determining the
chemisorption and catalytic properties of the samples.

1. INTRODUCTION

The great interest shown in recent years in gold catalysts, due to the high catalytic activity
at low temperatures in a number of different important reactions as CO oxidation, WGS
reaction, propylene epoxidation, produced a large number of papers devoted to analyse the
different factors controlling the activity of gold catalysts. Among them the most relevant
appear to be the gold particle size and the nature of the support. However it is not completely
clear if the observed differences are simply related to the concentration of special,
uncoordinated surface sites, or also to electronic and chemical modifications of the adsorption
sites by interaction with the different supports.

No clear explanation has been found to date for the different catalytic properties observed in
samples containing gold particles of quite similar size, supported on a variety of supports [1]
or for the deactivation observed on some supports [2,3]. The problem is probably that, up to
now, there is not enough information at the atomic level on the adsorption sites and on their
electronic properties and on the influence of the chemical treatments on the nanostructure of
the particles. In order to get a deeper insight on these points, the adsorption and the reactivity
of different molecules, as CO, O, and H,, will be reported, studied by FTIR spectroscopy, at
90 K and at 300 K on gold catalysts supported on different oxides (TiO,, ZrO2, Fe;03, ZnO)
differently pretreated.

2. EXPERIMENTAL

2.1 Materials

In table 1 are summarised the main characteristics of the examined catalysts that in the
following will be indicated by the capital letters reported in the first column of the table. All
the samples have been prepared by the deposition-precipitation (dp) method, but the sample
A, prepared by coprecipitation (cp). Before the experiments the samples have been submitted
to the following pretreatments: heated up to 673 K in dry oxygen and cooled down in the
same atmosphere, indicated as (0x) or reduced in hydrogen up to 523 K, indicated in the
following as (red). As for sample C we will report also experiments on a called “used”
catalyst, that is a catalyst pretreated some times in hydrogen and successively in oxygen at
353 K and finally quickly treated in oxygen again at 673 K.
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Table 1
Sample Supporting Auloading Au size (nm) Preparation  Calcination
oxide (wt%) method temperature (K)

A ZnO (a) 11 5+0.8 cp 673

B Fe,0; (b) 3 3.5+0.8 dp 673

C Zr0; (c) 1.7 10.2+4.7 dp 673

D TiO; (b) 3 2.5+0.7 dp 673

E TiO; (a) 1 2.5+0.5 dp 573

F Ti0; (a) 1 10.6+£3.0 dp 873

(a) prepared in the Haruta laboratory [1]
(b) prepared in the Andreeva laboratory [14]
(c) prepared in the Pinna laboratory [3]

2.2 Methods

The FTIR spectra have been taken on a 1760 Perkin-Elmer spectrometer, with the samples in
self-supporting pellets pressed at 4 x 10° kg/cm® in a cell allowing to run the spectra in
controlled atmospheres at 90 K and at room temperature.

3. RESULTS AND DISCUSSION

3.1 Comparison of CO chemisorption at room temperature between calcined samples
with gold particle size lower than 5 nm and larger than 10 nm

In Figure la and 1b the spectra produced by CO interaction at different equilibrium
pressures on the samples D and A (ox) are reported. The strong bands observed at full
coverage exhibit an asymmetric broadening from the low frequency side. By reducing the
equilibrium pressure the bands blue shift and the intensities gradually reduce without
significant changes in the shape. The main absorption band at about 2110 cm™', on the basis of
many previous literature data, summarised in Table 10 of a recent review [4], is assigned to
CO adsorbed on Au® sites.

The blue shift observed by decreasing the CO coverage is a clear evidence of lateral
interactions between the adsorbed molecules. The main absorption band and the asymmetric
broadening from the low frequency side can be ascribed to CO adsorbed on step sites and on
step sites at the borderline of the metallic particles, respectively. These last sites interact with
a reduced number of vicinal CO and may be in some extent modified by an electron transfer
from the support. It must be stressed that, although the two samples have been prepared by
different methods on two different supports and with a quite different Au loading, the
spectroscopic features are quite similar. Looking at the data reported in Table 1, the only
characteristic similar in the two samples is the size of the metallic particles, <5 nm. It appears
evident that on these two samples, at the end of the pretreatment and after cooling in oxygen,
CO is adsorbed on clean gold sites. Very different features are observed in the spectra
reported in Fig. 2, as for the samples exhibiting particles of size larger than 10 nm.

In Figure 2a we show a comparison of the spectra produced by CO interaction at full
coverage on sample E (fine line) and on sample F (bold line), while in figure 2b the spectra of
CO adsorption on “fresh” sample C (fine line) and on “used” sample C (bold line) are
reported.
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Figure 1. FTIR absorption spectra obtained at RT by CO interaction on sample D (ox)
(section a) and on sample A (ox) (section b). CO pressure decreases from 40 mbar to 1*10”
mbar going from the most intense spectrum (thin line) to the less intense one (thick line).

It appears immediately evident that, on sample F and on “used” sample C, the CO absorption
band is significantly blue shifted, indicating that on these samples the adsorption gold sites of
CO are more electron-deficient than in the previously iltustrated ones, while on sample E and
on "fresh” sample C a band at about 2110 cm™, similar to that already shown on the samples
A and D is observed. The samples F and C are characterised by the largest particle size, i.c.
more similar to bulk gold, therefore the effect cannot be related to a direct positivization of
the gold sites by interaction with the oxidic support.

It can be postulated that on these large particles some oxygen remains adsorbed in a
molecular peroxidic form on the step sites. On the "fresh” sample C, CO is adsorbed on the
fraction of small particles present in the sample, on the "used” sample C, a roughness due to

1.0 0.3 7
A
A
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0.1 |
21

0.0 T T f T 0.0 et oot
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Figure 2. FTIR absorption spectra obtained at RT by 20 mbar CO interaction on: a) sample E
(thin line) and sample F (thick line); b) sample C “fresh” (thin line) and sample C “used”
(thick line).
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Figure 3. FTIR absorption spectra obtained at RT by 10 mbar H, admission on sample F
already covered by 20 mbar CO. Spectra are reported from pure CO (0 min) to 30 min
mixture contact in the 3800-1500 cm™' range (section a) and in the carbonylic range (section
b). Solid thick line in section b: 0 min, dotted line in section b: 30 min.

an increased concentration of step sites has been probably produced by the repeated
treatments in hydrogen and oxygen in mild conditions. A confirm to this hypothesis comes
from the experiment shown in Fig. 3. The inlet of molecular hydrogen at RT gradually
reduces the intensity of the 2145 cm™ band and starts the growth of a new component at 2116
cm™' (Fig. 3b). Moreover new absorptions are observed in the regions typical of adsorbed
water (Fig. 3a), in the 3700 — 3200 cm™ and at 1620 cm™. It can be proposed that the
electron-deficient adsorption sites related to the 2145 cm™ band are gold step sites exposed at
the surface of the large particles where CO and molecular oxygen are coadsorbed and that the
broadening towards high frequencies of the 2110 band is related to CO coadsorbed with
atomic oxygen. The smaller blue shift, in respect to the frequency of CO adsorbed on Au°®
clean sites, 2110 cm", is a consequence of a smaller electron transfer from metallic gold to
the atomic oxygen.

How can be explained that the steps of the particles larger than 10 nm do not dissociate
molecular oxygen while step sites of particles smaller than 5 nm can dissociate oxygen
producing atomic oxygen? In agreement with Bondzie et al [S] analysis and considerations it
can be proposed that on the largest and thickest particles the activation energy for oxygen
dissociation is larger and the adsorption energy of atomic oxygen is smaller than on the
smallest ones. Therefore on the large particles oxygen remains adsorbed in a molecular form
while on the small ones the dissociation and the atomic adsorption can occur more readily.

3.2 CO chemisorption at room temperature on samples reduced in hydrogen

Figures 4a and 4b show the spectra at different coverages of freshly reduced samples B and
D, Figure 4¢ shows a comparison at full coverage between samples E and F, reduced and
already used.

In Figure 4a and 4b a band reversible to the outgassing at 2110 cm™ and some more strongly
bonded ones in the 2050 -1950 cm™' range have been observed. Looking at figure 4c it appears



81

b ¢ 2184
.67 2110
2050 1990 L H

2110 2055

0 2200 2100 2000 1900 2200 2100 2000 1900 2200 2100 2000
Wavenumbers (cm™)

Figure 4. FTIR absorption spectra obtained at RT by CO interaction on reduced samples.

Section a: sample B (red), CO pressure decreases from 90 mbar to 1 mbar going from the

thinnest to the thickest line. Section b: sample D (red), CO pressure decreases from 20 mbar

to 1*10” mbar going from the thinnest to the thickest line. Section c: 20 mbar CO on samples

E (red) (dotted line) and F (red) (solid line), already used.

evident that bands in the 2050 — 1950 cm™' range are not present, while a band at 2184 cm’
and two bands, at 2186 and 2203 cm™', ascribed to CO adsorbed on terrace and step Ti*" sites
respectively, are observed. It can be hypothemzed that on the freshly prepared and oxidized
samples (Fig. 1) a fraction of the gold is highly dispersed in very small clusters, covered by
adsorbed oxygen. By reduction in H; at 523 K the oxygen adsorbed on the gold clusters and
some of the surface oxygen atoms of the titania react, giving rise to the formation of water
and to oxygen vacancies and/or to Ti** defects on titania. The presence of these defects allows
an electron transfer from the support to the gold particles and to the gold clusters. In
particular, on the very small clusters the negative charge can produce a significant effect on
the chemical properties of the gold sites, giving rise to bands red-shifted and more resistant to
the outgassing than on the larger particles. The frequency shift between CO adsorbed on top
on gold particles, ~ 2110 cm’} , and CO adsorbed on top on gold small clusters, 2055 cm", can
be related either to a Stark electrostatic effect or to an enhanced me’ral back-donation into the
21" CO orbitals. The absence of the bands in the 2050 — 1950 cm’ range in the spectra of
atready used samples E and F (Fig. 4c) appears as an evidence that these absorptlons are
related to unstable gold clusters. By decreasing the CO pressure the 2110 cm !band, assigned
to the CO chemisorption on Au® step sites and the bands at 2170 - 2190 cm™, attributed to CO
adsorbed on the support cations, smoothly reduce their mtensmes in the way already
discussed in previous papers, while the bands at 2050 - 1950 cm ! exhibit on both the supports
a different and mterestlng behaviour: the band at 2055 cm™ reduces its 1nten51ty while the
band at 1990 cm™ grows up and an isosbestic point is evident at about 2015 cm’™. It can be
proposed that, by decreasing the CO coverage, a decrease of the CO adsorbed llnearly on top
on the small clusters occurs (band at 2055 cm™) and CO brldge bonded grows up (band at
1990 cm™). It appears that a bridge-bonded configuration is stabilised at low coverages and
that CO adsorbed on these small clusters is more strongly bonded than CO adsorbed on the
other, larger gold particles. Bands in the 2050 - 1950 cm™ range are reported in literature on
gold electrodes during the electrooxidation of CO at negative potentials [6].
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Moreover, lookmg at Fig. 4c, it appears evident that the intensity of the absorption bands in
the 2200 — 2180 cm™' range is sample E< sample F, while the intensity of absorption related
to CO adsorbed on gold sites is maximum on the sample E and almost nihil on the sample F.
The gradual increase in the intensities of the bands assigned to CO adsorbed on the support is
in qualitative agreement with the increase observed by TEM of the metallic particle size with
the temperature of calcination of the samples. Taking in account that the gold loading of the
two samples is the same, it appears reasonable that the increase in the particle size would be
related to an increase in the free support surface. However, the increase of the mean gold
particle sizes from 2.5 nm up to 10 nm cannot justify by itself the intensity close to zero of the
absorption at about 2100 cm™ on the sample F, and it appears as a strong indication that CO is
only adsorbed on gold step sites and not on terrace sites. We will discuss this point in the next
section.

3.3 CO chemisorption at 90 K on two Au/TiO; samples with different gold sizes

Figure S5a shows the FTIR spectra of CO adsorption on the two samples, E and F, calcined
in air at 573 and 873 K, simply outgassed at room temperature and run after interaction w1th 4
mbar of CO at 90 K, normalised on the intensity of the absorption band at 2150 cm’’. This
band, assigned to CO interaction by hydrogen bond with the surface OH groups, can be taken
as a measure of the exposed hydroxylated titania area. In fact, by outgassing at the same
temperature, the band is completely depleted (Fig. 5b) and at the same time the strong
perturbation observed in the OH stretching region of the titania hydroxyls completely
disappears (not shown for the sake of brevity).
Looking at the spectra reported in Fig. 5a, relevant differences are evident, in particular the
band at about 2100 cm™ is completely absent in the sample F and it is strong on sample E.
The complete absence of the band on sample F, characterised by metallic particles quite large,
10 nm, with a ratio edge Au atoms/total Au atoms < 0.01, appears as a strong indication that
already at 90 K only the step sites are able to adsorb CO while gold terrace sites, that are the
large majority of the gold exposed sites on this sample, do not adsorb at all CO at 90 K.
While the estimated step concentration on particles of 10 nm is less than 1% of the total gold
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Figure 5. FTIR absorption spectra obtained at 90 K by CO interaction on calcined samples. a):
4 mbar CO on sample E (dotted line) and on sample F (solid line). b): sample E, CO pressure
decreases from 6 mbar to 1*10” mbar going from dashed to solid thick line.
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atoms, on samples with particle size of 2.5 nm the step site density is close to 30%. As shown
by Mavrikakis et al. [7] by self-consistent density functional calculations, «free» step sites are
found to bind CO considerably stronger than terraces: the adsorption energy on these sites is
similar to that of CO adsorbed on flat Cu(111) copper surface [8], in excellent agreement with
the experiments by Ruff et al. [9], where it is found that Au steps give rise to CO adsorption
with a thermal desorption temperature close to that of CO on Cu surfaces.

As for the 2176 cm™ band, the frequency region is typical of CO adsorbed on cationic sites
and the frequency and intensity are almost identical on the two samples. leferent hypotheses
can be proposed for the assignment of this band: i) CO adsorbed on Ti ** jons; ii) CO on
cationic gold; iii) CO on gold atoms bonded to a peroxo species. The first hypothesis can be
ruled out taking in account that the surface is simply outgassed at room temperature, that is
completely hydrated and hydroxylated and therefore it does not expose coordinatively
unsaturated Ti** ions. In fact it was shown that the spectra of CO adsorbed at 77 K on pure
Degussa P25 exhibit a strong absorption in this region only after activation and dehydration at
873 K [10]. Another hypothesis, i.e. CO adsorbed on cationic gold can be considered. A band
at about 2175 cm™ , assigned to CO on Au*" sites, is reported on Au/SiO, samples [11]. In the
case of small partlcle sizes the fraction of the metal in ionic form can be quite high and it can
act as a chemical glue at the interface between the support and the particle. However, the
intensity of the band is almost the same on the two samples, therefore this hypothesis does not
appear very likely. The adsorption on isolated gold atoms bonded to a peroxo species can be
postulated, looking at the literature. It was shown by Huber et al. [12] that by cocondensing
Au atoms with CO and oxygen in a inert matrix, a band at 2176 cm™ assigned to the CO
stretching of a monoatomic carbonyl peroxo gold species was identified. The comparison of
the spectrum produced by the inlet of 4 mbar of CO at 90 K on a sample F with the spectrum
produced by the interaction with CO at room temperature on the same sample and by
successive cooling at 90 K (not shown for sake of brevity) shows that at the end of thlS
procedure a weak 2100 cm’ ! band is detected; at the same time, the intensity of a 2176 cm’!
peak is significantly reduced. [13].

Figure 5b illustrates the behavrour of the absorption bands of the E sample by decreasing the
CO pressure from 4 mbar to 10”2 mbar at 90 K. The 2150 cm™ band is completely depleted
and the 2176 cm™ one strongly reduces its intensity. At the same time the 2100 cm’’ one
shows an erosion from the low frequency side, producing a blue shift of the band up to 2102

! this is an evidence that at 90 K a component centred at 2098 cm™ is reversible to the
outgassmg Two different hypotheses can be made, as for the assignment of these two species:
the first hypothesis is that the two species are adsorbed on two kinds of step sites, on top of
the partlcles the 2102 cm™ band and on step sites at the contact line with the support, the
2098 cm™ one; the other hypothesis, as already proposed previously [14], is that the more
labile species may be assigned to CO adsorbed on step sites, possibly contaminated by atomic
hydrogen. Hydrogen in our experimental conditions can be produced by reaction of CO with
water and hydroxyls present on the surface of the catalysts, as it was shown previously on
AwTiO; catalysts in RT experiments [15].

3.4 Two CO -"20, interactions at 90 K on sample E

In Fig. 6a and 6b two different CO -0, interactions at 90 K on sample E are shown. The
admission of O, at 90 K (solid line) on preadsorbed CO (dotted line) on the sample E (Fig.
6a) produces a very small blue shift of the 2098 cm™’ band without changes in the intensity, a
small erosion of the absorption from the low frequency side, the appearance of a shoulder
from the high frequency side, at 2116 cm™ (see inset), already assigned to CO coadsorbed
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with atomic oxygen and a band at 2323 cm™. The shift and the small erosion can be taken as
an indication that molecular oxygen is activated and reacts with the CO species weakly
adsorbed on step sites at the borderline of the gold particles. The band at 2323 cm™ indicates
the formation of C'°0'®0 already at 90 K, its intensity in respect to the 2340 cm™ one
indicates that at this temperature only the oxygen present in the gas phase and activated on
gold step sites at the borderline of the particles participates to the reaction. On the contrary,
the preadsorbed '802 (Fig. 6b) causes a strong decrease of the 2103 cm’! band, a new and well
evident component at 2125 cm™ and almost no formation of C'*0™0. As for the origin of the
asymmetric behaviour of the two CO-Q, interactions illustrated in Fig. 6a and 6b, it can be
hypothesised that the asymmetry is generated by the intrinsic differences of the two ligands, a
two electron donor the CO, and a one electron acceptor the oxygen. The first one makes easier
the successive adsorption and dissociation of the oxygen, while the second one will saturated
the most uncoordinated exposed sites, the corners, inhibiting the successive chemisorption,
and will modify the vicinal step sites. It has been recently well established by Wallace and
Whetten [16,17] that oxygen on gold clusters of size between 2-22 atoms acts exclusively as a
one electron acceptor: the process exhibits a binary-like behaviour (zero or one molecule
adsorbed) and appears correlated to the electron affinity of the cluster; the CO acts as a two
electron donor and up to seven molecules are adsorbed on the largest clusters. Sanchez et al.
[18], on the basis of studies of CO oxidation and ab initio simulations for gold clusters (n <
20) supported on either a defect-free or defect-rich MgO, proposed different models for the
CO oxidation and, among them, a Langmuir-Hinshelwood model (LHp) where CO is
adsorbed on top facet of the gold cluster and the peroxo species is bonded at the perimeter
between the cluster and the support. This model appears related to the cluster size and to the
defect concentration of the support and it can be taken as a quite good model for the behavior
of the small gold particles supported on titania.

It can be relevant to observe that the temperature of CO combustion on gold clusters
supported on defect-rich MgO, 240 K, is very close to the temperature of the rapid increase in
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Figure 6. FTIR absorption spectra obtained by CO-'®0, interaction at 90K on calcined
sample E. Section a: admission of 1 mbar "®0; (solid line) on preadsorbed 0.5 mbar CO
(dotted line); in the inset: difference between solid and dotted lines. Section b: 3 mbar CO
on '*0, preadsorbed (solid line) compared with 3 mbar CO (dotted line).
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the conversion of CO on the E sample [19]. Therefore it can be proposed that the high activity
of gold supported on titania can be explained by the LH,, mechanism.

In conclusion, on gold catalysts at low temperatures the reaction occurs according to a
mechanism like that of Langmuir-Hinshelwood, generally accepted for the reaction on more
traditional metallic catalysts (Pt, Pd and Rh) at higher temperatures between adsorbed CO and
adsorbed oxygen; however on the gold supported catalysts, oxygen can be reactively activated
in presence of CO on sites at the borderline of the metallic particles, probably at oxygen-
vacancy defects.

3.5CO - O, interactions at RT on sample E, F and C

The presence of a multiplet of bands in the CO, stretching region after interaction with *0,
on sample E, unlike at low temperature, clearly shows that the strong increase in the reaction
rate at room temperature is mainly due to the participation of oxygen activated on the support
(Fig. 7): in CO oxidation in fact, an extensive exchange reaction with the oxygen atoms of the
support occurs, as evidenced by the absorption bands related to the different CO,
isotopomers. Moreover on sample E, by oxygen preadsorption, no competition or inhibition
effects on the CO oxidation have been put in evidence: on the contrary, unlike at low
temperature, before the growth of adsorbed CO bands, very strong CO, bands are detected in
the first two minutes. After two minutes the $rowth of the three bands stops, the CO
absorption grows up and a weak band at 2070 cm™', assigned to C*0 is observed (Fig. 7b).
From these data it appears that the C**O formation is not a direct scrambling reaction, as
previously proposed [14], but could be the consequence of secondary reactions, i.e. the CO,
readsorption in a labile and mobile molecular form on the support, that can exchange oxygen
atoms with the oxide, giving rise to C'*0, C'*0'®0 and also to the doubly marked products
C"0"®0 and C'°0'0, not observed in the low temperature experiments. Anyway, carbonate-
like species are not involved in these reactions as already shown previously. It can be
proposed that at room temperature, the first step of the reaction is the adsorption of a mobile,
molecular oxygen species on the support, its dissociation, probably at the interface between
the oxide and the metallic step sites, a spill-over of O,q to the Au particles and finally there
the reaction with the incoming CO. On sample F and on the used sampie C, molecular CO, is
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not produced by CO-O; interactions. As already discussed previously both these two samples
are characterised by particles of size larger than 10 nm, however, as a consequence of the
pretreatment, on the used sample C the number of exposed step sites is quite high, as
indicated by the high relative intensity of the 2145 cm™ band in Fig. 2b. On the basis of the
experiment presented in Fig. 3, relative to the interaction with hydrogen on sample F, the
absorption at 2145-48 cm™ has been assigned, differently from the first assignment to two
dimensional metallic particles reported in [3], to CO coadsorbed with molecular oxygen on
highly stepped, large particles.

Therefore, the inactivity in the CO oxidation both of sample F, characterised by a low step
concentration on regular large metallic particles, and of used sample C, where as a
consequence of the pretreatments an high step concentration on large particles is produced,
indicates that electronic and quantum size effects are important in determining the activity of
gold catalysts.

It can be concluded that the high activity of gold nanoparticles in the CO oxidation is not
simply related to the high density of step sites but also to a correlated electronic effect of the
particles with d< 2.5 nm in the oxygen activation and dissociation. An high concentration of
step sites is needed but their presence is not sufficient in order to get an high activity.
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Modeling soil ped formation: properties of aggregates formed by
montmorillonitic clay, Al or Fe poorly-ordered oxides and polyphenol in
acidic milieu
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A modeling approach was applied to understand and clarify the composite phenomena of
the organo-mineral complexing and the ped formation in soil. The properties of
conglomerates formed at pH 5.5 by montmorillonitic clay (C), synthetic 4l- or Fe-oxy-
hydroxides, and polyphenol (pp) as humic material were studied. Investigational methods
included SEM, FT-IR spectroscopy, X-ray diffraction, particle-size distribution, mechanical
stability against ultrasonic dispersion and chemical stability to mild and strong reactants and
to oxidative treatments. The models showed distinct morphological, mineralogical,
mechanical, chemical and physico-chemical features. By SEM studies, the C-Al-pp model
exhibited an irregularly rugged surface, while the C-Fe-pp showed evidence of spheroidal
outgrowths. FT-IR spectroscopy provided clues for the effective interaction among the
organic and inorganic components of conglomerates. X-ray diffraction patterns showed that
Al- and, by a lesser extent, Fe- hydrolytic products partly entered the clay layers, thus
expanding the basal period. The presence of broad and weak diffusion bands also suggested
the formation of poorly-ordered 4/- and Fe-oxy-hydroxides. The presence of 4/- led to the
prevailingly formation of small massive packets (<20 pm) and microaggregates (20-50 pm),
quite stable to mechanical and oxidative breakdown; on the contrary, in the presence of Fe-,
larger micro- and mesoaggregates (50-130 um), well resistant to acidic etching, were formed.
The experimental data highlighted the different role of Al- and Fe-oxy-hydroxides in
determining the peculiar properties of the organo-mineral complexes, also validating the
suitability and reliability of the adopted modeling approach to improve the understanding of
factor and processes of soil ped formation.

1. INTRODUCTION

Soils are complex, dynamic systems, in which an almost countless number of processes are
taking place; by and large, they can be classified as chemical, physical or biological, but there
are no sharp distinction between these three groups. The aggregation is the primary physical
process whereby a number of particles are held or brought together to form soil structure units
known as peds [1].
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The ped formation is an essential component of soil development, i.e., of the pedogenesis,
and results from the substitution of soil structure for the geologic structure of parent material
[2]. While geologic structure is inherited from jointing cracks and bedding planes, soil
structure forms and develops as a function of several mechanisms involving the movement of
soil solution and the translocation of the soil colloidal phase. This last generally consists of
soil colloid associations, also referred to as conglomerates or organo-mineral complexes,
formed by mutual interaction of soil organic matter (SOM), clay minerals (and interstratified
clays), oxy-hydroxides, and polyvalent bridge cations [3,4,5]. Such conglomerates play a
fundamental role in soil structure evolution as the main cementing agent of discrete mineral
particles, thus inducing the formation of larger and more heterogencous and developed
aggregates [6].

It is evident that both the nature of the conglomerates, as well as the relative prevalence of
the single components widely varies in soil, according to the different pedoclimatic conditions
and soil use. The SOM is usually considered as the prevailing responsible for the maintenance
of the structural stability of most of soil types, particularly Mollisol, Alfisol, Ultisol and
Inceptisol [5,7]. Organic compounds that may be involved in organo-mineral complexing in
soils have several origins. Some are released by living plants, others are formed at various
stages of decomposition of plants and animals and still others are products of microbial
synthesis or abiotic reactions. Many of the most active complexing substances in soils are
low-molecular-weight organic acids and phenolic compounds at various degree of
polymerisation [4,7]. The polysaccharide component of soil has received the greatest attention
in producing stable aggregates, but other organic substances bonded to clay through
association with Al or Fe, such as polyphenols, may also be involved.

Natural polyphenols (syn. vegetable tannins) constitute an important compartment of the
soil organic matter, both as plant metabolites and vegetal residues [8], as well as precursory
molecules in the humification process [4,5,7,9]. They are effective chelators of metal ions and
colloids [10], and can easily interact with expansible phyllosilicates and polyvalent cations,
differently involved in the evolution of the organo-mineral complexes in the natural soils
[4,5,7,11,12]. In particular, polyphenols likely play a fundamental role in the so-called
“cheluviation” process in Spodosols, involving the complexing, transport and re-arranging of
Al/Fe organo-mineral complexes downward the soil profile [12]. Laboratory studies also
showed that polyphenols can form discrete conglomerates with a variety of chemical,
physical, and morphological properties [13,14,15].

The involvement of SOM as cementing agent tends to be less relevant in soils such as
Oxisols and Andisols, where amorphous Al- or Fe-oxides could play a more important role as
inorganic cementing materials, or in self-mulching soils (e.g., some Vertisols) that contain
clays with a high shrink/swell potential [5,7]. The inorganic cementing materials increase
bonding between mineral particles, having the greatest influence on structural characteristics
by increasing the strength of failure zones. These materials exist as coatings on the surface of
mineral particles and are usually amorphous or poorly crystallized [6]. Examples include Al-
and Fe-oxides, precipitated aluminosilicates or combinations of these materials complexed
with SOM. Amorphous inorganic materials have dominantly a variable charge nature, and can
alter the surface charge characteristics of clay minerals when adsorbed, or existing as a
surface film. Changes in surface charge characteristics results in changes in particle-particle
interaction, but these changes are not directly predictable.
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From literature, Fe oxides appear to be the major responsibles for soil aggregation and
strength development in hardsetting soils [6,16,17,18]. However, in soils with high content of
both SOM and amorphous materials, Al- and Fe-oxy-hydroxides and Ca or Al-complexes
with high molecular weight organic materials were found to be the prevailing cementing
agents [20]. Differently, the nature and content of clay minerals becomes the main factor
influencing the ped evolution in fine-textured soils with smectitic mineralogy. These clays,
such as the montmorillonite group, exhibit striking swelling/shrinking properties under
wetting/drying cycles, with subsequent bulk soil volume changes which develop strongly
expressed structural units [2].

Another relevant factor for organo-mineral complexing and ped formation is the presence
and nature of bridge polyvalent cations. As it is known, organic anions are normally repelled
from negatively clay surfaces, so that stable SOM/clay interactions occur only when
polyvalent cations are available in the medium as bonding bridges. Unlike monovalent cations
typically found in soils (Na*, K*), polyvalent cations such as Ca®*, Fe**, and AI’* are effective
in partly neutralize both the charge on the clay and the acidic functional groups on SOM {5].
The divalent Ca*", prevailing in neutral-alkaline soil environments, does not form strong
coordination complexes with organic molecules; on the contrary, laboratory studies showed
that Ca tends to segregate as crystalline calcite even in the presence of excess of humus
precursors [15]. Differently, Fe** and AI**, more abundant in neutral-acidic soils, easily form
stable coordination complexes with organic compounds, so that SOM and clay can be
strongly stabilized in organo-mineral complexes. Furthermore, both Fe and Al can cover the
clay as surface film of amorphous materials, becoming even more effective in holding
inorganic and organic anions [21].

From the considerations above, it appears that the formation and the development of peds
strictly reflects the pedogenic history of a soil and its relationships with the environment.
Thus, studies on the mechanisms for ped aggregation and expression represent a fundamental
tool not only to elucidate the pedogenic processes, but also to better understand the
phenomena of soil degradation related to the loss of structure stability.

A good approach attempting to understand and clarify the complex phenomena of ped
evolution is to model conglomerates from clay minerals, synthetic oxy-hydroxides, and
humus components [3]. This approach would be relevant since detailed knowledge is
available on the nature and amount of each component, thus allowing to discriminate their
peculiar effects on the final chemical, physico-chemical and morphological properties of the
produced models. In a previous research, the properties of montmorillonite-Ca-polyphenol
aggregates produced at pH 8.5 were illustrated [15]. This paper deals with the properties of
organo-mineral aggregates formed by interaction at pH 5.5 of a montmorillonitic clay,
polyphenol, and Al or Fe poorly-ordered oxides.

2. MATERIAL AND METHODS

2.1. Model preparation

Laboratory models were prepared following the procedures described elsewhere [13,1'4],
here modified in accordance with the specific aim of the investigation. Starting materials
were:
e 500 ml of aqueous suspension containing 1 g of the <2-pm fraction of a montmorillonitic
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clay (C) as bentonite (Prolabo Rhone-Poulenc), previously purified from organic matter
and alkaline-earth carbonates, dialyzed, and then freeze-dried;

e 6 mmol of AICI; or FeCly (Baker Chemicals); hereafter, the aluminium or iron oxy-
hydroxides component of the aggregate models will be indicated as A/- or Fe-,
respectively;

¢ 0.6 mmol of vegetable tannin polyphenol (pp) as gallotannin (C7Hs2O46, mw 1.702 kD,
Fluka); because of its low solubility in pure water, the pp was previously dissolved in 100
ml H,O/CH30H (v:v = 5:1).

The models C-Al-pp and C-Fe-pp were obtained by thoroughly mixing the components in

a suspension with a final volume of 1 litre at pH 5.5, and then allowed to react in stoppered

polyethylene bottles at 40°C. After ageing 90 days, the materials were dialyzed, air-dried at

40°C, and then ground to pass a 0.25 mm sieve. Reference standards by C and pp with or
without 4/- or Fe- were also prepared at the same conditions.
Nine replicates of each sample were prepared.

2.2. Morphological and mineralogical properties

Scanning electron microscopy (SEM) studies were carried out by a Cambridge S4
Stereoscan. X-ray patterns were obtained by a Rigaku-DmaxB apparatus, using a Fe-filtered
Coka radiation. FT-IR spectroscopy patterns were obtained by a Perkin Elmer 1720
apparatus.

2.3. Aggregate size distribution and mechanical stability

The Particle-Size Distribution (PSD) was determined by the laser light scattering technique
[22], using a Malvern M6.10 apparatus. Analyses were performed on water-suspended
material after 1 min stirring.

The mechanical stability was evaluated on the basis of the change of the PSD of each
sample, determined either before and after 3-min sonication treatment by ultra-sound.
Sonication was performed by a Hielscher Ultraschallprozessor UP 200s apparatus.

2.4. Aggregate chemical stability

The chemical stability of the aggregate models was evaluated on the basis of Al and Fe
extractions and organic C oxidative treatments, each performed by different conventional or
experimental procedures.

Al and Fe were extracted by various mild to strong reactants:

s H,0, w:v = 100 mg:25 ml, 25 °C, 5 min, before or after sonication treatment (,0-b.s. or
H>0-a.s., respectively);

e 1 M NaClO, w:v =50 mg:25 ml, 25 °C, 2h;

e oxalic acid-ammonium oxalate mixture at pH 3 (Oxa) [23], w:v = 100 mg:10 ml, 25 °C, 4h
in the dark;

* Mehlich No. 3 reactant (M3), 0.2 M CH;CCOH, 0.001 M EDTA, 0.013 M HNOs, 0.015 M
NH,F, 0.25 M NH4NO3, [24], w:v = 100 mg:2 5 ml, 25 °C, 5 min.

The organic C was determined according to the standard Walkley-Black procedure, by 30-
min oxidative treatment with K,Cr,07/H,S04 [23], as well as by the modified procedure with
120-min oxidation at 80 °C [13].

All data were expressed on the 105° oven-dried weight basis.
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3. RESULTS

3.1. Morphological and mineralogical properties

Figure la shows the micrograph of C-pp model. Typical montmorillonitic clay flakes are
well visible and clearly distinguishable from the irregular blocky mass of consolidated
polyphenol. This suggests that the C-pp system behaves as a mixture of separate discrete
phases rather than a homogeneous aggregate structured by complex physicochemical
interactions between the two components. Differently, both C-4/-pp and C-Fe-pp show more
dense and consistent habitus, even at high magnification (Figures 1b and Ic, respectively). In
particular, the C-Al-pp exhibits an irregularly rugged surface, while the C-Fe-pp shows
evidence of spheroidal outgrowths, whose morphology is strictly consistent with that of
globular ferrihydrite/organic matter aggregates described by Schwertmann and Taylor [25]. In
any case, there is no evidence for the formation of any crystalline structure.

Table 1 lists the main peaks detected by FT-IR analyses in the reference models C, pp, and
C-pp, together with the associated functional groups.

Table 1
Main FT-IR peaks (wavenumber, cm™) and associated functional groups detected in the
reference models C, pp, and C-pp

c rp C-pp
Al-OH 3627 nd 3627
OH(s) 3420 3415 3382
COOH nd 1708 1715
OH 1636 nd nd
C=C(Ar)/C=0 nd 1615 1616
C=C(Ar) nd 1520 1520
C-H nd 1449 1455
C-O(b) nd 1287 1283
OH(b) nd 1206 1206
Si-O-Si 1044 nd 1039

(s) = stretching; (Ar) = aromatic C; (b) = bending; nd = not detected

The C- PP model exhibits the main peaks of both C and pp, but the —OH bound signal at
1636 cm™ is masked and the -OH stretching effect is shifted to 3382 cm’!

Figure 2 depicts the FT-IR spectra of C-Al-pp and C-Fe-pp models, contrasted with C. In
the C-Al-pp and C-Fe-pp aggregates the peculiar C reference peak at 3627 cm’ ! disappears,
and the peak at 3420 cm is left- shlfted toward larger wavenumber values. The strong
carbonilic group effects at 1708-1715 cm’’, detected in the pp model, also fade away, whereas
the Peak at 1520 cm™, associated to the aromatlc C=C in pp and C-pp, are left-shifted to 1505

, with decreasing 1nten51ty from C-Al-pp to C-Fe-pp.

The X-ray diffraction patterns of 4l-pp and Fe-pp (not shown) did not give any significant
regular reflection, thus suggesting that the presence of polyphenol inhibits the crystallization
of Al or Fe polymers, likely by effective chelation reactions. However, two contiguous, broad
diffusion bands, with minimum at 8.72, 23.92 and 40.00 °20, were observed in the Fe-pp
model. This could be attributed to the higher charge density of Fe** ion, which promotes the
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Fig. 1 c. SEM micrograph of representative C-Fe-pp (c) aggregates.

formation of large, stable polycations [25], whose regular crystallization is nevertheless
hindered by the presence of organic matter.

Figure 3 represents the X-ray diffraction patterns of C-Al-pp and C-Fe-pp models, compared
with C. For this last model, the very strong first-order effect at 1.491 nm, and the secondary
effects with lower intensity at 0.499, 0.446, 0.424, 0.406, 0.321, and 0.298, are detected. The
vast majority of such reflections undergo substantial change as a consequence of the different
interaction between clay, polyphenol and A/- or Fe- polycations. In the C-Fe-pp model, the
peak at 1.491 nm exhibits a moderate and symmetrical expansion to 1.540 nm, suggesting a
fair and almost regular intercalation of Fe- polymers into clay layers. Differently, in the C-4/-
pp model, the 1.491 peak is extensively modified as a wide, low-intensity diffraction band,
diffuse from 4.74 to 7.80 °20, and centered at 6.04 °20, corresponding to a basal period of
1.698 nm. For the same model, another large, asymmetrical band is detectable from 7.80 to
23.00 °20, with maximum at 11.44 °26, corresponding to a basal period of 0.897 nm. Such
evidences suggest two concomitant phenomena on the development of C-4/-pp aggregate:

- the intercalation of large, poorly-ordered pillars of Al-polymers or Al-pp complexes
between clay layers [13], with subsequent expansion of basal period as a wide, diffuse and
asymmetrical band at 1.698 nm;

- the “template effect” of outer clay surface [26], which favors the segregation of Al
polymers and their re-arrangement as discrete phases of Al-oxy-hydroxides at early
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Fig. 2. FT-IR spectra of C, C-Al-pp, and C-Fe-pp models. Vertical bars indicate standard
reference peaks of montmorillonite clay.
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crystallization stage (peak centered at 0.897 nm), thus limiting the perturbing effect of the
organic matter.

The weak reflections between 10 and 20 °20 observed for the C-Fe-pp aggregate also
suggest the incipient formation of Fe-polymer para-crystalline phases.

The SEM studies, as well as the comparative analysis of X-ray and FT-IR patterns,
altogether highlight that clay, polyphenol, and A4I- or Fe- polymers effectively interacted
among them, producing aggregates with distinct and peculiar features as a function of the
bridge cation.

3.2. Aggregate size distribution and mechanical stability

As postulated by Golchin et al. [27], three levels of soil particles aggregation exist: (1) the
binding together of clay plates by organo-mineral cements into packets < 20 pm, (2) the
binding of packets into stable microaggregates 20-250 pm, and (3) the binding of stable
microaggregates into macroaggregates > 250 um. For each aggregation level, organo-
mineral cements are involved as binding agents. From the observations of various authors [7],
we can further on classify as mesoaggregates the soil particles conglomerates having a
dimension 50-250 pm.

In our study, no macroaggregates were found after experimental models were suspended in
water. However, the various clay/4/- or Fe-/polyphenol interactions produced aggregates
characterized by widely different texture and mechanical stability, as evaluated by the
Particle-Size Distribution (PSD) of the solid phases determined before and after sonication
treatments.

Table 2 presents the PSD of the binary models obtained by reaction of clay or polyphenol
with Al- or Fe- polymers. Both Al- and Fe- were able to cement clay particles with initial size
<2 pm, into small packets with particle size prevailingly ranging from 5 to 15 um. However,
the C-Al packets are characterized by a noticeable dimensional homogeneity, since most of
particles (70.5%) lies in the size range of 5-10 um. Differently, the size of the C-Fe packets is
more widely distributed between 5 (50.1%) and 15 (41.6%) pm.

Both models exhibit a moderate physical stability, since about 30% of C-A! and 40% of C-
Fe materials keep a particle size larger than 5 um after the disruptive ultra-sound treatment.

Table 2
Particle-Size Distribution (%) determined before (b.s.) and after (a.s.) 3-min sonication
C-4l C-Fe Al-pp Fe-pp

Size pm b.s. a.s. b.s. a.s. b.s. a.s. b.s. a.s.
< 0.6 4.0 0.4 34 2.0 39 0.0 2.6
2-5 114 65.5 5.4 56.7 40.9 66.1 0.0 48.4
5-10 70.5 30.5 50.1 39.8 56.1 30.0 0.0 48.6
10-15 17.0 0.0 41.6 0.1 1.0 0.0 0.0 0.4
15-20 0.0 0.0 24 0.0 0.0 0.0 0.0 0.0
20-50 0.0 0.0 0.1 0.0 0.0 0.0 86.6 0.0
50-100 0.0 0.0 0.0 0.0 0.0 0.0 13.3 0.0

>100 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
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The interaction of polyphenol with 4/- and Fe- led to the formation of complexes with very
different physical features. The 4/-pp model formed small microaggregates, with particle size
ranging from 2 to 10 um, and moderate stability (30% of material with particle size 2-5 pm
after sonication). Differently, Fe-pp formed larger aggregates, up to 100 pum, which were
easily disrupted by ultra-sound treatment. However, about 49% of particles still keep a
dimension of 5-10 um after sonication. This should confirm the overall tendency of Fe- to
form polymers larger than A/-.

Figure 3 shows the PSD of C-Al-pp and C-Fe-pp aggregates determined before and after
sonication treatment. Even in this case, the largest aggregates were formed in the presence of
iron oxy-hydroxides. Before sonication, the particle-size of C-Fe-pp was widely distributed
from 10 to 120 pm, with 66.5% of material forming mesoaggregates > 50 pm. Most of these
mesoaggregates exhibits a dimension of 55-75 pm. The sonication treatment had some
disruptive effect on mesoaggregates, thus leading to the formation of finer material which was
prevailingly represented by microaggregates 20-50 pm (85% of total particles), with a peak
for particles ~ 40 um, but still including a significant proportion of mesoaggregates (14% of
total particles). The C-4l-pp model was formed by aggregates with dimension smaller than C-
Fe-pp, almost equally distributed between microaggregates (42%) and mesoaggregates
(53%). After sonication, the C-Al-pp particles were pull down to microaggregates (82%) and
packets (14%), with only a small residue (4%) of particles forming mesoaggregates.

3.3 Aggregate chemical stability

The data in Tables 3a and 3b show the different stability of the samples after chemical
extractions and organic C oxidative treatments, respectively. To make the comparison easier,
the values are also expressed as the percentage of the respective amounts of Al and Fe, or of
C, initially added to the models.

Table 3a
Aggregate chemical stability: Al or Fe extracted by various extractants from aggregate models
and reference binary materials with polyphenol*

Al-pp Fe-pp C-Al-pp C-Fe-pp
Extractant mg/g %ia mg/g %ia mg/g %ia mg/g %ia.
H:0-bs.' 022 0.6 3.10  1.86 0.02  0.03 2.33 1.63
H)0-as.' 204 149 590 239 1.67 225 524  3.68
M3*? 4325 31.57 30.69 14.61 2030 2736 2621 18.42

NaClO 1424 10.39 46.44 18.88 17.39 23.44 41.72 2932
Oxa*® 61.58 4495 58.87 23.83 47.10 63.48 26.08 18.33

* Values are expressed as mg of Al or Fe per g material, and as the percentage of the amount
of Al or Fe initially added (% i.a.); ' H,O before (b.s.) or after (a.s.) sonication treatment; 2
Melich No. 3 reactant; * oxalic acid-ammonium oxalate mixture at pH 3.

All the compared models were sparingly soluble in water, with particular reference to the
Al-containing materials, albeit the sonication treatment significantly increased the amounts of
both A4/- and Fe- released in solution. Considerably higher amounts of A/- and Fe- were
extracted by the other tested reactants.
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However, larger proportions of 4/- than Fe- were removed by the acidic reactants M3 and
Oxa, while the alkaline-oxidizing NaCIO was more effective in destabilizing the Fe-
containing materials. This suggests that the organic component of the latter materials would
be less stable to the oxidative etching. Such a conjecture could be confirmed by comparing
data in Table 3b. The amounts of C oxidized after 30-min treatment in the binary and ternary
Fe-containing models were always larger than the respective determined for the Al-containing
ones, with percentage values of nearly 80% for the former, and 60% for the latter.

Table 3b

Aggregate chemical stability: organic C oxidized after 30-min or 120-min treatment with
KyCr,07/H,S04 at 80 °C*

after 30-min after 120-min
Model mg/g %ia. mg/g %i.a
p 398.2 74.29 536.8 100.15
C-pp 250.7 92.62 270.2 99.80
Al-pp 274.8 59.40 282.6 61.09
Fe-pp 3255 80.65 337.7 83.67
C-Al-pp 156.4 62.39 208.8 83.29
C-Fe-pp 183.6 79.10 193.5 83.37

* Values are expressed as mg of C per g material, and as the percentage of the amount of C
initially added (% i.a.).

By extending the hot oxidative treatment to 120 minutes, the amount of oxidized C did not
exceed 84% for Fe-pp, C-Al-pp, and C-Fe-pp models, but it was still nearly 60% for Al-pp.
This clearly proves that Al-oxy-hydroxides were more effective than Fe-oxy-hydroxides in
stabilizing and protecting the organic matter.

As reference values, Table 3b also presents the amounts of C oxidized after 30 or 120 min
for pure tannic acid pp and for the C-pp model. It is evident that, in the absence of an efficient
complexing cation, the whole amount of organic C is definitively oxidized within 120 min.
Interestingly, in the C-pp model, the large amount of C already oxidized after 30-min could
be ascribed to a possible priming catalytic effect by the clay mineral; differently, the flakes of
pure pp probably clotted, thus needing more time to be completely oxidized {15].

All together, these data agree with those obtained for models prepared in alkaline
conditions [15], and confirm that the interactions with clay minerals and polyvalent cations
substantially protect the organic component of the aggregates even under strong oxidative
conditions.

4. CONCLUSIONS

Soil ped models with peculiar features were obtained in our study. The nature of the
bridge-cation binding clay and organic matter considerably affected the distinct
morphological, mineralogical, mechanical, chemical and physico-chemical properties of the
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produced aggregates. The polyphenol component substantially complexed 4l- or Fe-, thus
hampering the formation and the separation of well-crystallized discrete phases as Al- or Fe-
oxides. In the interaction with clay, a part of 4/- or Fe-, likely binding organic matter, were
more or less regularly intercalated into clay layers, contributing to structural distortion. In any
case, almost chemically and mechanically stable conglomerates of different size were formed
by interaction of clay and poliphenol via Al- or Fe- bridge-cations. The presence of Al- led to
the prevailingly formation of small massive packets and microaggregates with rugged surface,
quite stable to mechanical and oxidative breakdown; on the contrary, in the presence of Fe-,
larger micro- and mesoaggregates, with globular habitus, well resistant to acidic etching, were
formed. On the whole, the congruity among the experimental data, and their consistency with
the properties of soil aggregates and organo-mineral complexes in soil environment should
validate the suitability and reliability of model systems studies to improve the understanding
of natural processes of soil genesis and evolution.
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The infrared and Raman spectra of phosphorous oxynitride PON, a homologue of silica,
have been measured at pressures up to 23 Gpa. The moganite and the a-quartz type
crystalline forms of PON have been studied. A correlation has been established between
the spectra of PON and those of silica. In the moganite type PON a phase transition has
been observed at ~ 4 Gpa. Some preliminary results of an ab initio molecular dynamics
simulation are discussed.

1. INTRODUCTION

Phosphorous oxynitride PON has been obtained [1,2] by reacting ammonium dihydrogen
phosphate with urea or melamine and crystallized by heating at appropriate temperatures
and pressures. PON is isoelectronic with silica and X-ray diffraction studies [2-4] have
shown that PON is a chemical and structural analogue of silica being made of networks of
P(OysNo 5)4 tetrahedra. Phosphorous oxynitride is intrinsically disordered as a consequence
of the random distribution of the oxygen and nitrogen atoms in the anionic sites of the
crystal. Depending on the temperature and pressure treatment PON can be crystallized in a
B-cristobalite, in a a-quartz and in a moganite type structures. Interest in phosphorous
oxynitride arises from the similaritics with silica and from the possibility, studying the
phase transformations in PON, of indirectly exploring regions of the phase diagram of
silica not easily accessible experimentally. For instance, it has been found that the
cristobalite type structure, stable in silica at high temperature, can be isolated at room
temperature in PON, With these perspectives in mind we have studied the vibrational
spectra of PON measuring the infrared and microRaman spectra of the o-quariz type
crystal as a function of temperature and the microRaman spectrum of the moganite type
crystal. This latter has been obtained as a function of pressure up to 23 Gpa in a diamond
anvil cell (DAC ) and at ~4.5 GPa a phase transformation has been observed that has not
previously been reported for silica. A correlation of the spectra of PON with those of silica
has been discussed with the help of results of DFT calculations of simple PON clusters and
of preliminary Car-Parrinello ab initio molecular dynamics simulations.
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2. EXPERIMENTAL

Phosphorous oxynitride was prepared in the moganite and quartz type structures
according to the procedure reported in ref. [4]. Infrared spectra were measured on KBr
pellets by means of an FTIR Bruker IFS 120 HR spectrometer equipped with a closed
cycle cryostat allowing measurements between 10 and 300 K. Raman spectra were
measured using the 514.5 nm emission line of an Ar ion laser and a double monochromator
( Jobin-Yvon U-1000) equipped with a CCD detector. The same source ( 0.1 mW ) was
used for the microRaman experiment whose set-up consisted of a BH2 Olympus
microscope coupled to a single monochromator and a CCD detector. High pressure
measurements were performed by using a membrane diamond anvil cell ( MDAC ). Few
grains of a finely ground sample were placed, joint to a couple of 5 um ruby crystals
necessary for the pressure calibration, in the 100 pm diameter hole of a steel gasket. The
cell was then filled with liquid argon, the pressure transmitting medium, by means of a
cryogenic loading apparatus. Local pressure was always measured , according to the shift
of the R, ruby fluorescence line [5], before and after each Raman measurement.

2. RESULTS AND DISCUSSION
2.1. Infrared and Raman spectra

The infrared spectrum at room temperature of the o-quartz type PON is shown in fig.1
where it is compared with the spectrum of a-quartz and of silica glass [6].In the low
frequency region the resemblance with the spectrum of silica glass is considerable. Some
broadening of the spectral features in comparison with a-quartz can also be noticed, as
expected for a disordered system. The broadening of the spectral bands is much more

PON a-quartz

SiO, a-quartz

Absorbance

SiO, glass

T T T T

400 800 1200 1600
Frequency (em™)

Fig. 1 — Room temperature infrared spectrum of moganite PON.
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Fig. 2 — Calculated DFT infrared spectra of PON and silica clusters.

evident in the higher frequency region where, in addition, the stretching modes of silica
split into two well separated components. This arises from the differences in the P-O and P-
N stretching force constants in PON. To check that this is indeed the source of the observed
splitting in the high frequency region, model calculations were carried on (PON), and
(8i0,), clusters for n up to 8. The calculations were performed using the density functional
theory approach with the B3-LYP exchange-correlation functional [7] and the 6-31++G(d)
basis set. The calculated infrared spectra of the (PON)g and (SiO,)s clusters are shown in
fig. 2. It can be seen that in agreement with experiments, there is a general blue shift of the
vibrational frequencies in PON and that the major spectral differences are observed in the
high frequency region where a splitting of the stretching modes absorption occurs. The
normal vibrations calculation in the model clusters also shows that the spectrum can be
divided in three regions corresponding, respectively, to bending vibrations (0 — 500 cm™ ),
mixed bending — stretching vibrations ( 500 — 800 cm™ ) and stretching vibrations ( above
800 cm™ ).

The micro Raman spectra of the a~-quartz and of the moganite type PON are shown in
fig. 3 where they are compared with the corresponding spectra of silica [8]. Again the blue
shift of the vibrational frequencies in PON is evident. Also the Raman bands show a
broadening due the intrinsic disorder in the PON structure. The Raman spectrum is a quite
significant structural probe in these systems. It has been reported [8] that the Raman modes
frequencies in the 400-550 cm'™ region can be correlated with the number of corner sharing
tetrahedra forming rings in the silicate structures. In particular, it has been found that four
membered tetrahedra rings ( like in moganite ) give rise to Raman bands at frequencies
higher than 500 cm™ while six membered ( or larger ) rings ( like in quartz ) are associated
with Raman bands below 500 cm™ . It can be seen from fig. 3 that the relative band
positions in the o-quartz and in the moganite type structures follow tha same pattern in
PON and in silica.
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Fig. 3 — Raman spectrum of moganite and a-quartz PON

A preliminary ab initio molecular dynamics simulation has been carried using the Car-
Parrinello approach [9]. The volume of the simulation cell was kept constant at the
experimental value of the moganite type PON. The cell contained 72 atoms ( P24024Na4 ).
The weighted density of states of PON obtained from the ab intio molecular dynamics
simulation is compared with the infrared spectrum in Fig. 4. It can be seen that the gross
features of the experimental spectrum are reasonably reproduced in the simulation.

o e —— IR spectrum

: - - -+ Calculated DOS
E I :
g M e, " :‘-
2y .

T —

0 400 800 1200 1600
Frequency (cm’)

Fig. 4 — Infrared spectrum and density of states of PON
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The micro Raman spectrum of the moganite type PON as a function of pressure is

shown in fig. 5. The spectral changes are completely reversible in compression and

Fig 5 — Raman spectrum of moganite PON as a function of pressure
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decompression of the sample. The Raman bands of Fig 5 have been deconvoluted and fitted
with pseudoVoigt lineshapes and the resulting peak positions as a function of pressure are
reported in fig 6. It can be seen that the frequency variation as a function of pressure
changes appreciably from mode to mode. It can also be seen that an abrupt change of the
slope is observed at a pressure of ~ 4.5 Gpa. This is particularly evident for some of the
modes. The change in slope is an evidence that a phase transition may occur at this pressure
in the moganite type PON. The relative Raman intensities of the deconvoluted peaks have
been found to change appreciably with pressure. The results for some of the Raman bands
are shown in fig. 7 where it can be seen that positive or negative slopes are found to occur
for different bands. A change of slope seems to occur for some of the bands at ~ 4.5 Gpa,
although in the present case the results are not very accurate.

In a high pressure X-ray diffraction experiment [4] it has been found that the diagram of
the cell parameters of the moganite type PON exhibits a change in slope at ~ 8 GPa . This
is also an evidence for the occurrence of a phase transformation in the crystal. The pressure
of the phase transformations observed in the Raman and in the X-ray
experimerimeriments are
the same, a possible explanation for the difference in the transition pressure could arise
from the different pressure transmitting medium used in the Raman and X-ray
measurements.
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Fig. 7 - Raman intensities of moganite PON as a function of pressure
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Fixed-bed ion-exchange process performance of Pb** removal from a
simulated ceramic wastewater by Neapolitan yellow tuff

D. Caputo®, B. de Gennaro®, B. Liguori®, M. Pansini®, C. Colella®
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A phillipsite-rich Neapolitan yellow tuff bed, pre-exchanged in Na' form, was used to
remove Pb”" from a simulated wastewater of a ceramic manufacture through cation—exchange
in dynamic conditions. The composition of the simulated wastewater was the following: Pb "
22 mg/l; Na', 110> M; K*, 1.10% M; Ca*', 1.510° M; Mg®, 1.10° M.

A complete Pb** breakthrough curve, obtained flowing the fixed bed with the simulated
wastewater up to exhaustion, showed that the interfering cations present in the water did not
result in a substantial reduction of Pb®" exchange capacity of the tuff, which means that Na-
phillipsite shows a very strong selectivity for Pb*" in the reported experimental conditions.

The optimisation of the regeneration step suggested to flow the bed with about 12 bed
volumes of regenerant solution (1 M NaNO;) which allowed to remove about 53% of Pb**
present in the bed. Such partial regeneration allowed to keep outlet Pb** concentration below
the limit allowed by law for about 1700 bed volumes of eluate, thus giving rise to a yield of
the cation-exchange operations, i.e., the ratio between the volumes collected in the ion-
exchange step and in regeneration step, respectively, of about 140.

1. INTRODUCTION

Pb release in the environment is a very serious environmental problem on account of its
toxic effects on living organisms, either animal or vegetal [1]. Pb removal from water is
usually performed by precipitation as a hydroxide by direct addition of lime or soda to the
waste [2]. This procedure gives rise to a series of problems such as the following:

(a) possible failure to attain the concentration limit allowed by law (0.2 mg/l, Law No. 152,
G.U. - Official Gazette - No. 124, 29" of May 1999);

(b) long settling and/or filtration times of the gelatinous particles of Pb(OH),, even in the
presence of proper coagulants and flocculants;

(c) difficulty in disposal of the resulting sludge;

(d) increased alkalinity of the wastewater.

Ton-exchange is a valid alternative to procedures based on precipitation inasmuch as it
allows Pb recovery. Moreover it gives rise, as a rule, to stoichiometric reactions which is very
useful when the Pb concentration in the wastewater is not constant over time.

The use of natural zeolites of sedimentary origin (namely zeolitized tuffs) as cation-
exchangers in the treatment of waters polluted by Pb has been recommended on the basis of
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previous studies [e.g., 3,4]. Actually natural zeolites display in general cation selectivity
sequences [5-7] which may turn out favourable in selective Pb removal, also in the presence
of interfering cations. Moreover the large availability of sedimentary zeolites in many
countries of the world [8] contributes to lower the cost of the process.

In a previous paper [9] Na-phillipsite was reported to display a great affinity for Pb and the
exchange of Pb for Na on the same zeolite was found to be moderately fast. Equilibrium
constant, free energy of exchange and rate constant were determined to be 22.8, -3.9 kJ/equiv
and 1.3-107 I/mequiv-min, respectively. These positive features gave rise to very favourable
performances in Pb removal from water by using a fixed bed of granular phillipsite tuff even
in the presence of a considerable amount of Na as interfering cation (500-1000 mg/1) [9].
Such presence, in fact, resulted only in a moderate reduction of Pb cation-exchange capacity
and of both dynamic selectivity and process efficiency [9].

Pb is found in wastewaters of various industries, especially those manufacturing storage
batteries and antiknock compounds [2]. In addition, it is present in some process waters of the
ceramic manufacture, where its concentration is at level of a few tens mg/l in a typical
interfering cation matrix of a tap water [10,11].

In view of a possible utilization of Na-exchanged phillipsite-rich tuff in Pb removal from
ceramic manufacture wastewaters, this paper aims at optimising this process. Such an
optimisation is carried out by subjecting a phillipsite-rich Neapolitan yellow tuff bed to
several service-regeneration cycles, in which different volumes of regenerant solution are
used. Tuff selected belongs to the huge formation of Neapolitan Yellow Tuff, which normally
contains also subordinate amounts of chabazite [12], but the results can be considered
generally valid, because of the good performances exhibited also by chabazite in the removal
of the same cation [3].

2. EXPERIMENTAL

2.1 Materials and their characterisation

The phillipsite-rich tuff sample came from a quarry in Chiajano (Naples, Italy), belonging
to the huge formation of Neapolitan Yellow Tuff (NYT) spread over a vast area NW of
Naples, called Campi Flegrei [12].

The X-ray diffraction analysis of the tuff (Philips PW 1730 diffractometer) showed the
presence, among the crystalline phases, of phillipsite and smaller amounts of K-feldspar,
augite and biotite. The chemical analyses of the tuff sample and the pure phillipsite obtained
from the tuff by the usual enrichment techniques employed in mineralogy [13], are reported in
Table 1. A suitable sample of this tuff was ground and screened, and the grain size fraction
ranging from 0.25 to 0.71mm was used for preparing the fixed bed. The phillipsite content of
the tuff grains, determined by the water vapour desorption technique [14] was 61%.

The cation-exchange capacity of the tuff was determined to be 2.01 mequiv/g. This value
was calculated by multiplying the cation-exchange capacity of the pure phillipsite (3.30
mequiv/g), determined by the cross exchange method [15] and in good agreement with the
value calculated from the composition reported in Table 1 (= 3.41 mequiv/g), by its phillipsite
content.
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Table 1
Chemical analysis of the phillipsite-rich tuff and phillipsite (wt. %o)

Tuff Phillipsite

Si0, 51.60 52.35
ALO; 17.03 17.99
F6203 2.55

MgO 1.29 0.12
CaO 342 3.11
SrO 0.04

BaO 0.09

Na,O 333 1.35
KO 7.23 8.51
H,O 13.50° 16.50°

? Ignition loss

2.2 Ion-exchange runs

Dynamic runs were carried out with a fixed bed, prepared by allowing wet tuff grains of
NYT to settle into a glass column, partially filled with water. The column was then rapped
until bed depth showed no further reduction. Before starting the percolation of the solution
simulating the wastewater of a ceramic manufacture, the bed was exhaustively Na'-
exchanged by passing through a 1M NaNO; solution until the concentration of the most
strongly bound cation (K") in the effluent was below 1 mg/l. The exchanging solution was
prepared by dissolving Carlo Erba reagent grade NaNOj in distilled water.

The model wastewater simulating the wastewater of a ceramic manufacture was prepared
by dissolving in distilled water the relevant Carlo Erba reagent grade nitrates so as to obtain
the following cation concentrations: Pb%", 22 mg/l ; Na*, 110> M; K*, 110 M; Ca**, 1.510”
M; Mg®*, 110® M. This solution was percolated through the bed at a constant flow rate,
regulated by a peristaltic pump (Pharmacia Mod. P-3). The Pb concentration in the effluent
solutions, collected with a fraction collector (Pharmacia Mod. PF-3), was determined by AAS
using a Perkin-Elmer AA100 spectrophotometer. Table 2 summarises the experimental
conditions for the column runs.

Table 2

Column operating conditions

Equipment specification Service conditions

Column diameter 143 cm Feed composition (Pb) 22 mg/1
Bed depth 37 cm Feed flow rate 0.420 1/h
Weight of tuff 48 ¢ Holdup time 8.5 min

In the first cation-exchange run the NYT bed was eluted up to exhaustion to obtain the
complete S-shaped Pb breakthrough curve. The breakthrough curve was processed to
calculate the cation-exchange capacity (CEC) and the dynamic parameters. The cation-
exchange capacity for Pb** (Pb-CEC) was estimated through a graphical integration of the
area delimited by the two coordinate axes, the horizontal line denoting the value of the
original Pb** concentration and the S-shaped curve.
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After this run the bed was subjected to alternate service-regeneration cycles. During the
service step the bed was eluted with the simulated ceramic manufacture wastewater, whose
composition has been reported above, up to the breakthrough point. This point was
considered to have been attained when outlet Pb concentration steadily exceeded 0.2 mg/l,
which is Pb concentration allowed in wastewaters by the Italian law (Law No. 152, G.U. -
Official Gazette - No. 124, 29™ of May 1999). The regeneration step was performed by
percolating downflow the bed with prefixed volumes of 1 M NaNO; with a flow rate of 0.42
Ih. The volumes of regenerant solution percolated through the bed were: 5.50, 1.40 and 0.70
1, which corresponded to about 92, 24 and 12 bed volumes (BV), respectively, being 1 BV
equal to about 60 ml.

3. RESULTS AND DISCUSSION

The breakthrough curve, obtained by eluting the fixed bed of NYT with the simulated
ceramic manufacture wastewater is reported in F1g 1. The elongated shape of the
breakthrough curve and the sluggish attainment of Pb*" inlet concentration appear related to
the hlgh concentration of the interfering cations compared with that of Pb (3610 mole/l and
1.1.10™ mole/l, respectively). In spite of this, the most striking feature of this run 1s that the
bed, made of only 48 g of phillipsite-rich tuff in its Na form, is able to keep Pb** outlet
concentration below the law limit (0.2 mg/l) up to about 320 1 of eluate, which is more than
5300 BV. It must be said that some occasional Pb** leakage exceeding 0.2 mg/l was recorded
before reaching the breakthrough point, likely because of the formation of preferential
pathways through the bed.

BV
8000 1.6 10*

0.8

clc
0
0.4

A
—

i

400 800
Effluent volume, |
Fig. 1. Pb* breakthrough curve obtained by eluting the fixed bed of granular NYT with a
simulated ceramic manufacture wastewater (zcomposmon in the text). Pb conc. in the feed, 22
mg/l; feed flow rate, 420 ml/h; ¢, actual Pb*" conc. in the effluent; ¢y, original Pb** conc. in
the influent; BV= bed volume.

=3
=) FMH S

The Pb*" breakthrough curve was subjected to the treatment reported by Micheals [16] and
Colella and Nastro [17], in order to determine the length, L,, of the mass transfer zone (MTZ),
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namely the length of the bed in which the cation-exchange reaction is supgosed to occur. This
parameter represents a sort of dynamic selectivity of Na-phillipsite for Pb*" in that the shorter
the MTZ, the higher the selectivity is. According to this theory the value of MTZ is given by
the following expression [16,17]:

L = Lb(Vt_VB) )
*TFV,+(1-F)V,’

where L, is the length of the bed, V| the eluted volume at the exhaustion, Vg the breakthrough
volume and F the symmetry index of the breakthrough curve, defined by the relation:

ﬁ" (¢, -c)dV
= 1)
¢o(V,—V3)

in which co and ¢ represent the original and the actual Pb** concentrations, respectively.
Given the uncertainty in evaluating the real values of Vg and V,, fictitious values were
considered, according to a consolidated practice, at 0.05¢q and 0.95¢, [16,17].

Table 3

Dynamic data from the lead breakthrough curve in Fig. 1

[Pb**] Interferent Ly Pb-CEC  WEC S E
mg/1 matrix cm meq/g meq/g
22 * 324 2.06 1.33 ~1.00 0.65

*Na', 110° M; K', 110 M; Ca?, 1.5107 M; Mg, 1.10° M.

L, value is reported in Table 3 together with other dynamic data calculated from the
breakthrough curve in Fig. 1. In this Table Pb-CEC represents the cation-exchange capacity
that Na-phillipsite displays for Pb** in the presence of the interfering cation matrix previously
reported, whereas WEC represents the cation-cxchange capacity for Pb>" at the breakthrough
point. The parameters S (selectivity) and E (efficiency) are calculated by dividing Pb-CEC
and WEC, respectively, by the total cation-exchange capacity of NYT (CEC = 2.01
mequiv/g).

L, value is shorter than L, which is a proof of the reliability of column exchange
operations [16,17]. Its reasonably low value even in the presence of the reported interfering
cation matrix confirms the previously ascertained good selectivity of Na-phillipsite for Pb**
91

The Pb-CEC value reported in Table 3 practically coincides, within the limits of accuracy
of the experimental determinations, with the total cation-exchange capacity, which means that
Na-phillipsite practically exchanges only Pb** even in the presence of the interfering cation
matrix previously reported (S = 1). Also the value calculated for the parameter E (0.65)
appears sufficiently high, as it allows about 65% of CEC to be exploited for Pb** exchange up
to the breakthrough point in the presence of the reported cation interfering matrix.

Figure 2 reports the regeneration curve obtained by partially eluting the exhausted NYT
bed with the regenerant solution. The amount of Pb?* released was calculated by multiplying
the Pb”* concentration of each collected sample by its volume. The regeneration was
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deliberately stopped when about 70% Pb** stored in the bed was released, which occurred
after it was flowed with about 5.50 | of regenerant solution.
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Fig. 2. Regeneration curve of the exhausted NYT fixed-bed with a 1 M NaNO; regenerant
solution. Flow rate, 0.42 I/h.

In the next service step the bed was flowed again with the simulated ceramic manufacture
wastewater until the breakthrough point was reached and the breakthrough volume (Vs)
recorded. The above service-regeneration cycle was repeated six times. The results of these
runs, as well as the results of two other groups of service-regeneration cycles, carried out
similarly as the previous cycle in the former step, but different in that the bed was regenerated
with only 1.40 or 0.70 1 of solution, are summarised in Table 4.

Table 4
Pb** breakthrough volumes (Vg) after partial regenerations

Group of cycles performed with 5.50 1 of regenerant volume (group A)

Cycle 1A 2A JA * 4A 5A * 6A
Vg, 1 240 184 142 249 170 223
Group of cycles performed with 1.40 | of regenerant volume (group B)

Cycle 1B * 2B * 3B

Vg, 1 126 121 124

Group of cycles performed with 0.70 | of regenerant volume (group C)

Cycle 1C * 2C * 3C

Vg, 1 94 101 100

*After the regeneration step of previous service-regeneration cycle, distilled water was
pumped upflow for about one hour at 0.20 1/h feed flow rate.



117

As far as the group of cycles A is concerned (see Table 4), it can be observed that Pb**
breakthrough volume dramatically decreases in the second and the third cycle with respect to
the first cycle. Two explanations appear, at least in principle, possible:

(a) the increasing reduction of Pb-CEC recorded in the second and the third cycle might be
related to the progressive storage of K™ in the phillipsite-rich tuff bed. Actually phillipsite
is known to display a great affinity for this cation [18].

(b) during the service-regeneration cycles, the flow of the liquid stream through the NYT bed
results in head losses which make it more compact. Moreover, Neapolitan yellow tuff is
reported to be moderately friable [4] and, thus, such head losses give even rise to a
progressive production of fines which clog a part of the paths through the grains in which
water flows. These phenomena, usually known as channelling, give rise to the creation of
preferential paths of flow, which exclude considerable portions of the bed from exchange
reactions and considerably decrease the Pb-CEC. Head losses are also known to increase
as time goes by, and, thus, the recorded drawbacks created by channelling are supposed
to become more and more serious.

The fact that the calculated value of selectivity S practically corresponds to unity (Table 3)
makes unlike the hypothesis (a) of the progressive storage of K* in the phillipsite-rich tuff bed
and, thus, gives strong indications of the occurrence of channelling (hypothesis b). To verify
this supposition, after the regeneration step of the third service-regeneration cycle (Table 4,
group A) distilled water was pumped upflow through the bed for about one hour at 0.20 I/h
feed flow rate. This treatment, which is indicated in Table 4 by an asterisk, results in strongly
tackling the detrimental effects of channelling and in bringing back the bed to the original
efficiency (Vg = 249 1 in the fourth cycle, compared to 240 1 in the first cycle). This finding is
further confirmed by the data of following two cycles in Table 4 (group A): when the
treatment of pumping upflow distilled water through the bed was not performed (between the
4" and 5% cycles) Vg decreased to 170 1, whereas, repeating this treatment (stage between the
5% and 6" cycles) Vg increased again to 223 1.

160

140 | o

120 )

100

VIV,

80

60

40 s L B ‘

V1

Fig. 3. Yield of the cation-exchange process (V = breakthrough volume; Vg = regenerant
volume) as a function of the regenerant volume.
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Table 4 reports also the results of two other group of service-regeneration cycles in which
the regenerant volumes (VRr) were 1.40 and 0.70 1 and the above described treatment aiming at
tackling the detrimental effects of channelling was performed after the regeneration step of
every cycle (group of cycles B and C, respectively). The selected volumes of the regenerant
solution, which enabled to remove from the bed about 60 and 53% Pb** originally stored in
the bed, respectively, were chosen inasmuch as they represent typical regenerant volumes
used in the industrial processes. The Vg values collected, which demonstrate a substantial
constancy over the various cycles, obviously decrease with decreasing Vg.

The average Vg values for the three groups of service-regeneration cycles A-C, which were
calculated leaving out the data affected by channelling, divided by the relevant Vy values, are
plotted, as a function of Vg, in Fig. 3. The adimensional numbers in ordinates, that represent a
sort of yield of the cation-exchange process appear to dramatically increase with decreasing
Vg. The optimum volume of regenerant solution appears therefore to be 0.70 1, namely about
12 BV.

An attempt to further reduce Vg, in order to obtain a further increase in the yield of the
cation-exchanzge process, was not successful, because of an increased frequency of the
occasional Pb”" leakage during the service step of the various cycles.

4. CONCLUSIONS

This study fully confirms the excellent selectivity of Na-phillipsite for Pb*, already
ascertained previously [9]. Na-phillipsite is in fact able to exchange quantitatively Pb* even
in the presence of an interfering cation matrix of a typical ceramic manufacture wastewater.

The optimisation of this process, performed in the present study, evidences that a
sufficiently small regenerant volume, equal to only 12 BV, is able to remove more than 50%
of the lead stored in the bed during the service step. Such a partial regeneration, however,
allows the fixed bed of NYT to keep outlet Pb** concentration below the limit allowed by law
(0.2 mg/l) for about 1700 BV of eluate, thus giving rise to a yield of the cation-exchange
operation of about 140, which is a very satisfying performance.

It must be pointed out that the efficiency of this process is greatly decreased by
channelling. Thus, if a more welded and more attrition-resistant sample of phillipsite-rich tuff
is not available, a minimal amount of water, which does not affect at all the process
performance, should be pumped upflow after the service step of each cycle in order to bring
every time the bed to its original efficiency.
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Adsorption properties of clinoptilolite-rich tuff from Thrace, NE Greece
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Clinoptilolite tuff from Pentalofos (Greece) was mineralogically and chemically
characterized and its adsorption properties towards H,O, CO,, SO; and NH; were
investigated. Adsorption isotherms at 25°C were determined and analyzed with Langmuir,
Freundlich and Dubinin-Astakhov models. The Langmuir equation was found to provide
excellent fits in the case of sulphur dioxide and ammonia and a good fit in the case of carbon
dioxide. Dubinin-Astakhov equation, based on a pore filling-type mechanism, appears to be a
suitable model for water adsorption, which is characterized by condensation phenomena close
to saturation pressure. The high affinity of clinoptilolite for strongly polar molecules is
confirmed. The use of Pentalofos clinoptilolite-rich tuff in separation of gaseous mixtures of
polar and non polar substances is envisaged and evaluated.

1. INTRODUCTION

The use of naturally occurring zeolite-bearing materials in separation processes fits into a
wiser management of natural resources and in the increasing demand of environmentally
friendly technologies. Moreover these naturally-occurring materials are usually very cheap on
account of the occurrence of huge outcrops of zeolite-rich deposits in many countries of the
world (Hawkins, 1984; Colella, 1999).

A long term study on the use of phillipsite and chabazite bearing volcanic tuff coming
from the huge outcrops of central-southern Italy in separation processes was undertaken in
this laboratory. Interesting results were obtained as far as the separation of gaseous water-
ethano!l mixtures (Colella ef al., 1991; 1994) and selective removal of heavy metal cations
from water by ion exchange (e.g., Colella and Pansini, 1988; Colella e al., 1995; 1998;
Pansini et al., 1996) are concerned.

In the Orestia basin of Evros county (Thrace, north-eastern Greece), near the Pentalofos
village, a clinoptilolite-rich tuff deposit was found to occur (Kassoli-Fournaraki et al., 2000).
The field observations and detailed investigations of the collected samples revealed the
deposit to have a large economic potential. Actually, clinoptilolite grade was found to reach
values up to 90% and reserves of the rock were evaluated to be as high as 510° kg.

Considering that clinoptilolite is a HEU-type zeolite, characterized by a two-dimensional
pore system with three different channels having pore openings of 2.6x 4.7, 3.0x 7.6 and
3.3x4.6 A, respectively (Baerlocher et al., 2001), it was thought worthwhile to promote a
study aiming at evaluating the technological potential of this material in application connected
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to adsorption. Accordingly, this paper reports the adsorption characterization of the abgve
material at 25.0 °C towards four gaseous substances displaying different shape and polarity,
i.e., Hzo, COz, 802 and NH3.

2. MODELING OF THE ADSORPTION ISOTHERMS

The adsorption isotherms were analyzed using three different models, which have been
previously described in detail (Caputo et al., 1999).
In the model proposed by Langmuir the adsorbate mass percent on dry adsorbent base, Q,

is related to the partial pressure P of the adsorbate, according to the following equation:

Q _kP
Q, 1+kP’

M

where Qn and k are two constants. Qy, represents the adsorbate mass percent, referred to dry
adsorbent, necessary to cover the whole surface of the adsorbent with a monomolecular layer
and k=ky/kq is the adsorption equilibrium constant, namely the ratio between the kinetic
constants of adsorption (k,) and desorption (kg) processes. The Q/Qn, ratio is usually defined
as coverage 0, i.e. the fraction of the adsorbent surface covered by the monolayer of adsorbate
molecules. The above equation may be written in the following linear form:

P 1 P
—= +—.
Q kQn Qn

@

Plotting P/Q against P gives a straight line, whose slope represents the reciprocal of Qp,. It
is also possible to compute k value from the intercept on the ordinate axis.

The Freundlich equation is an empirical relationship which has been found best suited for
correlating experimental values of Q and P if a multilayer of adsorbed molecules is
considered:

Q=pp"", 3)

which in the linearized form becomes:
1

logQ = logP +—logP, C))
n

where B and n are specific constants for the system adsorbate-adsorbent.

Langmuir and Freundlich models assume an adsorption mechanism of surface coverage-
type. A useful model for correlating experimental data with adsorption phenomena based on a
pore filling-type mechanism, is the Dubinin-Astakhov equation:

Q_ exp[— (%) log" (P"/P)], ®)
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which can be linearized as:
logQ = logQ, —2.303™" (%) log"(P°/P), (6)

where Q is the adsorbate mass percent on dry adsorbent base at saturation pressure P°, T the
absolute temperature, R the gas constant, E the free energy of adsorption and n a small integer
(frequently equal to 1 or 2). If the temperature of the adsorption isotherm is well below the
critical point, i.e., near the boiling point of the adsorbate, dividing Qo by density of the liquid
condensed in the pores of the adsorbent, the total volume of the microporous system can be
evaluated (Gregg and Sing, 1982).

3. EXPERIMENTAL

3.1. Materials

The X-ray diffraction analysis of the Pentalofos tuff showed that the phase present to the
greatest extent was clinoptilolite together with lower amounts of quartz, opal-C, K-feldspar,
mica and smectite (A. Hall, Royal Holloway, University of London, 1997, private
communication). Its clinoptilolite content was determined to be 62% by a properly modified
water vapour desorption technique which had previously been set up for evaluating phillipsite
and chabazite content in Italian tuffs (de’ Gennaro and Colella, 1989).

The zeolite sample was ground by a ball mill to a grain size lower than 150 pm. After
grinding it was dried at 80°C for 12 hours and then stored in conditions of constant humidity
(R.H. 50%) before chemical and adsorption characterization.

The chemical analysis of Pentalofos tuff gave the following results (A. Hall, Royal
Holloway, University of London, 1997, private communication): SiO, = 65.13% TiO, =
0.15%, Al,O3 = 11.57%, Fe;03 = 1.00%, MgO = 1.11%, MnO = 0.02%, CaO = 3.43%, Na,0
=0.60%, K0 = 1.47%, P,05= 0.08%, H,0 = 15.50%, total = 100.06%.

3.2. Adsorption runs

Adsorption properties were investigated by a gravimetric technique using a McBain-type
adsorption balance. A detailed description of the apparatus and methods utilized in the
adsorption runs can be found in a previous paper (Caputo ef al., 1999).

Before adsorption runs the zeolite-bearing material was activated in situ heating it at
350°C for 4 hours under high vacuum (P <10™ mbar). After cooling to 25.0 °C, the adsorbate
gas was allowed into the balance and sufficient time (30 to 60 minutes, depending on the
specific adsorbate) was awaited to attain equilibrium. Tuff samples were used only once, i.e.,
the adsorbent was renewed before any new thermal activation and adsorption run.

Water vapour, sulphur dioxide, carbon dioxide and ammonia were used to disclose the
adsorption features of the tuff. Gases were supplied by SON (Societa Ossigeno Napoli) with
the following specifications: CO, was analytical grade (99.99%), whereas SO, and NH;
contained nitrogen at percentages of 15.84% and 15.76%, respectively.
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4. RESULTS AND DISCUSSION

In Figs. 1-4 the adsorption isotherms of HyO, SO,, NH; and CO, by Pentalofos tuff at
25.0 °C are presented. In these diagrams the adsorbate percent mass, referred to dry adsorbent,
Q, is plotted as a function of partial pressure of the adsorbate, P.
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Adsorbate mass percent at every value of the partial pressure of the adsorbate was found to
decrease according to the order HyO > SO, =~ NH; > CO,. The polarity of adsorbed molecules
appears to play a crucial role in adsorption properties of Pentalofos clinoptilolite-rich tuff.
The high permanent dipole moment displayed by H,O, SO,, NH; molecules, equal to 1.85,
1.63 and 1.47 debye, respectively (Weast ar al., 1985), results in their high affinity for the
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electrically charged adsorption sites present on the surface of clinoptilolite channels, thus
giving rise to the typical rectangular shape of adsorption isotherms. In the final part of the
curve concerning water vapor (Fig. 1, p >15 torr) a sudden rise of amount of adsorbate is
recorded. This must be ascribed to the incipient capillary condensation of water (the
saturation pressure of water vapor at 25°C is 23.76 torr) arising from the small dimensions of
clinoptilolite channels (see Introduction) (Ruthven, 1984). The apolarity of CO; molecule
results in a lower affinity denoted by the lower amount of adsorbate at every partial pressure
and by the monotonously increasing trend displayed by the adsorption isotherm in the
investigated range of partial pressures (up to 520 torr).

Adsorption equilibrium data of SO,, NH; and CO, were analyzed by the linearized forms
of the Langmuir and Freundlich equations (see Eqns. 2 and 4). The water vapour isotherm
was analyzed by the linearized forms of the Dubinin-Astakhov equation (6), because of the
above mentioned condensation phenomena.

Table 1 collects the equilibrium parameters computed through a linearization of the
adsorption isotherms according to the above mentioned models.

Table 1

Model parameters and coefficients of 1* to obtain straight lines

Parameters H-O SO, NH, CO,
Langmuir

Qm 13.7363 10.0806 9.8328 7.7459
k 0.5801 3.8450 0.6368 0.06476
. 0.8500 0.9994 0.9997 0.9985
Freundlich

B 7.9488 7.7535 3.7966 3.0591
n 7.1378 9.5511 3.5689 6.6050
? 0.8723 0.9300 0.8513 0.9888
Dubinin-Astakhov

Qo 12.3112 - - -

n 1 R - -

r 0.9812 - - -

Comparison between model fittings and experimental equilibrium data of Figs. 1-4 are
shown in Figs. 5-8, for H,0, SO, NH; and CO,, respectively.

Inspection of the figures and/or the values of the coefficient of 1’ to obtain a straight line
(Table 1) shows that the Langmuir model is an excellent representation for the adsorption of
SO; and NH; on Pentalofos tuff and a fairly good representation in the case of CO,. In the
latter case, however, the Freundlich model appears to be more suitable. On the contrary, as
expected, in the fitting of the adsorption isotherm of water vapor best results were obtained
using the Dubinin-Astakhov equation. In fact, condensation phenomena occurring in
proximity of saturation pressure are best described by a pore filling mechanism (Gregg and
Sing, 1982)
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Concerning the validity of Qn and k values computed by Langmuir equation, more careful
considerations are required. Actually, the physical significance of the constants derived by
matching experimental points to the model is strongly conditioned by the extension and
distribution of the concentration range of the experimental points themselves.
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Obviously Qp, value, which is the adsorbate percent mass when saturation of the adsorbent
is attained, is essentially correct when the experimental data cover the high concentration
region. As far as k is concerned it must be borne in mind that the Henry's law:

lim (Q) kQ,, @)

P-0

where H is the Henry's constant, is valid at low sorbate concentration (Ruthven, 1984). Thus

the computed k value is correct provided that the low concentration region is covered by a

sufficiently high number of experimental points. Data hereby reported seem to allow a

reliable computation only of Q,, values, whereas the computed k values do not appear to have

physical significance. Qy, values decrease, in fact, in the same order H,O > SO~ NH;> CO,

as the adsorbate mass percent does, whereas no logical explanation can be found for k

variation.

As the Freundlich equation is an empirical relationship, the parameters § and n are not
connected to quantities of physical significance. On the contrary, from the parameter Qo of the
Dubinin-Astakhov equation an estimation of the volume V; of mlcroporous system may be
obtained. In fact, the adsorbed amount at the saturation pressure p? , Qq, can be converted in
microporous volumes V,, d1v1d1ng it by the density of water at 25 °C (see Section 2). The
obtained value of 0.116 cm®/g of dry tuff is in reasonable agreement with analogous values
(0.101-0.136 cm /g) estimated for clinoptilolite-rich rocks from Cuba (Roque-Malherbe et
al., 1995).

Adsorption properties of several naturally-occurring zeolite-bearing materials were
previously investigated by Hayhurst (1980). He reported even data concerning the adsorption
of 8O, NH; and CO, by some clinoptilolites coming from sedimentary deposits in the United
States. Comparing Hayhurst’s data with our data, several discrepancies are observed. In
particular:

i) Hayhurst reported that times ranging from 1 to 3 hours were needed to attain equilibrium,
whereas in our case times not higher than 1 hour appeared sufficient for every adsorbate;

it) Hayhurst found Freundlich model to fit experimental data better than Langmuir model did.
However, the coefficients to obtain straight lines from Freundlich model were scattered
over a wide range going from 0.86 to 1.00.

These discrepancies could be justified by the fact that clinoptilolite displays different
thermal behaviours depending on its Si/(Si+Al) ratio and cation composition (Gottardi and
Galli, 1985). Actually, these two authors found that:

(1) high aluminium and alkaline-earth metal content in zeolites of the clinoptilolite type
resulted in the so-called type 1 thermal behaviour, i.e., clinoptilolite undergoes an
irreversible phase transition in the temperature range 230-260°C which implies a 15%
volume contraction of the elementary cell and a partial loss of its rehydration ability;

(2) high silicon and alkaline metal content in zeolites of the clinoptilolite type resulted in the
so-called type 3 thermal behaviour, i.e., clinoptilolite undergoes continuous reversible
dehydration with only a very small lattice contraction, lattice being undamaged up to
750°C.

The chemical composition of the clinoptilolite used in this study might result in a thermal
behaviour of type 3 and, thus, the clinoptilolite should not have undergone any phase
transition during activation which was performed at 350°C. Hayhurst did not report chemical



128

analysis of the clinoptilolites used in his work. Those clinoptilolites might have suffered some
structural damage upon heating, with consequent modification, at least to some extent, of
their adsorption properties.

5. CONCLUSIONS

The data collected confirm the good affinity of Pentalofos clinoptilolite-rich tuff for
strongly polar adsorbate molecules such as H,O, SO; and NHs, opening the way to its
possible utilization to separate gaseous streams in which these substances are present together
with other non polar molecules.

Langmuir model is an excellent fit for the adsorption of SO, and NH; on Pentalofos tuff
and a fairly good representation in the case of CO,. In the latter case, the Freundlich model
appears, however, to be more suitable. On the contrary, as expected, in the fitting of the water
vapour adsorption isotherm, best results are obtained using the Dubinin-Astakhov equation.

As the adsorption capacity of the tuff is related to its clinoptilolite content, a better
performance of Pentalofos clinoptilolite-rich tuff as adsorbent should be obtained if samples
bearing a higher clinoptilolite content were used.
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The dissociative adsorption of H; on defect sites of MgO is studied by means of FTIR
spectroscopy and ab-initio HF cluster modelling. IR data indicate irreversible and reversible
heterolytic splittings of H,. Calculations allow us to assign a band of the reversible species at
1325 cm™ to the MgscH hydride group, and a band of the irreversible species at 3712 cm™ to
the OscH hydroxyl group. The hydrogen atoms bridging two or three neighboring, low-
coordinated Mg atoms of the surface are suggested to be responsible for the complex bands in
the 1130-880 cm’' region. No IR band corresponds to the calculated frequencies of the H
atoms bound to the single 4- and 5-coordinated Mg and O atoms, suggesting that the
stabilization of H species at these sites is unfavorable compared to the 3-coordinated sites. The
calculated adsorption energies confirm that dissociative adsorption can occur only when 3-
coordinated cations and/or anions are involved. The ionic bond (Mg)H--H'(O) between the
formed H species strongly contributes to the exothermic effect of these reactions.

1. INTRODUCTION

The chemical reactivity of MgO is usually related to surface defects (corners, edges, steps,
etc.) with low-coordinated Mg and O sites [1-3]). These sites have raised significant interest
since they can play an important role in many catalytic processes on MgO. The hydrogen
molecule is considered to be a very efficient probe for IR spectroscopic characterization of
these sites. H, molecules dissociate at the defect sites of MgO producing several surface
species whose structure cannot be unuambiguously determined only on the basis of their
spectroscopic features.

In this work we consider some preliminary results obtained by coupling the IR spectroscopic
analysis and ab initio HF calculations. The defect sites are modeled by bare stoichiometric
clusters of MgO. This approach has been successfully used for quantitative description of
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frequency shifts of CO and CH,CN probe molecules coordinated at the defect sites of MgO,
silica, and zeolites [2,4,5].

2. EXPERIMENT

MgO ex-hydroxide (MgO-h) was prepared by thermal decomposition of the parent Mg(OH);
under vacuum conditions directly inside the IR chamber. The hydroxide was slowly
decomposed in vacuo at ca. 523 K and finally outgassed at 1123 K. This procedure gives MgO
with high specific surface area (SSAser= 200 mz-g") which is assumed to be completely
dehydroxylated, as no OH stretching vibration bands were observed in the background IR
spectrum. IR spectra of the adsorption of H; at room temperature were obtained by a Bruker
IFS 48 instrument; the resolution was 4 cm”. The IR chamber, linked to a vacuum pump,
allowed both the thermal pretreatment and the adsorption-desorption experiments to be
performed “in situ”. The spectra are reported in absorbance, the background spectrum of the
MgO sample before H, absorption being subtracted.

3. CALCULATIONS

Calculations were performed with the GAUSSIAN-94 package [6]. In order to choose a
suitable basis set, we checked the effect of the basis functions on the computed O-H and Mg-H
stretching frequencies of HMgOH (1) and HO(MgH),OH (2) molecules (Figure 1). When
using an adequate basis set, the HF method should correctly describe the difference in
frequency of a chemical group between closely related compounds [7]. Therefore the
convergence of the differences Avigs = VMg n[HMgOH]-vumen[HO(MgH),OH] and Avos = vo.
ufHMgOH]-vou[HO(MgH),OH] was considered as an index of adequacy for the basis set.
The results (Table 1) show that the convergence is reached at the 6-31G(d) level, the inclusion
of d-functions being indispensable for the convergence. Therefore in all the calculations we
used a combined basis set: the 6-31G(d) basis set for the H atoms, the Mg and O atoms
involved in the adsorption, and the O atoms of the first coordination sphere of these Mg atoms
and the 3-21G basis set for the rest of the models.

Table 1

Frequency differences (see text)

Basis set Avmgr(em')  Avog(cm™)
3-21G 116 63

6-31G 131 63
6-31G(d) 100 59
6-31G(dp) 110 57

6-311G(d) 96 52
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Fig.1. Cluster models
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Table 2 shows the stretching frequencies of the Os-H and Mgs-H groups calculated with the
Mg404 (3), Mngm (6), and Mg|3013 (7) cluster models.

Table 2

Calculated frequencies against cluster size.
Cluster type VOo-H VMg-H
Mg4O; /Combined basis set 3713 1326
Mg.O, /6-31G (d) 3716 1336

Mg10010 /Combined basis set 3699 1335
Mg;30,3 /Combined basis set 3718

The frequencies insignificantly change upon increase of the model size. On the basis of these
results in the following considerations the effect of the cluster size on the predicted frequencies
can be neglected to an accuracy of about 10 cm™.

For all models only the positions of the adsorbed H atoms and of the O and Mg surface atoms
involved in the adsorption were optimized; the position of all the other atoms corresponded to
the MgO bulk structure (Rmgo = 2.1 A [8]).

The HF stretching frequencies were calculated using force constants determined by a two-
degree polynomial fit of the energies at three points around the optimum geometry. For On-H
and Mg..-H (n=3, 4, and 5) species these three points correspond to the Ruin and Rpmint0.01 A
bond lengths, where Ry, is the optimum length of the O-H and Mg-H bonds in these
structures. For the bridging H atoms at the 2Mg,. and 3Mg,. sites, these three points were
chosen on the symmetry axis of these species crossing the H minimum energy position. The
harmonic HF frequencies v'" were corrected for the basis set incompleteness and the electron
correlation neglect by the scaling procedure v = kv™, where k is equal to 0.9049 for OH and
0.9517 for MgH. These scaling factors were defined by fitting the computed HF harmonic
frequencies to the experimental values for the Si(OH)s [9] and Mg-H' [10] molecules. This
approximation was shown to reproduce the OH stretching frequencies of Si-OH, P-OH, B-
OH, Al-OH, and Si-OH-Al within 10 cm™ [11].

4. RESULTS AND DISCUSSION

4.1. IR spectra

Figure 2 shows the FTIR spectra of the hydrogen adsorption on MgO ex-hydroxide at room
temperature. Two sets of bands are present: the first includes two bands at 3712 and 3460 cm’
!, the second both a sharp peak at 1325 cm™ and broader absorptions at 1131, 1067 (shoulder),
959, 886, and 861 (shoulder) cm™ (Fig. 2,a). The components at 3460, 1325, and 886 cm’
disappear after evacuation of H, at room temperature, whereas the other signals remain
essentially unchanged (Fig. 2,b). A subsequent H, readmission restores the initial spectral
pattern (Fig. 2,c).
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Based on literature data, the bands observed in the 3750-3400 cm™ and 1350-850 cm” ranges
can be attributed to the stretching vibrations of hydroxyls groups (a bending mode of which
produces the small component at 886 cm’) and hydride species, respectively [12-14].
Moreover, as Coluccia et al. [12,13] inferred from an analogy between the IR spectra of H
species on MgO and MgH,, the broad bands in the 1200-800 cm’' region should be attributed
to Mg,H or/and Mg;H surface structures, with the H atom bridging the neighboring, low-
coordinated Mg surface sites. The sharp band at 1325 cm™ was assigned by Knozinger et al.
[14] to the Mgs.-H surface species. The above data show that two different types of H,
heterolytic dissociations occur.
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Fig. 2: IR spectra following hydrogen adsorption at room temperature on MgO pre-outgassed
at 1123 K: a) in presence of 200 Torr H;; b) after outgassing 10 min at room temperature; c¢)
after readmission of 200 Torr H,.

The two processes and the related most significant bands can be summarised as follows on the
basis of the reversibility at room temperature.

reversible splitting H~— H'+H vmgn 1325 cm’
vmgon 3460 cm’
irreversible splitting H, » H+H vmgn 1131, 1067, 959, 861 cm’!
vmgon 3712 cm’!
It is impossible on the basis of the spectroscopic data alone to relate each hydride and hydroxyl
species to specific Mg’" and O sites in low coordination onto the surface. Therefore, we have
attempted to calculate the frequencies of the species which can be generated on the sites

modelled in Fig. 1, considering both single and muitiple Mg®* and O” sites as done previously
on studying the adsorption of CO [2,4] and CD;CN [5].



136

4.2. Adsorption at the single Mg and O sites

The coordination of hydrogen at the Mg, and Os. corner sites, Mgs. and Oy edge sites, and
Mgs. and Os, sites of the (001) planes was modeled by clusters 3, 4, and 5 respectively. The
results are shown in Table 3.

Table 3

Stretching frequencies calculated for adsorption on single sites and closest experimental peaks
(if any)

Bond type Var(em')  Veq (cm™)

Mgs-H 1326 1325
0s-H 3713 3712
Mg,.-H 985

Os-H 3512

Mgs-H 914

Os-H 3644

The calculated 1326 and 3713 cm’ frequencies of the Mgs-H and Os-H species are in
excellent agreement with the 1325 and 3712 cm’' bands in the IR spectra (Figure 2). This
result reinforces the earlier assignment of the 1325 cm™ band to the Mgs.-H species [14] and
suggests Osc-H species to be responsible for the 3712 ¢cm™ band.

However, it has to be noticed that the 1326 cm™ band is associated with a reversible species,
whereas that at 3712 cm’ belongs to a irreversible one and, consequently, cannot be
considered associated partners produced in the same heterolytic process.

The predicted stretching frequencies at 3512 (Oq4-H), 3644 (Os.-H), 985 (Mgs-H), and 914
(Mgsc-H) cm’' do not correspond to any IR band in the spectra. On the basis of these results
one can exclude the stabilization of H species onto 4- and 5-coordinated single Mg and O sites.
This is in perfect agreement with the experiments that showed that hydrogen dissociates only
on MgO samples pre-outgassed at the highest temperature and, therefore, exposing 3-
coordinated sites [15]. The possible role of multiple sites has to be considered.

4.3. Adsorption at the multiple Mg and O sites

The cluster models 7, 10, and 11 mimic the stabilization of an H atom at different double and
triple Mg and O sites of the surface. The O-H bond is too short to enable the formation of the
bridging O-H-O species at the step, the distance between two neighboring O atoms being
about 3 A. However, the O,.-H species produced by H bonding at one of the O atoms of these
double 20y, sites is influenced by the other O atom; this causes the O4-H group to bend
towards the surface. By the same geometrical reason, neither 305;H nor 20;.H bridging
species appear to be stable. For the adsorption of hydrogen at the triple 30, site (7) the only
energy minimum corresponds to the coordination of the H atom at a single Os; oxygen of this
triple site, resulting in the formation of the Os.-H species. The computed frequency 3718 cm’
of this species is very close to the frequency of the analogous species produced by the
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adsorption at the single Os. corner site (3713 cm’, see above). This means that the
stabilizations of hydrogen at single Os; and triple 30s. sites can not be distinguished by means
of IR spectroscopic methods. It has to be noticed that no voy band can be predicted, at this
stage of our modelling, close the experimental one at 3640 cm.

As distinct from the multiple O sites, on the multiple Mg sites (see 10 and 11) the adsorbed H
atom bridges all the neighboring Mg atoms, with equal Mg-H bond lengths. Since the
characteristic Mg-H bond length is close to the length of the Mg-O bond, the adsorbed H atom
nearly fits the crystallographic position of the “extracted” O atom at these Mg defect sites.

One can not expect the computed frequencies for the H atoms at the multiple 204, 2Mgs.,
2Mgy, and 3Mg;, sites to have quantitative accuracy, owing to the use of scaling factors
defined for the single O-H and Mg-H bonds. An important qualitative result of these
calculations is that the stretching frequencies of the H atoms at the multiple Mg sites are lower
than the stretching frequency of the Mgs.-H species (1325 cm™). This allows for the conclusion
that the 1131, 1067, 959, and 886 cm™ bands should be associated with the symmetric and
asymmetric stretching modes of the hydrogen stabilized at the multiple Mg sites.

4.4. Absorption energies

The HF adsorption energies at different sites are reported in Table 4. The ionic pair Os-Mgs is
generally considered to be the most active site in the chemisorption of H; on MgO. Our results
confirm this hypothesis, showing that the adsorption on two nearest three-coordinated ions is
highly exothermic, with an energy gain of about 25 kcal/mol. (According to a previous
theoretical study [16] the exothermicity of the reaction is estimated to be in the range 22-33
kcal/mol). The involved structure is strongly stabilized by the interaction between the two
hydrogen atoms: when forcing the O-H and the Mg-H bonds to lay on opposite sides of the
diagonal of the (MgO), cluster, the exothermic energy decreases to 6.3 kcal/mol.

Table 4
Adsorption energies at different sites.

Adsorption site Eus’ (kcal/mol)

Os-Mgs. (8) 24,7
03-Mg;3. (9) 6.3
Os3c-Mgy, 13.6
Ouc-Mgs, 123
Osc-Mgy. -5.9
Osc-Mgs. -39.1

: Eads = Esub + Eads_ Ecom'p

The dissociative adsorptions of H, at the Osc-Mgs. and O;-Mgs, sites are energetically
favourable: the exothermic effects of the reactions are 12 and 14 kcal/mol, respectively. Our
energies calculations conform to the trend of the site activity suggested by an experimental
TPD (thermal programmed desorption) study [16]:
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O4C-Mg3c < O3C-Mg4¢ < O}c'Mg3c

When both the surface atoms of a Mg-O site have coordination number equal or higher than 4,
the adsorption is endothermic (Table 4).

S. CONCLUSIONS

The IR spectroscopic and ab-initio quantum chemical results show that both the reversible and
irreversible H; splitting occur heterolitically on defect sites where at least one of the partners of
the acid-base couple is a single cation or anion in corner position. In particular, the H™ moiety
resulting from the reversible splitting is stabilized on a single Mg;. site, while the H moiety
produced through the irreversible dissociation is stabilized on a Os, site.

At present, the obtained results do not allow an unambiguous recognition of the sites
responsible for the stabilisation of the counterpart moieties resulting from these two processes
(giving origin to reversible hydroxyls and irreversible hydride species, respectively).
Nevertheless, some general findings about the nature of such sites have been obtained. The
irreversible IR bands in the 1150-850 cm™ region are compatible with the symmetric and
asymmetric modes of H™ stabilised at multiple Mg sites (2Mgsc, 2Mgu., or 3Mgs.), which
should be adjacent to the Os. ions where the irreversible OH species absorbing at 3712 cm’' are
formed. On the other hand, the H" moieties resulting from the reversible dissociation of H, are
not stabilised on single O or Oy, sites, but, probably, on multiple O (1=3,4) sites, where the
OH species formed on one of the oxygen atoms can be influenced by the other O atom.

Our energy calculations support the Os-Mgs, < O3-Mgsc < O3-Mgs. trend of the acid-base
pairs reactivity proposed by experimental TPD studies [16]. The adsorption on Mg-O sites,
where the coordinations of both Mg and O are higher than 3, appears to be endothermic.

REFERENCES

1. S.Coluccia, M.Baricco, L.Marchese, G.Martra, and A.Zecchina, Spectrochim. Acta, 49A
(1993) 1289.

2. A.Pelmenschikov, G.Morosi, A.Gamba, and S.Coluccia, J.Phys.Chem.B,. 102 (1998) 2226.
3. M.A Nygren and L.G.M.Pettersson, J.Chem.Phys., 105 (1996) 9339.
4. A Pelmenschikov, G.Morosi, A.Gamba, and S.Coluccia, J.Phys.Chem., 99 (1995) 15018.

5. A.Pelmenschikov, G.Morosi, A.Gamba, S.Coluccia, G.Martra, and E.Paukshtis,
J.Phys.Chem., 100 (1996) 5011.

6. Frisch, M. J.; Trucks, G. W.; Schiegel, H. B.; Gill, P. M. W_; Johnson, B. G.; Robb, M. A,;
Cheeseman, J. R.; Keith, G. A.; Petersson, D. A.; Montgomery, J. A.; Al-Laham, M. A
Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; Nanayakkara,
A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; Wong, M. W.; Andres, J. L.;
Replogle, E. S.; Gomperts, R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, G. J.; Baker,



139

J.; Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. GAUSSIAN 94 (Revision
A.1); Gaussian, Inc.: Pittsburgh, PA, 1995

7. W.Hehre, L.Radom, P.Schieyer, and J.Pople, Ab-initio Molecular Orbital Theory, Wiley-
Interscience, New York, 1986.

8. R.Wyckoff, The Structure of Crystals, American Chem. Soc., New York, 1931.

9. H.Boem and H.Knézinger, in: Catalysis-Science and Technology, Vol. 4, J.Anderson and
M.Boudart (eds.) Springer, Berlin, 1983, p. 39.

10. G.Herzberg, Molecular Spectra and Molecular Structure, Vols. I-I, Krieger Pub.
Company, Malabar, FL, 1950.

11. A.G.Pelmenschikov, G.Morosi, and A.Gamba, J.Phys.Chem., 95, (1991) 10037.
12.S. Coluccia, F. Boccuzzi, G. Ghiotti, and C. Mirra, Z. Physik. Chem., N.F. 121 (1980) 141

13. S. Coluccia, F. Boccuzzi, G. Ghiotti, and C. Morterra, J. Chem. Soc., Faraday Trans. I 78
(1982) 2111

14. E. Knézinger, K.H. Jacob, and P. Hofmann, J. Chem. Soc., Faraday Trans. 89 (1993)
1101.

15. a) E. Garrone, A. Zecchina, and F. S. Stone, Phil. Mag., B42 (1980) 683; b) S. Coluccia,
L. Marchese, S. Lavagnino, and M. Anpo, Spectrochim. Acta, 43A (1987) 1573.

16. T.Ito, M.Kuramoto, M. Yoshioka, and T.Tokuda, J.Phys.Chem, 87 (1983) 4411.



This Page Intentionally Left Blank



Studies in Surface Science and Catalysis 140
A. Gamba, C. Colella and S. Coluccia (Editors)
© 2001 Elsevier Science B.V. All rights reserved. 141

Modification of redox and catalytic properties of Keggin-type, Sb-doped
P/Mo polyoxometalates in the selective oxidation of isobutane to
methacrylic acid: control of preparation conditions

F. Cavani, R. Mezzogori, A. Pigamo, F. Trifird

Dipartimento di Chimica Industriale e dei Materiali, Viale Risorgimento 4, 40136 Bologna,
Italy

Keggin-type phosphomolybdates (POM’s) were tested as catalysts for the selective
oxidation of isobutane to methacrylic acid. Doping the POM with antimony improves the
catalytic performance especially at isobutane-lean conditions, since a redox reaction between
Sb3* and Mo®™ leads to the development of a reduced POM which is stable even in an
oxidizing environment, and which is more selective to methacrylic acid. Another important
factor to control the reactivity is the pH of precipitation of the POM. When the preparation of
the catalyst is carried out via the formation of a lacunary precursor, the time necessary to
reach steady catalytic performance (“equilibration time”) is considerably less than that for
POM’s prepared conventionally at strongly acid pH. An hypothesis about the nature of the
active sites is formulated.

1. INTRODUCTION

The current industrial production of methylmethacrylate by the “acetone-cyanohydrin”
process suffers from a number of drawbacks, which make it environmentally unfriendly. In
particular, it makes use of a very toxic reactant (HCN) and intermediate (acetone
cyanohydrin), and coproduces large amounts of impure ammonium sulphate, contaminated
with organic compounds. Among the several alternative synthetic routes which have been
proposed, particularly interesting from both the practical and scientific points of view is the
single-step oxidation of isobutane to methacrylic acid, intermediate in the synthesis of
methylmethacrylate. Several industrial companies have studied this reaction (and the selective
oxidation of propane to acrylic acid, as well), and it has been established that the most active
and selective catalysts are those which are based on Keggin-type polyoxometalates (POM’s),
containing phosphorus and molybdenum as the main components [1-18].

An important aspect of this reaction is that the processes claimed in all patents make use
of fuel-rich conditions, thus with sub-stoichiometric oxygen [1-5]. Under these conditions the
conversion of isobutane is necessarily low (in the best cases, not higher than 25%), and
therefore recycle of the unconverted reactant becomes necessary. It has been proposed that
the reason for this is that the catalyst is selective only provided molybdenum in the POM can
be kept at an average reduced state lower than that typical of the calcined POM [17]. This can
be obtained only provided a reducing, hydrocarbon-rich gas-phase is employed as the
feedstock to the reactor. Some authors have reported catalyst preparations which lead to the
development of reduced compounds that perform better than POMs prepared conventionally
[10,12,13]. However, in all cases very few indications are given about the possibility of
maintaining these performances for prolonged lifetimes. Indeed, the main question is whether
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this reduced state of the POM can be maintained under reaction conditions, or is fated to
evolve inside the reactor.

In a previous work we found that the addition of small amounts of Sb3* to the POM-
based catalyst makes possible the occurrance of a redox reaction between MoS™ in the
primary POM structure and antimony, with development of a reduced compound which is
stable even under oxidizing conditions [19]. The objective of the work reported here was
twofold: 1) to evaluate the catalytic performance of this Sb-doped POM catalyst in the title
reaction, and 2) to analyze the effect of the pH of precipitation of the POM on its chemical-
physical features and catalytic performance, as a possible parameter to control the reactivity
of these compounds.

2. EXPERIMENTAL

Ammonium salts of phosphorus/molybdenum Keggin type POM’s and related lacunary
compounds were prepared using the following procedure: the compound (“precursor”) was
precipitated by the addition of HCI (until the desired pH value) to a solution containing
dissolved (NH4)gMo7024-4H70 and H3POy4 (initial pH 4.5), in the relative amounts as
required by the stoichiometry. In the case of the Sb-doped POM, SbCl3/HCl was also added
to the solution, in the desired amount. The precipitate was dried at 120°C overnight (with
solvent evaporation), and then calcined up to 350°C in static air, for 6 hours. The effective Sb
content was determined by dissolving the sample in a basic medium, and analysis of Sb using
the atomic absorption technique (Phillips PU 9100). The amount of Sb was found to be equal
to 0.23 atoms per Keggin unit: (NHg4)3PMo12040/Sbg.230x. The carbon and nitrogen
contents were determined on the solids, using a Carlo Erba EA 1110 CHNS-O Instrument.
Powder XRD data were obtained with a Phillips PW 1050/81 diffractometer, controlled by a
PWI1710 unit using Ni-filtered CuK, radiation. The surface areas (BET single point) were
determined by Ny adsorption at 77K, using a Carlo Erba Sorpty 1826 apparatus. Diffuse
Reflectance UV-Vis spectra were recorded at room temperature using a Perkin-Elmer
Lambda 19 spectrometer, equipped with a 60-mm integrating sphere coated with barium
sulphate reflective paint.

The catalytic tests were carried out in a stainless-steel continuous flow reactor, at
atmospheric pressure. The feed composition was the following: isobutane between 1
(isobutane-lean) and 26 (isobutane-rich) mol.%, oxygen 13%, steam 12%, remainder helium.
Each series of catalytic tests was carried out using 1.5 g of catalyst, granulated into particles
ranging from 0.4 to 0.5 mm in size. Unless otherwise specified, the residence time was equal
to 3.6 s. The reactor outlet was kept at 200°C, to prevent product condensation and
methacrylic acid polymerization. A volume of the gas phase was sampled on-line by means of
a sampling valve, and analyzed by gas chromatography. A Carbosieve S column was utilized
for CO and COy analysis, with a programmed increase in oven temperature from 40 to 240°C
(TCD). A GP 10% SP-1200/1% H3PO4 on Chromosorb WAW (FID) was utilized for the
analysis of the other products. After the catalytic tests, the catalysts were unloaded by cooling
the reactor under a helium atmosphere, and then characterized.

3. RESULTS AND DISCUSSION

3.1 Effect of Sb on the redox state and catalytic performance of a working POM
The catalysts exhibit an initial period during which the catalytic performance is not
stable. Several hours of “equilibration” are necessary before a steady performance is reached;
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in the case of (NH4)3PMoj204q prepared at pH < 1, the steady state is reached in 80 hours
of reaction under isobutane-rich conditions (26% isobutane, 13% oxygen in the feed), while a
shorter period is necessary when the reaction is carried out under isobutane-lean conditions
(1% isobutane, 13% oxygen).

Figure 1 compares the conversion of isobutane and the selectivity to the different
reaction products (methacrolein, methacrylic acid, acetic acid, carbon monoxide and carbon
dioxide) for an “equilibrated” catalyst (one that has reached a steady catalytic performance),
under different reaction conditions: isobutane-lean and isobutane-rich. The catalyst was
prepared by precipitation of the “precursor” of composition (NH4)3PMo1204( at strongly
acid pH (< 1), followed by thermal treatment at 350°C.
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Figure 1. Comparison of the catalytic performance of an “equilibrated” (NH4)3PMo1204¢
catalyst under isobutane-lean (T 350°C) and isobutane-rich (T 352°C) conditions. MAA:
methacrylic acid; MAC: methacrolein; AcAc: acetic acid.

Figure 2 compares the ex-situ UV-Vis DR spectra of catalysts, unloaded after reaction at
the two different conditions, and of the fresh, calcined catalyst, before reaction. A large
absorption band is observed in the 250 to 500 nm range. This band is indeed constituted of
several components, due to the different energies associated with 02- - Mob+ charge-
transfers in the Keggin anion. A first component is present in the 270 to 320 nm range, a
second one lies between 330 and 400 nm, and a third one is centred above 400 nm. The bands
are strongly convoluted. It has been reported that the energy associated with the absorption
band above 400 nm (centred at ~ 430-460 nm) is a function of the cationic composition of the
Keggin secondary framework, and possibly of other structural and morphological features as
well (ie., the crystallinity of the compound) [20]. Moreover, it has been reported that the
Low-energy Charge-Transfer band energy can be affected by the oxidation potential of the
oxometal [21].

The main difference in the spectra concerns the presence of an intense absorption band at
around 700 nm, which can be attributed to Intervalence Charge-Transfer between Mo>" and
Mo6™ in the Keggin unit [22,23], thus indicating the presence of a partially reduced POM for
the catalyst which has been unloaded after reaction under isobutane-rich conditions (spectrum
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b in Figure 2). This means that in the latter case the gas phase is reducing towards the fully
oxidized POM, and that the equilibrium attained at steady state involves the development of a
partially reduced POM. On the contrary, under isobutane-lean conditions the gas phase
behaves towards the POM in the same way as does the atmosphere employed for the
calcination treatment (air), and the POM therefore is fully oxidized (spectrum c in Figure 2).
Indeed, the electronic spectrum is very similar to that of the calcined catalyst (spectrum a in
Figure 2). Figure 1 shows that the equilibrated catalyst is much more selective to methacrylic
acid under isobutane-rich conditions than under isobutane-lean conditions. This can be
attributed to the fact that a more reduced POM under steady state is more selective for the
transformation of isobutane to the products of partial oxidation rather than to carbon oxides
[17,24]. On the contrary, when the catalyst is fully oxidized, the formation of carbon oxides is
the prevailing reaction.
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Figure 2. UV-Vis-DR spectra of calcined (NH4)3PMo1204¢ (a) precipitated at pH < 1, of the

same catalyst after reaction under isobutane-rich conditions (b), and after reaction under
isobutane-lean conditions (c).

The effect of residence time on isobutane conversion and on selectivity to the various
products at the temperature of 320°C, under isobutane-rich conditions, is illustrated in Figure
3. The data indicate that methacrolein, methacrylic acid, and carbon dioxide are all formed
through direct, parallel reactions; acetic acid and possibly carbon monoxide are instead
formed through consecutive reactions. Methacrolein undergoes consecutive reactions of
transformation to acetic acid, to carbon oxides and possibly in part also to methacrylic acid.
Indeed the selectivity to the latter product seems to increase slightly with increasing isobutane
conversion.

In previous works, it was found that doping with Sb3 affects the redox properties of
P/Mo POMs’ [19]. This is shown in Figure 4, which reports the electronic spectra of a POM
of composition (NH4)3PMo1204¢/Sbg 230«. It is assumed that the antimony is fully
extraframework from the Keggin anion: in fact it has been established that Sb ions replace
part of the ammonium cations in the secondary framework of the POM [19]. In agreement,
the amount of ammonium cations per Keggin unit was found to be equal to 2.7, lower than
the theoretical one, 3.0. The calcined POM is reduced, as suggested by the intense IVCT band
at 700 nm. This can be attributed to the redox reaction occurring between Mo and Sb3™:
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Figure 3. Effect of the residence time on the catalytic performance of the (NH4)3PMo1204¢
catalyst, prepared at pH < 1. T 320°C; isobutane-rich feed composition. Symbols: isobutane
conversion (), sel. to methacrylic acid (l), to methacrolein (&), to acetic acid (%), to
carbon monoxide (3¢) and to carbon dioxide (@).
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Figure 4. UV-Vis DR spectra of the (NH4)3PMo12040/Sbg 230y catalyst prepared at pH < 1
after calcination (a), and unloaded after 25 h time-on-stream under isobutane-rich conditions

(b).

2 Mob* + Sb3+ & 2 MoS+ + b5+

Indeed the electrons furnished to the POM are not fully localized over defined Mo sites,
but rather are delocalized over the entire Keggin anion. This reduced state is stable even
under oxidizing conditions, i.e., under the conditions of the calcination treatment, and under
the isobutane-lean conditions employed for reaction.

The effect of isobutane partial pressure on catalytic performance for the Sb-doped POM
is illustrated in Figure 5. The catalyst is now selective even under isobutane-lean conditions,
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while the undoped POM under these conditions is fully unselective (see Figure 1). A small
improvement in selectivity to methacrylic acid with respect to the undoped POM is also
observed under isobutane-rich conditions. These data indicate that the development of a
reduced POM, stable even under reaction conditions which are oxidizing and typically non-
selective (isobutane-lean conditions), makes it possible to obtain a selective catalyst. The
improvement in selectivity under isobutane-rich conditions is much smaller due to the fact
that under these conditions the catalyst is already selective, even in the absence of the Sb
dopant.
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Figure 5. Catalytic performance of (NH4)3PMo1204(/Sb(.230x prepared at pH < 1 as a
function of isobutane content in the feed. T 350°C, t 3.6 s, feed composition: 13% O9, 12%
H7O, remainder He. Symbols as in Figure 3.

The effect of the residence time on the catalytic performance under isobutane-rich
conditions for the Sb-doped compound is shown in Figure 6. The initial selectivity to
methacrylic acid is higher than for the undoped POM, but it decreases for increasing values of
residence time. The decrease in selectivity corresponds to an increase in carbon dioxide and
carbon monoxide. The selectivity to methacrolein is lower than that obtained for the undoped
POM. It is significant that the sum of methacrolein plus methacrylic acid is approximately the
same with the two catalysts. This means that under these conditions the effect induced by the
presence of Sb mainly concerns the ratio between the two parallel reactions of transformation
of isobutane to methacrolein and to methacrylic acid. With this catalyst, too, acetic acid and
carbon monoxide are secondary products, obtained by consecutive reactions.

In conclusion, the addition of Sb as a dopant has the following main effects on the
POM features and reactivity:
a) It furnishes electron(s) to the POM, yielding a reduced compound which is stable under
oxidizing conditions.
b) The reduced POM is selective to methacrylic acid even under isobutane-lean conditions
(thus conditions which are not reducing towards the POM), while the oxidized, undoped POM
is not selective under these conditions.
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¢) The reduced Sb-doped POM is also slightly more selective than the undoped one to
methacrylic acid under isobutane-rich conditions; however, the selectivity to methacrolein
plus methacrylic acid is approximately the same for the Sb-doped and for the undoped POM.
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Figure 6. Catalytic performance of (NH4)3PMo12040/Sbg 230« prepared at pH < I as a
function of residence time. T 350°C; feed composition: 26% isobutane, 13% 09, 12% H7O,
remainder He. Symbols as in Figure 3.

3.2 Effect of the pH of precipitation on the chemical-physical features and reactivity of
(NH4)3PMo1204¢

POM's are usually prepared at strongly acid pH values, thus at conditions at which the
Keggin anion PMoj 20403‘ is formed; in the presence of ammonium cation, the
corresponding unsoluble salt precipitates. However, the preparation of POM's can be carried
out at higher pH, i.e., between 1 and 7. In this range, lacunary compounds develop, where the
atomic ratio between the heteroatom and the oxometal is higher than in intact Keggin anions.
We prepared unsoluble ammonium salts at pH between strongly acidic (< 1) and mildly acidic
(4.0). The FT-IR spectra of the compounds obtained, after drying at 120°C, are reported in
Figure 7 (left).

The results obtained show that with increasing pH, spectra develop where the absorption
bands are shifted and doubled with respect to those of the intact Keggin unit, as a
consequence in decrease of the anion symmetry. Limit spectra are those obtained at strongly
acid pH (< 1 and 1.8) and at pH equal to 4.0; for the intermediate value of pH (3.2), the
spectrum corresponds to a convolution of the two limit spectra. According to literature
indications, the spectrum of the compound obtained at pH 4 might correspond to that of the
POM having the composition (NH4)7PMo|1039 [25]. A confirmation for this comes from
the analysis of the N content of the compound, which is 5.1 wt.%, and thus corresponds to 6.7
(NH4)™" cations per PMoj 10397~ formula, close to the theoretical value 7. X-ray diffraction
patterns for the same samples are reported in Figure 7 (right). In this case, the presence of a
non-negligible amount of lacunary compound is already detected in the sample prepared at
pH 1.8.

FT-IR and X-ray diffraction patterns of the same compounds after calcination at 350°C
are reported in Figure 8. Surprisingly, in all cases the thermal treatment of these compounds
at 350°C leads to the formation of a Keggin POM. If we consider the stoichiometry of a
possible transformation of the lacunary to the intact POM we have the following reaction:
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12 (NHg)7PMoj1039 — 11 (NHg)3PMoj2040 + (NH4)3PO4 + 48 NH3 + 24 HpO
Indeed, the XRD pattern of the calcined compound precipitated at pH 4.0 indicates that

the transformation of the lacunary precursor also involves the formation of small amounts of
MoOs3.
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Figure 7. FT-IR spectra (left) and X-ray diffraction patterns (right) of catalysts precursors
prepared at increasing values of pH.
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Figure 8. FT-IR spectra (left) and X-ray diffraction pattern (right) of catalysts prepared at
increasing values of pH and calcined at 350°C. * MoO3.

When loaded into the reactor, all the POM's exhibit an initial unsteady catalytic behavior
before reaching the so-called “equilibrated” state. This is shown in Figure 9, for the calcined
compound precipitated at strongly acid pH (<1). During this equilibration period, the main
effects are 1) a progressive increase in catalytic activity, and ii) a progressive increase in the
selectivity to methacrylic acid, with a corresponding decrease in the selectivity to carbon
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dioxide. Along with these modifications, changes also are found in the chemical-physical
features, and specifically:
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Figure 9. Catalytic performance of (NH4)3PMo1204( prepared by precipitation at pH < 1 as
a function of time-on-stream. T 380°C, 1 3.6 s; feed composition: 26% isobutane, 13% O,
12% H)O, remainder He. Symbols as in Figure 3.

a) The extent of POM reduction increases progressively, as evidenced by the progressive
increase in the intensity of the band at 700 nm in the electronic spectrum for increasing values
of elapsed time-on-stream under isobutane-rich conditions (Figure 10). On the basis of that
discussed above, this might explain, at least in part, the progressive increase in the selectivity
to methacrylic acid during the equilibration time [24].

b) FT-IR spectra confirm that the POM structure has been mostly maintained (Figure 11,
left); however, small amounts of MoO3 are detected in the X-ray diffraction pattern (Figure
11, right) of the catalysts unloaded after reaction at isobutane-rich conditions.

¢) The ammonium cation content decreases. In fact, the amount of N in the catalyst, as
determined analytically, decreases from the initial amount corresponding to 3.0 molecules per
Keggin unit to the final 2.3. This difference can not be justified by the formation of the small
amounts of MoO3, and this means that the negative charges of the Keggin anion are in part
compensated for by other cation types, either by protons, or by Mo cations, possibly as oxo or
hydroxo species. The migration of molybdenum ions from the anionic position in the Keggin
structure into the cationic framework position of the still intact framework has been proposed
to occur also during the incipient thermal structural decomposition of the Keggin unit, before
the extensive formation of crystalline MoO3 [26]. This explains the low analytical content of
ammonium in the compound, and the development of Mo-O-Mo species (with one Mo cation
in the Keggin anion, and one in the secondary framework), as has been evidenced by EPR
spectroscopy [26].

It has been proposed that the development of a compound where a fraction of Mo ions
are located in the secondary framework of the POM leads to a more active catalyst in the
oxidehydrogenation of isobutyric acid to methacrylic acid [26]. In agreement, in the present
case, possible explanations for the progressive increase in activity during equilibration time
under isobutane-rich conditions are not only the increase in the POM reduction, but also the
development of more active sites in the POM, as a consequence of the redistribution of Mo
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species in the POM framework. This may also positively affect the selectivity to methacrylic
acid, contributing to its progressive increase during the equilibration period.
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Figure 10. UV-Vis-DR spectra of (NH4)3PMo1704( after calcination (a), after reaction at
isobutane-rich conditions for 25 h (b), and after reaction for 100 h (equilibrated catalyst) (c).
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Figure 11. FT-IR spectra (left) and X-ray diffraction patterns (right) of catalysts prepared at
increasing values of pH, unloaded after reaction under isobutane-rich conditions. * MoOs3.

Figure 12 shows the variation of catalytic performance during time-on-stream
(equilibration time) for the catalyst prepared by precipitation at pH 4.0. In this case the
conversion is constant during service time (around 7%), and the selectivity to methacrylic
acid exhibits a lower increase (from the initial 21% up to 40% for the equilibrated catalyst
after approximately 50 hours time-on-stream) than for the compound prepared at strongly
acid pH (see Figure 9). In this case, the only chemical-physical features which are modified
during the equilibration time are i) the extent of POM reduction, which progressively
increases, as demonstrated by the electronic spectrum of the unloaded catalyst as compared to
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that of the calcined catalyst, and ii) the amount of crystalline MoO3, which slightly increases
with respect to the amount present in the calcined catalyst (Figure 11, right).
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Figure 12. Catalytic performance of (NH4)3PMo1204( prepared by precipitation at pH 4.0 as
a function of time-on-stream. T 350°C, 1 3.6 s; feed composition: 26% isobutane, 13% O,
12% H»O, remainder He. Symbols as in Figure 3.

All these data indicate that the progressive increase in activity during service time

observed for the catalyst prepared at strongly acid pH (Figure 9) is due to the development of
an active species during equilibration, which occurs as a consequence of partial structural
decomposition of the POM and redistribution of molybdenum in the framework. This active
species can be hypothesized to include Mo ions located in the cationic position of the
framework. An additional phenomenon is the increase in the extent of reduction of the POM,
which is in part responsible for the progressive increase in selectivity.
The same change in activity is not observed in the case of the catalyst prepared at pH 4.0
{Figure 12) because the catalyst, already after calcination, possesses the mentioned active
species, which are formed during the thermal treatment of the lacunary precursor and its
transformation into the Keggin compound. In this case the only change in catalytic
performance observed during equilibration is an increase in selectivity to methacrylic acid
(less important than in the case of the catalyst prepared at strongly acid pH), likely related to
a progressive increase in the extent of reduction of the POM.

In conclusion, the pH of precipitation of the POM is one parameter which may affect the
performance of the final catalyst during the “equilibration” time. In particular, it is possible to
considerably shorten the time-on-stream necessary to reach a steady performance, by
preparation of the precursor at mildly acidic conditions (pH 4.0). This procedure yields a final
compound that already contains the specific sites active for the title reaction. When instead
the preparation is prepared conventionally at strongly acid pH, generation of the active
species occurs during permanence in the reaction environment under isobutane-rich
conditions, by partial decomposition of Keggin units and redistribution of the cationic
composition in the POM framework.
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Evaluation of Italian phillipsite and chabazite as cation exchangers for Ba®*
and Co™*
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The cation exchange properties of Na-exchanged phillipsite and chabazite for Ba** and
Co™, two cations present in many nuclear power plants wastewaters, were investigated at
25°C and 0.1 total normality, from either a kinetic or a thermodynamic points of view.

Kinetic curves showed a rather fast exchange reaction for both cations, as equilibrium was
mostly reached in about one day. Results of 2Na* == Ba®* and 2Na' == Co®" equilibria,
interpreted in terms of distribution coefficient (Kq4) and separation factor (aBA ) and discussed
on the basis of the known structural features of the two zeolites, evidenced a moderate to good
selectivity of chabazite and phillipsite for Ba, which preludes to possible utilizations of Italian
tuffs in the removal of this cation from wastewaters of nuclear origin. On the contrary,
selectivity for Co was demonstrated to be very poor.

1. INTRODUCTION

Environmental pollution is nowadays matter of deep concern. Air, soil and water are the
main natural resources subject to pollution. Water in particular, due to its high affinity to ionic
or ionizable compounds, is prone to dissolve and store several noxious or toxic species,
especially cations, spreading them around in soil and subsequently in plants and in animals. A
strict control is therefore necessary on the polluting charge of wastewaters of either municipal
or industrial origin, before recycling or discharging them in water bodies.

Wastewaters of nuclear power plants contain various dangerous cationic species, the most
common being "’Cs, *°Sr, Ba and *°Co [1,2]. Cs and Sr are present in remarkable
concentration and are the most dangerous cations, since they present long half lives. '**Ba
originates from "*’Cs decay through B and o radiations, but it has a half life shorter than Cs.
During Ba-Cs transformation y radiations may be produced too [3]. *°Co derives from **Ni,
used as building material of the reactor, by acquisition of two neutron. It may also result from
neutronic activation of corrosion products and other impurities in the cooling plant [4].

During the past few decades natural zeolites have been shown to exhibit a remarkable
cation exchange selectivity for certain polluting cations and to be therefore suitable cation
exchangers for removing the same cations from wastewaters [5]. Phillipsite and chabazite, in
particular, which are very common minerals in Italy being the main constituents of the huge
formations of volcanic tuffs [6,7], couple large availability and good cation exchange
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selectivity for several polluting cations [8], e.g., Cs* and Sr**, that are often part of the nuclear
wastes [9].

In the frame of an investigation aimed at evaluating the ion-exchange features of these two
zeolites towards some common radionuclides, the aim of the present paper is to study the
thegnodynagr?cs and kinetics of the ion-exchange reactions of phillipsite and chabazite for
Ba“" and Co*".

2. EXPERIMENTAL

2.1. Materials

Both materials used for studying equilibrium and kinetics of the ion-exchange reactions
came from the huge formation of Neapolitan yellow tuff [10]. One of them, collected from a
tuff quarry in Marano (Naples), was rich in phillipsite, whereas the other, coming from a
drilling core in Parco Margherita (Naples), was rich in chabazite. Rock mineralogy was
investigated by X-ray powder diffraction using a Philips PW1730, equipped with a Philips
3710 count unit. Zeolite grade was obtained through the Reference Intensity Ratio (RIR)
procedure [11].

Enriched phillipsite and chabazite samples, practically free from other cation exchanger
phases, were obtained from the parent rocks by enrichment processes (grinding and sieving,
separation by heavy liquids or magnetic table, etc.), based on the greater friability and lower
density of zeolite relative to other rock constituents [12]. Chemical analysis of the two
zeolites in the enriched products was performed by electron microprobe analysis (CAMECA
SX50). Water content was measured by thermogravimetry (Netzsch STA 409
thermoanalyzer).

The two zeolite-rich samples, in their original form or after pre-exchange in Na" form,
were stored for long time (at least one week) at room temperature over saturated Ca(NO;3),
solution (relative humidity near 50%) before using them for ion-exchange runs.

2.2. Measurement of cation exchange capacity

Cation exchange capacity (CEC) was measured by the cross-exchange procedure [13,14].
Accordingly, weighed amounts of zeolite-containing materials were passed through by 1 M
KCl or 1 M NaCl solutions until the concentrations in the eluate of the parent rock’s cations,
measured by atomic absorption spectrophotometry (AAS, Perkin Elmer 100), became lower
than 0.1 mg/l. Two experimental values of cation exchange capacity, CEC, and CEC,, were
therefore obtained, the former calculated by summing up the amounts of K*, Ca** and Mg**
eluted by the Na* solution and Na* amount eluted by the K* solution (referred to as K;, Cay,
Mg; and Nay, respectively), and the second by summing up Na®, Ca®* and Mg*" amounts
eluted by the K* solution and the K™ amount eluted by Na" solution (referred to as Na,, Ca,
Mg, and K, respectively). In other words CEC, = K, + Ca; + Mg; + Na; and CEC; =K, +
Ca, + Mg, + Na,. The average value of these two values, (CEC, + CEC,)/2, was assumed to
be the experimental CEC of the sample.

2.3. Ion exchange runs

The two zeolite-rich samples were previously Na-exchanged by percolation with a 1 M Na®
solution, prepared from reagent grade Carlo Erba NaCl, up to complete elution of the parent
cations, other than Na’, i.e., K*, Mg?", Ca®". In order to minimize the amount of residual K"
impurities in the zeolite, elution was improved using a solution made with extra pure NaCl
(Aldrich Chemicals, purity: 99.999%)).
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Kinetic runs were performed by contacting various Na-exchanged ph1111p51te -rich and
chabazite-rich samples, under continuous stirring, with different Ba®" or Co** 0.1 N solutions,
prepared from reagent grade Carlo Erba BaCl»-2H;O and Co(NO3)-6H,O, respectively, at a
solid to liquid ratio of 1/200.

Kinetic curves were then analyzed using a Langmuir-type equation [15,16]:

C_ _ _kt )
C max 1+ kt’

where C represents the concentration of the ingoing cation, t the time, Cnax the equilibrium
concentration of the ingoing cation and k is a constant. Eq. 1 can be linearized as follows:

1 t
+

)l
max Cmax

L
C kC

@

from which k and Cp,a can easily be obtained.

In order to obtain ion-exchange equilibrium data, the Na-exchanged zeolite samples were
allowed to react at 25°C for three days, which was shown to be sufficient for attammg
equilibrium, in sealed Teﬂon bottles with solutions containing different amounts of Na* and
the competing cation (Ba®* or Co®") at 0.1 total normality, using the same reagents of the
kinetics runs. Solid-to-liquid ratio ranged between 1/100 and 1/500. Reversibility tests of ion
exchange were performed following the recommendations of Fletcher and Townsend [17].

Ingoing and outgoing cations were measured either in the liquid or in the solid phase. Ba
and Co concentrations were estimated with EDTA using erio-T, NH;-NH,4" buffer at pH 10
and Mg-EDTA for the former; murexide and 1M ammonia solution for the latter [18]. The
possible presence in solution of other cations, coming from the solid phase, was checked by
AAS. Solids were analyzed by dissolving them with a hydrofluoric-perchloric attack.
Concentrations of the various cations in the obtained solution were measured by AAS.

To measure the maximal exchange level, i.e., which amount of the total CEC was available
for cation exchange, Na-exchanged zeolites were allowed to react with 0.1 N solutions of the
two cations (Ba®" or Co®") for one week, substituting the exhausted solution for a fresh one
every 12 hours.

Through the analysis of the equilibrium of the ion-exchange reactions, the selectivity of the
zeolites for the examined cation was calculated. Accordingly, given a general cation exchange
equation:

zpAR " +zaBR == zpAg T +24BY 3)
where A is a cation of valence z,, B is a cation of valence zp, and subscripts s and z denote

solution and zeolite, respectively, the selectivity can be defined through the distribution
. . A
coefficient K4 and the separation factor ap :

K §= Al ( 4)
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of = Do Tpe (5)
XB(z) XA(s)

where X, Xpy, and X, Xy, are the equivalent fractions of the cations A and B in
zeolite and in solution, respectively.

If the value of K4 or ag >1, the exchanger is selective for A, if it is <1 the exchanger is
unselective for A (and selective for B), whereas if it is = 1 there is no particular preference
exhibited by the zeolite for each of the two cations. It is worth reminding that selectivity
depends on (a) the ion charge density, (b) the total and peculiar concentration of the ions in
solution, (c) the structural features of the exchanger, (d) the interaction energy between ion
and exchanger and (e) hydration energy of the competing ions.

3. RESULTS AND DISCUSSION

3.1. Materials characterization

The RIR analysis, performed on the zeolite tuffs and on the enriched samples in order to
estimate the effectiveness of the enrichment processes, showed that in the mineralogical
composition of the phillipsite- and chabazite-enriched materials minor contents of other cation
exchanging phases were present. These, however, given their exiguity, were considered
negligible (Table 1).

Table 1

Mineralogical composition of phillipsite- and chabazite-enriched materials
Mineral Phillipsite-rich tuff Chabazite-rich tuff
Phillipsite 75.20 73.80

Chabazite 2.50 1.29

Analcime - 1.74

Feldspar 5.50 6.74

Mica - 0.58

Glass 16.80 15.85

Table 2 reports the chemical composition and the formula of pure phillipsite and chabazite,
obtained by microprobe analysis. Phillipsite appears to be rich in K, followed by Na and Ca,
with minor amounts of Mg, chabazite is rich K and Ca with minor contents of Na and Mg,
which is typical for the Italian sedimentary zeolites [6,7].

Measured CEC, obtained through the cross exchange method (see Experimental), turned
out to be 2.72 meq/g and 2.70 meq/g for the phillipsite-rich and for the chabazite-rich
materials, respectively.

3.2. Cation exchange equilibria

Figures 1 and 2 show, as an example, the kinetic curves of Ba®* and Co*" exchange for
Na'-exchanged phillipsite and Na*-exchanged chabazite, respectively, obtained applying the
Langmuir model to experimental data.

The two curves, confirming the good affinity of the model (lines) with experimental data
(points), show that both exchange reactions are very quick and suggest that a 3-day time is
enough to reach equilibrium in the thermodynamic runs.
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Processing the experimental data with the Langmuir model enabled to obtain the Langmuir
parameters (see Equations 1-2). In particular Cp,y turned out to be 2.65 and 1.90 for the

systems reported in Figs. 1 and 2, respectively.

Table 2
Chemical analysis of phillipsite and chabazite in the zeolite-enriched tuffs
Phillipsite Chabazite
% %

Si0O, 52.15 51.40

Al O, 18.56 17.20
Fe,0, 0.20 0.14
MgO 0.20 0.15
CaO 2.35 4.74
Na,O 3.30 0.85
K,0 7.54 7.07
H,0 15.73 18.45
Si/Al 2.38 2.53
E% 1.04 -4.60

Formulae

Phillipsite: (Na, 38Kz 08Cao 54Mgo.06)[Als 72Fe0.035111.26032]-11.34H,0
Chabazite: (Nag 25K 50Ca0.35Mgo.04)[Als 35F €0, 02515 57024]-10.27H,0

E% is a measure of the unbalance between the content of the trivalent framework cations
(essentially Al) and that of the extraframework cations.
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Fig. 1 - Kinetics of Ba** uptake by Na-
phillipsite from a 0.1 N Ba™ solution at
25°C (solid-to-liquid ratio = 1/200).
Curve obtained from the Langmuir model
interpolating the experimental points.

24
l-(?__/@b@
0 5;) BO 150
Time (h)

Co”" in chabazite (meq/g)

Fig. 2 - Kinetics of Co** uptake by Na-
chabazite from a 0.1 N Co”" solution at
25°C (solid-to-liquid ratio = 1/200).
Curve obtained from the Langmuir model
interpolating the experimental points.
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Figures 3-10 are a representation of the selectivity of phillipsite and chabazite towards Ba®"
and Co?*, in terms of distribution factor Kq (Figs. 3-4 and 7-8) and of separation coefficient

apy (Figs. 5-6 and 9-10).
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Fig. 3 - Distribution coefficient of Ba®* in
Na-exchanged phillipsite, as a function of
the cation concentration in solution.

a(Na,Ba)

Ba(s)

Fig. 5 - Separation factor of Ba’* in Na-
exchanged phillipsite, as a function of the
cation concentration in solution.
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Fig. 4 - Distribution coefficient of Ba’* in
Na-exchanged chabazite, as a function of
the cation concentration in solution.
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Fig. 6 - Separation factor of Ba® in Na-
exchanged chabazite, as a function of the
cation concentration in solution.
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The trend of K4 in Figs. 3 and 4 suggests a good selectivity of phillipsite and chabazite for
Ba®* in most part of the composition range of liquid phase. In fact, K4 is constantly >1 for
phillipsite or mostly >1 for chabazite, which corresponds to a marked preference of the
exchangers for the examined cation. For both zeolites the selectivity rapidly decreases,
increasing the Ba®* concentration in solution, which is a common occurrence for any exchange
reaction. Figs. 5-6, in which the separation factor ay. is reported as a function of Ba®
concentration in solution, fully confirm the above considerations.

The better selectivity shown by phillipsite for Ba®*, compared to chabazite, is not
surprising, considering that a barium zeolite, isostructural with phillipsite, occurs somewhat
frequently in nature (i.e., harmotome) [19,20]. On the other hand, the results collected for
phillipsite perfectly conform to those reported for the same equilibrium by Barrer and Munday
[21], although the sedimentary phillipsite used by these authors was more siliceous. It addition
Barrer and Munday reported a substantial irreversibility of the 2Na — Ba exchange reaction,
which has not been observed in the present investigation. Quite similar data on the 2Na == Ba
exchange in a sedimentary phillipsite from the Canary Islands have been reported by Garcia
Hernandez et al. {22].

Also the data collected for chabazite are in agreement with previous investigations by
Barrer and coworkers [23,24], even though these authors have experimented in different
conditions of temperature or cation concentration in solution.

An interpretation of the excellent behaviour of Na-phillipsite and Na-chabazite towards Ba
is possible on the basis of the known structural features of these two zeolites.

According to the most recent structure refinement [25,26], there are two types of cation
sites in phillipsite: type I site is on the mirror plane (010) and is usually populated totally or
partially by large-size cations; type II site, whose occupancy does not exceed 50%, is located
near the intersection of the two sets of channels and is usually populated by smaller cations,
but can host also large cations. There are two other positions, close to site II, labelled sites II
and II" [25,26], which are usually empty, unless the number of available cations is larger than
that sites I and II may accommodate. The great selectivity of phillipsite for Ba suggests that
this cation, in substantial accordance with data reported previously [25], can occupy every
extra-framework cationic sites.

Chabazite framework presents two different kinds of exchange sites [27-28], the so-called
C2-C4 sites, situated in the large cavity (chabazite cage) and accessible through eight-
membered rings and the C1 site, situated in the center of the double exagonal ring, that is
accessible through the six-membered ring. It is therefore likely that the former sites are easily
accessible to barium, what is in agreement with the good selectivity exhibited by chabazite at
the lower concentrations in the liquid phase (Figs. 4 and 6), whereas the latter unselective site,
is accessible only when the ionic strength of Ba in solution increases.

The results collected for the exchange of Na-phillipsite- and Na-chabazite-rich tuff with
Co** (Figs. 7-10) show a clear unselectivity of both exchangers for this cation, the values of
Kd and a{; being constantly <1 in the whole range of Co®* concentration in solution.

The unselectivity showed by phillipsite and chabazite for Co*" is hardly explainable as a
difficulty of access to sites, in fact the size of this cation should enable it to easily enter most
sites of both zeolites. This behaviour can be therefore ascribed either to the high hydration
energy of Co** (Enya = -1996 kj/mole), which would favour its stay in solution [29-30] and/or
to the difficulty of this cation to assume the right coordination of the extra framework cationic
sites of the two zeolites. Accordingly, as an example, Co>" might occupy more or less forcedly
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site II of the phillipsite structure, whereas accessibility would be practically hindered to site I

(exchange limit close to 50%).
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Fig. 7 - Distribution coefficient of Co®" in
Na-exchanged phillipsite, as a function of
the cation concentration in solution.
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Fig. 9 - Separation factor of Co** in Na-
exchanged phillipsite, as a function of the
cation concentration in solution.
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Fig. 8- Distribution coefficient of Co*" in

Na-exchanged chabazite, as a function of
the cation concentration in solution.
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Fig. 10 - Separation factor of Co*" in Na-

exchanged chabazite, as a function of the
cation concentration in solution.
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4. CONCLUSION

The present investigation contributes to a better knowledge of the cation exchange
selectivity series of phillipsite and chabazite [5]. The collected results are consistent with
those of previous investigations, in which good selectivity for large cations and unselectivity
for smaller cations were demonstrated by both zeolites [8].

As regards in particular the two pollutant cations examined, it is of interest that both
zeolites show a moderate to good selectivity for Ba in the whole range of cation composition
in solution.

Seeing that both zeolites are ordinary constituents of most Italian zeolite-rich tuffs [10], it
may be concluded that Italian tuffs have excellent possibilities to be used to remove Ba from
wastewaters of nuclear origin. On the other hand applications appear practicable also for Co,
if discontinuous removal processes (addition of zeolites to the waste solution) are selected,
followed by procedures for stabilizing the pollutant-loaded zeolitic sludge [8].

Research is now directed at confirming the above results also in dynamic condition,
collecting data of fixed-bed column tests.
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soil ped models, with emphasis on phosphorus sorption/desorption
phenomena
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An investigation was carried out to elucidate the role of 4/ or Fe poorly-ordered oxy-
hydroxides in determining the surface properties of soil ped models formed by interaction
with bentonite clay (C) and polyphenol (pp) in acidic milieu, with emphasis on phosphorus
(P) sorption/desorption phenomena. P was chosen because of its important involvement on
pedogemc processes as well as on soil fertility. P was added to models (P,) at the rate of 10
mg-g". P, was then extracted from the models at different aggregation states (suspended,
freeze dried, air-dried, re-suspended), by using the electro-ultrafiltration technique (EUF-P).
The cumulative amount EUF-P extracted after 40 min, representing the loosely-bound
immediately-exchangeable P (P;) and the maximum desorbable EUF-P, representing the
slowly released P (P,,) were considered. The models were analyzed for their Cation Exchange
Capacity (CEC), Specific Surface Area (SSA), Specific Cationic Surface Charge (SCSC),
Titratable Acidity (74) to pH=7.0 or pH=8.0 by KOH or by Ca(OH),, and Phosphorus
Sorption Coefficient (PSC). The C-Fe-pp model was characterized by an elevated surface
reactivity, showing values of CEC (1777 peq-g™), SS4 (4832 m>g™), SCSC (3.678 peq'm?),
T4 (from 572 to 804 ueq-g”) and PSC (92.4%), which were considerably larger than the
respective determined for the C-4l-pp model (CEC=1173 peq-g ', SS4=420.0 m*>g",
SCSC =2.793 peq'm™, T4 from 36 to 176 peq-g”, and PSC = 76.8%). Contrastingly, both the
amounts EUF P; and P,, desorbable from the same C-Fe-pp model were much larger than the
respective determined for the C-4/-pp model. With reference to the aggregation state of the
prepared materials, P; decreased on the average as suspended > freeze-dried > air-dried > re-
suspended. The desiccation via air-drying definitively stabilized the P pool, especially in the
C-Al-pp model. Such stabilization was irreversible, since both P; and P,, for C-Al-pp, and P;
for C-Fe-pp, did not substantially change in the re-suspended materials. With regard to
kinetics aspects, the EUF-P desorption from C-Al-pp always followed a 2™ reaction order,
while that from C-Fe-pp followed zero or 1* reaction order from suspended and freeze-dried,
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or from air-dried and re-suspended materials, respectively. The achieved data clearly
demonstrated that the different interactions of bentonite clay and polyphenol with 4I- or Fe-
hydrolytic products led to the formation of aggregates with peculiar surface properties and
physical-chemical behavior, with distinct mechanisms controlling the interactions of P with
C-Al-pp or C-Fe-pp in both sorption and desorption phenomena.

1. INTRODUCTION

Peds are the fundamental structural units of soil [1,2,3,4,5,6]. As organo-mineral
aggregates, they are almost stable bridge-systems “C-polyM-SOM” formed by interactions
among clay (C), polyvalent metal cations (polyM), and Soil Organic Matter (SOM) [3,4,5].
The soil forming factors and processes prevailing in a given pedoclimatic environment
determine the peculiar constitution and development of soil peds and their surface properties,
such as surface area, charge, morphology, functional groups. The surface reactivity, viz. the
resultant of the various ped surface properties, is probably the most relevant expression of the
soil character. In fact, the surface reactivity governs the exchanges of matter and energy
between the soil and its environment, including the soil thermodynamic behavior, nutrient or
toxic adsorption, water absorption, soil strength, soil transport processes and ion exchange
phenomena [7,8], thus influencing the evolution of the soil itself.

Previous researches based on a modeling approach showed that the nature of the polyM
bridge cation binding C with SOM dramatically affected the aggregate properties [9,10]. In
particular, poorly ordered A/ or Fe oxy-hydroxides exerted a contrasting effect on
mineralogical, physical and chemical properties of ped models prepared in acidic milieu [10].
The present work aims to analyze the consequences of such different features on the surface
activities of the ped models, devoting emphasis on their effects on phosphorus (P)
sorption/desorption phenomena. Investigations on phosphorus (P) dynamics in soil are of a
great interest for basic and applied studies in Environmental Pedology, i.e. to refine the
comprehension of some pedogenic processes, or to manage soil P fertility. P is an essential
nutrient for the living organisms. Its availability in soil to biota and to plants is controlled by
several abiotic-chemical and biological factors and processes, often interrelated each other. As
a rule, the behavior of phosphorus in soil is strictly related to the pedoclimatic conditions, and
it trustworthily reflects the pedogenic history of soil. In neutral-acidic non-calcareous soils,
the chemical-abiotic processes of P dynamics are mostly controlled by the dominant 4/- and
Fe- amorphous compounds which are essential components of organo-mineral aggregates in
soils as Alfisols, Andisols, Oxisols, Spodosols [11]. In particular, the P sorption capacity
represents a diagnostic character for Andisols [11]. Several mechanisms, including
precipitation/dissolution and sorption/desorption, control the P mobility in soil. Albeit the
overall process can be regarded as a continuum between precipitation and surface reactions
[12], P-desorption isotherms studies are the favorite tools to describe the P release from soil
particles and the relationships between P in solution and P retained by the soil matrix
[12,13,14,15]. A useful technique to obtain both quantitative and kinetics information on P
desorption is the electro-ultrafiltration (EUF), first introduced by Németh [16,17] as a
multiple-element soil test to determine nutrient availability to plants. This technique involves
a combination of electro-dialysis and ultrafiltration to remove electrolytes such as P from
aqueous soil suspensions [18,19,20,21] or from rock materials suspensions [22]. By
performing stepwise extractions under controlled electrical field strength and temperature, P-
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release isotherms can be achieved plotting the cumulative amounts extracted against the
respective extraction time. Simple calculations can provide the main kinetics parameters‘and
the extent of reaction allows estimating the maximum amount of P extractable from a given
matrix. The EUF then offers some advantages compared with classical ion-exchange
isotherms: (1) the use of water as reaction medium avoids undesired side-effects by foreign
electrolytes; (2) whereas the ratio soil/suspension is kept constant, the solution is continuously
diluted, so that the precipitation of sparingly-soluble salts and the aggregation of soil particles
are prevented; and (3), most relevant, the EUF-desorption process is induced by continuous
disequilibrium conditions, so that the elements release is not mediated by a specific ion-
exchange reaction, but it is essentially dependent on the strength of the element/matrix
interactions; from this standpoint, the EUF-kinetics parameters let to appropriately determine
the matrix buffering capacity (BC) [22], which represents the ability of the matrix to replenish
into the solution the aliquots of a given element displaced away by the extraction process. All
this renders the performance of the EUF-extraction isotherms free from the typical constraints
of the electrolytic nature of the medium and of ion selectivity and competition in the release
process by exchange reactions.

In this paper, the EUF technique is applied to study the quantitative and kinetics of P
release as affected by surface properties of soil ped models formed in acidic milieu by
interaction among montmorillonitic clay, 4/ or Fe oxy-hydroxides and polyphenol [10]. To
enhance differences between ped models, various aggregation states (suspensions or solid
phases) were considered.

2. MATERIAL AND METHODS

2.1. Ped model preparation

Ped models were prepared following the procedures described by Buondonno and Coppola
[10], starting from suspensions at pH 5.5 containing montmorillonitic clay (C), 4I- or Fe-
chloride, and a polyphenol (pp) representing soil humic substances (C7;Ha0s6, mw 1701.2
D). The final C : Al- : pp and C : Fe- : pp ratios were both 1 g: 6 mmol : 0.6 mmol. The ped
models prepared in the presence of Al- or Fe- will be indicated as C-Al-pp, or C-Fe-pp,
respectively.

2.2. Physical-chemical properties

The following main properties were determined:

e Cation Exchange Capacity (CEC), by BaClo/MgSO, exchange [23], as peq-g” sample ;

¢ Specific Surface Area (SSA), by ethylene glycol monoethylether (EGME) adsorption
[24], as m* g! sample; the Specific Cationic Surface Charge (SCSC) was also
calculated as CEC/SA, and expressed as peq'm™ sample;

¢ Titratable Acidity (7A4), by titrating up to pH = 7.0 and pH = 8.0 by 2 mN KOH and by
2 mN Ca(OH), suspensions containing 50 mg sample in 25ml of IN KClor in 1 N
CaCl,, respectively [25]; T4 was expressed per both mass unit, as peq-g” sample, and
surface unit, as peq-m™.

2.3. Phosphorus Sorption Coefficient (PSC)
The PSC was determined following the procedures described by Nunozawa and Tanaka
[26], here modified in accordance with the specific aim of the investigation: 250 mg of
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sample was suspended in 25ml of 426 mg~l'l (NH4»,HPO, solution, with starting P
concentration (Ps) = 100 mg-1" and initial pre-equilibration pH (pre-pHpsc) = 7.79. After 24 h
shaking, the final post-equilibration pH (post-pHpsc) was recorded, the residual P
concentration in solution (Pr) was determined, and the PSC was calculated as:

PSC% = [100 (Ps - Pr)] / Ps 1)

The P sorbed after 24 h was also expressed per mass unit, as ug P-g" sample, and per
surface unit, as pg P-m™.

2.4. Preparation of materials containing P

Ten milligram of P was added (P,) per 1 g of ped models by dispersing sultable aliquots of
each model in a P-solution (426 mg:1™ (NH4);HPO4; P concentration = 100 mg: 1" and initial
pH = 7.79); for each model, materials at three different aggregation states were obtained:
a) — suspended: 250 mg of sample in 25 ml P-solution, kept under shaking for 24 h at 25 °C
before use;
b) - solid phase/air dried: 1 g of sample in 100 ml P-solution, shaken 24 h, dried at 40 °C for
15 days, homogenized and screened to 0.250 mm;
¢) — re-suspended: 250 mg of solid material obtained by 5) procedure was re-suspended in
25 ml water and kept under shaking for 24 h at 25 °C before use.
d) — solid phase/freeze-dried: 1 g of sample in 100 ml P-solution, shaken 24 h, freeze-dried,
homogenized and screened to 0.250 mm.

2.5. P desorption isotherms by electro-ultrafiltration (EUF-P)

A three-cell apparatus (Vogel 724S) was used in electro-ultrafiltration [22]. The middle
cell containing the material suspension had a stirrer and a water inflow. Each side of the
middle cell was provided with a micropore filter attached to the platinum electrodes that
separated the middle cell from the two outside chambers. These chambers had vacuum
connections. Therefore, the ions accumulating at the respective electrodes were washed away
by the continuous stream of the solution from the suspension in the middle cell to the eluate in
the collecting tanks combined with the side chambers. A steady disequilibrium between the P
on the materials and the respective soluble form in solution occurred and the materials were
forced to replenish the P displaced away with the eluate. The concentration of P in the eluates
was measured by UV-VIS spectrophotometry as phosphomolybdate {23].

Twenty-five milliliters of the suspended a) or re-suspended ¢) materials, each containing
250 mg of ped model, or 250 mg of solid phase/air-dried b) or freeze-dried d) was used to
perform a batch of eight medium-energy EUF-P fractionated extractions. The following
parameters were set to obtain the suitable release conditions: running model/solution ratio in
the middle cell: 1: 10 w/v; stepwise extraction time: 5 minutes; voltage: 400 V max; current:
40 mA max; temperature: 80 °C.

The EUF-P release rates were evaluated assuming that the experimental data fit the general
kinetic equation [19,20,22]:

aylot=k (Y-y)", @
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where dy/dt = desorption rate for P (mg-100g"-min™"), y = cumulative ¢-EUF-P (mg: IOOg h
extracted at ¢ time, ¢ = extraction time (min), ¥ = maximum desorbable m-EUF-P (mg-100g )
k = constant rate, and » = order of reaction.

Zero order, first order and second order kinetics models were fitted to the experimental
data of EUF-P isotherms. Equation (2) was then developed for n =0, 1, or 2; after integrating
and solving for y, the Eq. (2) reads:

y =kt 3)
y=Y (1-e") @)
y = Y/[t+(1/(kY))] %)

for zero, first, and second order kinetics models of P release, respectively.

The cumulative amount c-EUF-P extracted after 40 min and considered to represent the
loosely bound immediately-exchangeable P was designated as P;; the maximum desorbable
m-EUF-P, assumed to represent the slowly released P was demgnated as P, [22]. The
buffering capacity (BC), i.e., the P release rate, expressed as mg 100g ™" ‘min’', was the ﬁrst
derivative of Eq. (2), calculated atr=0.

Each determination was replicated not less than three times. All data were expressed on the
dry-weight (105°C) basis.

3. RESULTS

3.1. Surface properties

The presence of Al- or Fe- dramatically affected the surface properties of the prepared
models. Both models showed very high CEC and SS4 (Table 1). This was clearly due to the
presence of polyphenol as organic component of the aggregates. In fact, the CEC and SS4
were 785 peq-g” and 160.4 m>g” for bentonite, respectively, but they increased up to
2420 peq-g” and 620.2 m*g! for polyphenol.

Table 1
Cation Exchange Capacity (CSC, peqg"), Specific Surface Area (SS4, mz-g'l), and Specific
Cationic Surface Charge (SCSC, peq'm™) of C-Al-pp and C-Al-pp models

Model CSC 554 SCS
C-Al-pp 1173 420.0 2793
C-Fe-pp 1777 483.2 3.678

Indeed, the model C-Fe-pp exhibited not only the largest CEC and SSA, but also the largest
SCSC with respect to C-Al-pp (Table 1). This is consistent with previous findings [10], which
revealed that C-4l-pp model formed small aggregates more compact and stable than C-Fe-pp,
and denotes that C-Fe-pp developed a wider reactive surface, whereas 4/- hydrolytic products
were more able in binding and neutralizing the negative charges of clay and organic matter. A
further clue for such a conjecture is provided by the measurement of the titratable acidity
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(Table 2), which adequately reflects the anion sorptivity of the models. To take into account
the different role of clay mineral and organic matter in cation exchange phenomena, acidity
titration was performed in 1 N CaCl, and KClI solutions. In fact, it is well known that organic
matter binds Ca more strongly than K ions, whereas 2:1 clay minerals such as bentonite are
more selective for K than Ca ions [25]. As a consequence, the presence of K favored the
exchange of the clay-sorbed and interlayer /- or Fe-, while the presence of Ca®* destabilized
the organically-bound A4/- and Fe-.

Table 2
Titratable acidity up to pH =7 and pH =8 by 2 mN KOH in 1 N KClI and by 2 mN Ca(OH),
in 1 N CaCl, (data are expressed as peq-g'1 sample, and as ueq-m'2 sample)

Model titrating peq-g’ peqm’
solution pH=7.0 pH=8.0 pH=7.0 pH=8.0
C-Al-pp KOH 40 144 0.095 0.342
C-Al-pp Ca(OH), 36 176 0.086 0.419
C-Fe-pp KOH 572 804 1.184 1.664
C-Fe-pp Ca(OH), 532 798 1.109 1.651

The data in Table 2 clearly show that the model C-Fe-pp needed much more base than C-
Al-pp to be neutralized (about 14 times) or to be brought to pH=8.0 (about 5 times).
Accordingly, also the anion surface receptivity of C-Fe-pp was noticeably larger than that of
C-Al-pp: about 13 times at pH = 7.0 and about 4 times at pH = 8.0. For both models, however,
the titration end points were not significantly affected by the nature of the environment
dominant cation, K" or Ca**. This could suggest the absence of a prevailing selective binding
of 4l- or Fe- by the inorganic or the organic components of the model.

3.2, P sorption

In agreement with the observations above, larger amount of P was sorbed by C-Fe-pp than
C-Al-pp (Table 3). Interestingly, the post-reaction post-pHpsc was neutral for C-Al-pp, but
strongly acid for C-Fe-pp. This clearly denotes the higher surface reactivity of C-Fe-pp, and
confirms that this model behaves as an acid stronger than C-Al-pp. Such consideration also
implies that P interacted with C-Al-pp or with C-Fe-pp via distinct physical-chemical
mechanisms, which deserve clarification in further development of the present research.

Table 3
Phosphorus Sorption Coefficient (PSC%), amounts of P sorbed (as pg P-g”' sample, and as
pg P-m? sample), pre-equilibration (pre-pHpsc) and post-equilibration (post-pHpsc) pH
Model P sorbed

PSC% ugP-g! pgPm?®  prepHpsc  post-pHpsc
C-Al-pp 76.8 7676 18.3 7.79 7.05
C-Fe-pp 92.4 9236 19.1 7.79 4.43
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3.3. Quantitative and Kinetics of EUF-P release

Both quantitative and kinetics parameters of P release by electro-ultrafiltration (EUF-P)
were substantially affected by the presence of Al- or Fe- in the models, as well as by the
various aggregation states of the investigated materials (Tables 4, 5; Figs. 1, 2).

Table 4

Quantitative and kinetics parameters of P release isotherms by electro-ultrafiltration (EUF-
P)*

Model aggregation P; P n BC

state mg-100g™ mg100g’  order mgl 00g"-min’
C-Al-pp suspended 475.9 5372 2 148.2
C-Fe-pp suspended 556.3 601.7 1 37.5
C-Al-pp freeze-dried 106.9 110.0 2 447
C-Fe-pp freeze-dried 267.3 440.5 1 10.5
C-Al-pp air-dried 24.4 31.0 2 2.3
C-Fe-pp air-dried 205.7 n.e. 0 5.6
C-Al-pp re-suspended 21.6 25.3 2 3.0
C-Fe-pp re-suspended 197.7 n.e. 0 53

* P;=loosely-bound immediately-exchangeable P (mg:100g™); P, = maximum desorbable
EUF-P (mg'IOOg'l); n = kinetics order; BC = buffering capacity (mg-lOOg'l-min'l); (n.e. =not
estimable, does not apply to zero order kinetics)

Table 5

Kinetics equations and parameters for P release isotherms by electro-ultrafiltration (EUF-P)*
Model as. equation parameters

CAlpp s y = 1000-{ Y¢/[++(1/(kY )]} y=1000-{537.2¢/[++(1/(5.1-537.2))]}
C-Fepp s y=1000-[Y (1-¢*9] y = 1000-[601.7 (1-e%°%%]

CAlpp  fd. y=1000-{Yt/[+(1/(kY)]}  y=1000-{110.0¢/[t+(1/(36.9:110.0))]}
C-Fepp  fd. »=1000-[ (1-¢*)] » = 1000-[440.5 (1-e25%)]

C-Al-pp ad  y=1000-{¥t/[r+(1/(kY)]} 3= 1000-{31.0¢/[++(1/(24.0-31.0))]}
C-Fe-pp ad y = 1000-(kf) y=1000-(5.61)

C-Alpp  rs. y = 1000-{ Yt/[t+(1/(k))]} y=1000-{25.3¢/[t+(1/(46.7-25.3))1}
C-Fe-pp r.s. y = 1000-(kt) y=1000-(5.37)

* a.s. =aggregation state; s=suspended; fd =freeze-dried; a.d =air dried; r.s. =re-
suspended; y = cumulative c-EUF-P (mg-100g™) extracted at ¢ time; 7 = extraction time (min);
Y = maximum desorbable m-EUF-P (mg-100g™); k = constant rate (x 10*); 1000 = amount of
P initially added (mg-100g™)
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As arule, C-Fe-pp samples released amounts of P; always larger than those determined for
C-Al-pp, from about 1.2 times (suspended material) to 9.2 times (re-suspended material).
With reference to the aggregation state of the prepared materials, P; decreased on the average
as suspended > freeze-dried > air dried > re-suspended, with a ratio of 4.7 : 1.7 : 1.05 : 1.00.

In any case, all the materials appeared to substantially retain the initially added P,. In fact,
the maximum P,, extractable by EUF did not exceed 53.7% and 60.2% of P, for suspended C-
Al-pp and C-Fe-pp materials, respectively, and it decreased to 11.0% and 44.1% for the
respective C-Al-pp and C-Fe-pp freeze-dried materials, respectively.

The desiccation via air-drying definitively stabilized the P pool, especially in the C-Al-pp
model; for this sample, the P; and P,, where about 2 or 3% of P,, respectively, while the P; of
C-Fe-pp represented about the 20% of P, (please, note that P,, cannot be estimated for C-Fe-
pp).

Evidently, the air-drying induced a much more hard-wearing aggregation than freeze-
drying did, so that the individual surface properties of the materials were overwhelmingly
influenced. Indeed, such stabilization was irreversible, since both P; and P,, for C-4l-pp, and
P; for C-Fe-pp, did not substantially change in the re-suspended materials.

With regard to kinetics aspects, EUF-P release isotherms with distinct equation parameters
and following various reaction orders were obtained (Tables 4, 5).

The EUF-P desorption from C-Al-pp always followed a 2™ reaction order, while that from
C-Fe-pp followed zero or 1™ reaction order from suspended and freeze-dried or from air-
dried and re-suspended materials, respectively (Tables 4, 5; Figs. 1, 2).

For suspended and freeze dried materials, the initial EUF-P release rate (BC) from C-Al-pp
was higher than that from C-Fe-pp (Table 4), but it rapidly decreased within the 40-min
extraction period (Fig. 1). On the contrary, more EUF-P was slowly but steadily released
from the respective suspended and freeze dried C-Fe-pp materials (Table 4, Fig. 2). For both
air-dried and re-suspended materials, the BC was particularly poor, in the order of about 2-3
mg:100g™" min™ for C-Al-pp, and of about 56 mg-100g" min™" for C-Fe-pp.

It is also interesting to note that, in accordance with the observations above, the equation
parameters for P desorption from air-dried C-Al-pp model were almost similar to those
obtained for the respective re-suspended model (Table 5). An analogous behavior was
observed for the C-Fe-pp model (Table 5). Consequently, for whichever C-4l-pp and C-Fe-pp
models, the P release isotherms curves from the respective air-dried or re-suspended materials
were practically coincident (Figs. 1, 2).

4. CONCLUSION

The achieved data clearly demonstrate that the different interactions of bentonite clay and
polyphenol with A/ or Fe hydrolytic products led to the formation of aggregates with peculiar
surface properties and physical-chemical behavior, with particular reference to the P
sorption/desorption phenomena.

The C-Fe-pp model exhibited Cation Exchange Capacity, Specific Surface Area, Specific
Cationic Surface Charge, Titratable Acidity, and P sorption capacity higher than C-4l-pp. For
both model, the amounts of P desorbable by EUF were much lower than the amounts of P
initially added. However, the C-Fe-pp model was less able than C-Al-pp in retaining the
initially added P. Evidently, distinct mechanisms controlled the interactions of P with C-Al-pp
or C-Fe-pp in both sorption and desorption phenomena. In particular, the presence of Al- or
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Fe- exerted different influence on quantitative as well as on kinetics aspects of P release. Also
the state of aggregation of the models substantially affected the P-release reactions. The
desiccation by air-drying dramatically lowered the extractable EUF-P, likely retaining P via
an inter-particulate trapping/occlusion in the consolidated aggregates.

On the whole, our findings validate the modeling approach as a reference to better
understand the factor and processes of P dynamics in soil and stimulate to go deep into
research aiming to further elucidate the mechanism of P interaction with soil organo-minerals
aggregates.
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Doped zirconia catalysts for the dehydration of 4-methylpentan-2-ol
M.G. Cutrufello, I. Ferino, R. Monaci, E. Rombi, V. Solinas

Dipartimento di Scienze Chimiche, Universita di Cagliari, Complesso Universitario di
Monserrato, s.s. 554 bivio Sestu, 09042 Monserrato (CA), Italy

High surface zirconia (140 m*/g) was prepared from ZrOCl,-8H;0. Li-, K-, Ca-, and Ba-
doped samples were obtained by an impregnation procedure. The samples were tested as
catalysts for the dehydration of 4-methylpentan-2-ol. Catalytic runs, lasting up to 80 hours,
were carried out at atmospheric pressure in a fixed-bed flow microreactor. Pure ZrO, mainly
leads to the undesired 2-alkene. Doping it with low amounts of any oxide results in a 1-alkene
selective catalyst. A high dopant content is not useful or even detrimental. The acid-base
properties of the catalysts were assessed by microcalorimetry, using ammonia and carbon
dioxide as probe molecules. Present results indicate that the addition of the doping oxide
modifies the original acidic character of zirconia thus shifting selectivity towards the desired
1-alkene.

1. INTRODUCTION

Zirconia-based catalysts are known to possess a high selectivity towards the formation of
1-alkenes in the dehydration of secondary alcohols [1-3]. A useful application seems to be the
dehydration of 4-methylpentan-2-ol, which could represent an alternative route to the
preparation of 4-methylpent-1-ene, starting material for manufacturing thermoplastic
polymers of high technological properties. Besides the desired 1-alkene, the alcohol
dehydration always leads to the formation of 4-methylpent-2-ene, often accompanied by
skeletal isomers of Cg-alkenes. In addition, dehydrogenation to 4-methylpentan-2-one can
occur simultaneously with dehydration. Previous results on several oxide [4-8] and zeolite [9]
catalysts showed that the competition between the two reactions and the 1-/2-alkene ratio
strongly depend on the fine tuning of the acid-base properties of the catalyst. Pure zirconia did
not show a good catalytic behaviour, leading preferentially to 2-alkenes, while a high
selectivity to 1-alkene could be reached by using Na-doped zirconia [4].

In the present work the behaviour of zirconia samples doped with oxides of alkali metals
and alkaline-earth metals was investigated, in order to better understand the role of both the
nature and the amount of the doping cation. Li-, K-, Ca-, and Ba-doped zirconia samples were
prepared. Their surface acid-base properties were assessed by means of adsorption
microcalorimetry, using ammonia and carbon dioxide as probe molecules. Their catalytic
activity for the 4-methylpentan-2-o! dehydration was tested in a flow microreactor.
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2. EXPERIMENTAL

2.1. Sample preparation

Pure zirconium oxide was prepared by a method, based on the hydrous zirconia
precipitation from an aqueous solution of inorganic zirconium salts, which takes and adapts
some indications reported in the literature [10,11]. ZrOCl;-8H,O (Aldrich), which in the
same experimental conditions had proved to give an oxide with a higher surface area than
ZrO(NOs),-2H,0 [10], was used as precursor. An aqueous solution (ca. 1 M) of
ZrOCl-8H,0 was heated under reflux up to 373 K; a diluted (1:1) ammonia (Aldrich)
solution was then added drop by drop, in slight excess, up to pH 10. The gelatinous
precipitate of zirconium hydroxide was digested for 48 h at the precipitation temperature,
washed with warm distilled water until the complete elimination of chloride ions, vacuum
ﬁltered and dried overnight at 383 K. Pure zirconium oxide of high surface area (Spgr = 140
m?/g) was then obtained by calcmmg for 2 h at 773 K the hydroxide.

Li-, K-, Ca-, and Ba-doped zirconia samples were obtained by impregnating different
portions of the dried zirconium hydroxide with aqueous solutions of the corresponding
acetates, drying overnight at 383 K and calcining at 773 K for 2 h. The doped samples are
listed in Table 1.

Table 1
Doped zirconia samples. Figures in square brackets refer to the concentration of dopant oxide
(mmoloyial/gzr0:). Figures in parenthesis represent the specific surface area Sper (m%/g).

Li,0[0.2)/ZrO, K,0[0.2)/Zr0, Ca0[0.2)/Zr0, Ba0[0.2)/Zr0,
(81) (109) (96) (106)
Li,0[0.7)/ZrO, K20[0.6]/Zr0, Ca0[0.7)/Zr0, Ba0[0.7)/Zr0,
(99) (126) (168) (175)
Li,O[1.8)/ZrO, CaO[1.9)/Zr0,
(42) (193)

2.2. Microcalorimetric characterisation

Tian-Calvet heat flow equipment (Setaram) was used for microcalorimetric measurements.
Every sample was evacuated (10° Pa) overnight at 673 K before the successive introduction
of small doses of the probe gas (ammonia or carbon dioxide). The equilibrium pressure
relative to each adsorbed amount was measured by means of a differential pressure gauge
(Datametrics). The run was stopped at a final equilibrium pressure of 133.3 Pa. The
adsorption temperature was maintained at 353 K, in order to limit physisorption. After
overnight outgassing at the same temperature, a second run was carried out up to 133.3 Pa.
The adsorption and calorimetric isotherms were obtained from each adsorption/readsorption
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experiment. The amount of probe gas irreversibly adsorbed was calculated by subtracting
from the first adsorption isotherm the second one, carried out after outgassing the sample. For
each catalyst, a plot of the differential heat of adsorption as a function of the adsorbed amount
was drawn, which gives information on the influence of surface coverage on the energetics of
the adsorption.

2.3. Catalytic tests

Catalytic runs were carried out at atmospheric pressure in a quartz-made fixed-bed flow
microreactor (10 mm i.d.). All the stainless-steel equipment devices had been passivated by
hot HNO; treatment before the assembly. The catalyst was activated in situ (6 h at 773 K
under CO,-free air flow). 4-Methylpentan-2-ol was fed in with an N, stream (partial pressure,
Poaicohol = 19.3 kPa; time factor, W/F = 0.54 geuh/gaiconol). On-line capillary GC analysis
conditions were: Petrocol DH 50.2 column, oven temperature between 313 and 473 K,
heating rate 5 K/min. Products identification was confirmed by GC-MS. For each catalyst a
run in which several reactor temperatures were checked was carried out, in order to study the
influence of the thermal history of the sample on its catalytic behaviour and to reach an
appropriate conversion level (ca. 50%) at which the selectivities values of the different
catalysts can be compared. Then, a new run with a fresh portion of the same sample was
started at the desired temperature and carried out isothermally for 80 h. Further runs, where
both the flow rate and the catalyst amount were considerably changed, while keeping the
same W/F value, were also carried out; no significant differences in conversion were
observed, which rules out the occurrence of external diffusion limitations.

3. RESULTS

3.1. Acid-base properties
Figures 1-5 show the differential heat of 400
adsorption, Quir, as a function of the 7o,
irreversible uptake of the probe molecule —o0—NH,
(NH; or COy) for all the catalysts. Pure ZrO, 3004 e _CO
(Figure 1) possesses a little portion of very 2
strong acid sites, as indicated by the very high
initial value of Quir (337 kJ/mol). It anyway
rapidly decreases to much lower (but still
high) values at low uptake, decreasing then ‘
more gradually and reaching a quite high . O
uptake value, which indicates a large number
of acid sites. The curve relative to the CO, 0
adsorption decreases gradually, always laying 0 i 2
under the NHj adsorption curve and ending at uptake (yunol/m?2)
rather low uptake. The basic sites are
therefore neither as strong nor as many as the
acid ones.
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Figure 1. Differential heat of adsorption for
ZrO; catalyst.
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Figure 3. Differential heat of adsorption for
K-doped ZrO, catalysts.

The addition of Li;O (Figure 2) produces a
decrease in both the number and the strength
of the acid sites. The sites with a very high
differential heat of adsorption disappear and
the number of acid sites decreases as the
dopant concentration increases. The opposite
trend is observed for the basic sites. Even
with the lowest amount of Li»O, the basic
sites become stronger than the acid ones; at
low uptake, a change in the slope reveals the
presence of a small number of sites belonging

to the same family. This becomes more evident in the sample containing a higher percentage
of lithium oxide which exhibits a short plateau at about 140 kI¥/mol. The sample with the
highest Li amount is strongly basic: the plateau is quite wide and the whole curve
corresponding to the basic sites is very high in comparison with that for the acid ones.
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Figure 5. Differential heat of adsorption for
Ba-doped ZrO, catalysts.

The effect of the addition of the other
oxides (Figures 3-5) is similar to that of Li;O.
The very strong acidic sites found in the ZrO,
sample are no more present. Increasing the
dopant content, the number of acid sites
decreases; at the same time, the basic sites
increase in number and strength, the relevant
curves becoming higher than those relative to
the NH; adsorption. Comparison between
Li;O[1.8)/ZrO; and CaOf1.9)/ZrO, shows

that the presence of calcium, even at the highest amount, does not induce such a high basicity

as lithium does.
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3.2. Catalytic behaviour

Catalytic runs carried out changing the temperature showed, for all the catalysts, that while
conversion increases with the increasing temperature, selectivities do not depend on it. The
temperature at which a 50% conversion is attained was 543 K for ZrO,. Upon dopant addition
a decrease in conversion was observed for all the catalysts, the temperature for 50%
conversion being in the range 593-673 K.

Both initial (extrapolated at O h on-stream) and long-run (averaged after 24 h on-stream)
selectivity values for isothermal runs are reported in Table 2. A remarkable difference
between the initial and long-run data can be observed for the samples with the lowest amount
of doping oxides. Such a difference becomes less marked for Li0[0.7)/ZrO, and

Table 2
Selectivities of the samples: a, initial values (extrapolated at O h on-stream); b, values after
stabilisation (averaged after 24 h on-stream).

Catalyst Selectivity (mol%)
1-A 2-A Cs K HK
a b a b a b a b a b
ZrO, 34 34 60 60 4 4 2 2 - -
Li,0[0.2)/Z10, 51 84 47 15 2 - -1 - -
Li,0[0.7)/Zr0, 34 42 19 22 1 1 45 34 1 1
Li,O[1.8)/ZrO, 3 3 2 2 2 1 72 69 21 25
K20[0.2)/ZrO, 64 80 29 15 1 4 5 1 I -
K;0[0.6/ZrO, 65 66 13 11 -1 22 22 - -
Ca0[0.2)/Zr0, 39 82 59 18 1 - 1 - - -
Ca0[0.7)/Zr0; 53 62 42 32 3 2 2 4 - -
Ca0[1.9)/Z10, 81 81 16 14 11 2 4 - -
Ba0[0.2}/Z1r0, 50 86 50 13 -1 - - - -
Ba0[0.7)/Z10, 70 73 23 19 1 7 6 1 - -

1-A: 1-alkene (4-methylpent-1-ene); 2-A: 2-alkene (4-methylpent-2-ene); Cs: skeletal isomers of Cq-
alkenes; K: ketone (4-methylpentan-2-one); HK: heavy ketones (deriving from the condensation of the
ketone)



181

Ca0][0.7)/Zr0,, being negligible for all the other catalysts. Anyway, after 24 h on-stream all
the catalysts appeared to be quite stable. In this light, their behaviour can be compared
referring to the selectivity values after stabilisation (b column in Table 2).

On pure zirconium oxide, 4-methylpent-2-ene is favoured compared to the alkene with the
double bond in terminal position, which is the desired product. The skeletal isomerisation
reaction occurs to a rather low extent and the dehydrogenation is almost negligible.

The presence of lithium oxide as dopant deeply modifies the behaviour of zirconia. Only
dehydration takes place on the sample containing the lowest amount of Li,O and it is strongly
directed towards the 1-alkene. Higher dopant contents induce on the catalysts a notable
dehydrogenation character; the dehydration reaction is still favoured, and mainly — although
less markedly — directed to the 1-alkene formation, for the Li;0[0.7)/ZrO; sample, but it is
practically negligible in comparison with the dehydrogenation for Li;O[1.8)/ZrO,. On this
catalyst dehydrogenation is accompanied by a considerable formation of heavy products,
deriving from the ketone condensation.

On K;0([0.2)/ZrO; dehydration is by far predominant, the dehydrogenation activity being
negligible. The increase in the KO content (K;0[0.7}/ZrO; sample) is accompanied by an
increase in the selectivity to dehydrogenation at the expense of the dehydration, which
however is stilt the main reaction.

The Ca0[0.2)/ZrO, sample is exclusively a dehydration catalyst with a clear predominance
of the alkene with the double bond in terminal position. On both CaO[0.7)/ZrO, and
CaO[1.9Y/Zr0,, the dehydrogenation reaction is rather modest, but not negligible; on the
latter, 4-methylpent-1-ene is particularly favoured among the dehydration products.

On the Ba-doped catalysts, dehydrogenation products can be observed only in trace
amounts; dehydration is mainly directed towards 4-methylpent-1-ene.

4. DISCUSSION

The catalytic results are interesting from an applicative point of view. They show the
possibility of obtaining stable and selective catalysts for the dehydration of 4-methylpentan-2-
ol into 4-methylpent-1-ene by doping zirconium oxide with very low amounts of alkali or
alkaline-earth metals oxides. It is noteworthy that the nature of the dopant oxide does not
seem to be determinant in the development of such interesting catalytic properties; the
addition of 0.2 mmol/g of any of the oxides has the same effect: a very high selectivity, higher
than 80%, towards the alkene with the double bond in terminal position, associated with a
complete absence or a very modest presence of the parasite reaction of dehydrogenation.
Dopant oxide contents higher than 0.2 mmol/g proved to be useless or even detrimental,
depending on the nature of the metal cation.

Previous results [4-8] for the same reaction on zirconia-, ceria-, and lanthana-based
catalysts showed a correlation between the acid-base properties (in terms of both the
concentration and the strength of the sites) of the samples and their catalytic behaviour. When
the number of the acid sites is sensibly higher than that of the basic ones, the main product is
the undesired 2-alkene, which forms through an E1 mechanism (Saytzeff orientation). The
alcohol adsorbs on the oxide surface through the interaction between the OH group and an
acid site; the rupture of the C—OH bond leads to the carbocation which mainly gives the
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alkene with the double bond in internal position. It can also undergo skeletal isomerisation on
the most acidic sites. When the number of acid and basic sites is comparable, a two-point
adsorption of the alcohol molecule on a acid-base pair can set in. It can then evolve in
different ways, depending on the relative strength of the sites. If the acid and base sites have
similar strength, a concerted E2 mechanism takes place, leading mainly — through an alkene-
like activated complex — to the 2-alkene (Saytzeff orientation). On the other hand, if the basic
sites are stronger than the acid ones, either an E2 mechanism with a carbanion-like transition
state, or even an E1cB mechanism giving a carbanion species (through the rupture of the C-H
bond of the methyl group) can occur, both leading mainly to the 1-alkene (Hofmann
orientation). When the number of basic sites is significantly higher than that of the acid ones,
a dehydrogenation pathway prevails. This involves the adsorption of the alcohol molecule on
the catalyst surface — through the formation of a hydrogen bond between the OH group and
the basic site — followed by the C—H,, bond rupture and H; elimination.

To check the validity of such a reaction scheme, the ratio between the concentration of the
basic (ng) and the acid sites (na) was obtained from Figures 1-5. To evaluate the strength of
the sites, the fraction of sites with a differential heat of adsorption higher than 80 kJ/mol
(na-g0/na and np-go/np) was also calculated. Data are reported in Table 3.

Table 3
Acid-base properties of the catalysts.
Catalyst np/na np-go/np (%) nas-go/na (%)
ZrO, 0.25 97 57
Li,0[0.2}/Zr0O, 0.60 100 37
L1,0[0.7)/ZrO, 0.98 78 43
Li,O[1.8}/ZrO, 10.47 32 -
K.0{0.2)/Zr0, 0.51 100 65
K20[0.6)/ZrO, 1.59 95 34
Ca0[0.2)/Zr0O, 0.29 100 82
Ca0[0.7)/Zr0, 0.48 76 67
Ca0[1.9)/ZrO, 1.13 100 56
Ba0[0.2)/Zr0O, 0.24 83 60

Ba0[0.7)/Zr0, 1.17 100 7
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In Figure 6 the initial selectivity towards 4-methylpent-1-ene (S).) is reported as a
function of the np/n, ratio for the present catalysts; results for other oxides previously tested
[4-8] are also reported. The two sets of data are fitted by the same volcano-shaped curve. The
maximum of S;.4 is reached when ng/ny is around 1 (either Hofmann-oriented E2 or E1cB
mechanism). At both lower and higher np/na values the selectivity to the 1-alkene is low; in
the former case 4-methylpent-2-ene is the preferred product (E1 mechanism), while in the
latter dehydrogenation is favoured at the expense of dehydration. It is worthy of note that only
dehydrogenation takes place on Li,O[1.8]/ZrO, (Table 2), in agreement with its very high
np/n, ratio (Table 4); this catalyst does not appear in Figure 6, its abscissa being out of scale.

100
g " %0
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£ ~
< .
(I)'_. \\\ o
~
0 —_— ,
0 1 2 3

n_/n
B A

Figure 6. Initial selectivity to 4-methylpent-1-ene as a function of the ng/n, ratio. Full symbols refer to
the samples investigated in the present work. Open symbols represent previously investigated
catalysts: pure and doped zirconias (squares) [4]; pure and doped cerias and lanthanas (circles) [5];
ceria-zirconia solid solutions (triangles) [6]; zirconias prepared via sol-gel (reversed triangles) [7];
ceria-lanthana solid solutions (diamonds) [8].

Two points in Figure 6 do not follow the trend indicated by the curve. The open triangle at
np/na = 0.76 is relevant to a mixed CeQ-ZrO; catalyst which gave mainly (68%) the 2-alkene
and other Cq-alkenes with the double bond in internal position. The behaviour of this catalyst
has already been explained [6] considering that, unlike the other systems with similar ng/n,
values, the strength of its acid and basic sites is comparable (na-so/na = 61% and np.go/np =
55%). The EicB mechanism cannot thus be operating on this catalyst. More difficult to
understand is the behaviour of the Li,O[0.7}/ZrO, catalyst (the full square at np/na = 0.98 in
Figure 6). In this system the basic sites are sensibly stronger than the acid ones (Table 4) and
it is therefore expected to give mainly the 1-alkene through the ElcB mechanism. Instead,
mainly ketone formation occurs. It might be speculated that, due to its small size, the Li"
cation might be somewhat shielded by the large oxygens, and the alcohol molecule cannot
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efficiently interact with the acid-base pair. Further work is needed to elucidate this point. The
change in selectivity occurring with time-on-stream, which is particularly noticeable in the
case of the catalysts with the lowest amount of doping oxides (Table 2), also deserves further
investigation. It cannot be ascribed to the deposition of reaction products on the surface, as a
regenerative treatment of the catalysts in flowing air at 773 K did not restore the initial
behaviour. Some kind of irreversible modification of the surface seems hence to occur during
the run.
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Hydrodechlorination of carbon tetrachloride was performed over Pd and Pt on MgO
catalysts obtained from different precursors.

The Pd samples show low activity and high selectivity to deep hydrogenolysis of C-Cl
bonds to CHs(ads) fragments leading to C; — Cr+ hydrocarbons, following a typical
Schulz-Flory distribution for alkyl polymerization.

On the other hand Pt catalysts show high and stable conversion levels, but totally
different selectivities. CHCl; and in lesser extent methane are the major products.

The structural modifications of Pt catalysts under reaction conditions were characterised
by EXAFS spectroscopy.

The amount and the nature of chlorine species preadsorbed on catalysts play an important
role contributing to stabilise the properties of metallic particles.

1. INTRODUCTION

Carbon tetrachloride finds different industrial uses as solvent, as dopant in
semiconductor industries, as raw material [1-3].

However, together with other chlorinated compounds like PCBs and CFCs, it possesses
noxious effects on environment, particularly a high ozone potential depletion. It was, in
fact, classified in the IV group among CFCs and so its use was banned, in developed
countries, from 1996.

Among the more diffuse CFCs disposal methods, like thermal combustion [4,5], catalytic
combustion [6], catalytic hydrogenation is one of the more promising, owning to the low
reaction temperature and the production of useful compounds, without pollutants by-
products like dioxins, CO, Cl, and COCl,.

$Corresponding author
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It has been reported that catalysts obtained from H,PtCls on MgO [7, 8] showed good
conversion and selectivities for the hydrodechlorination of CCls to CHCl;, being less
prone to deactivation than Pt/Al,O5 at lower H,/CCl, ratio. This behavior was ascribed to
the basicity of MgO that retards the coking.

On the other hand, Pd catalysts were used, with good results, for the partial
dehalogenation of chloro-fluorocarbons to hydrofluorocarbons [9-11], and of
chlorobenzenes [12], but at present there are few studies on chlorinated aliphatic
substrates like CCly.

The aim of this work is to test different Pt and Pd catalysts supported on basic MgO in
the hydrodechlorination of CCl,. Particular attention was devoted to the choice of the
organometallic precursor, in order to maintain the basic properties of activated MgO and
consequently to increase metal support interactions. A specific metal-support interaction
on Pd(acac),/MgO°® catalysts was observed by previous studies [13].

2. EXPERIMENTAL

2.1. Catalyst preparation

Pd(acac), was synthesized in our laboratory according to the literature procedure [14].
[PA(C;Hs)Cl]; was obtained from Strem Chemicals; Pt(acac),, and Pt(CH;CN),Cl, from
Aldrich and used as received without further purification.

The MgO support material (Merck 97% batch n° 308 TA 390565) was refluxed in
deionized water for 3 hours, and then dried in air overnight at 110°C. Highly
dehydroxylated and decarbonated magnesium oxide (MgO°”’) was obtained by heating to
500°C in air, and further evacuation (P=10"° mbar) at this temperature overnight. After
this treatment, BET surface area is around 300 m’g’. Measurements of BET surface
areas were carried out using the single point technique with a Micromeritics Pulse
Chemisorb 2700 instrument.

Toluene and CHyCl, (Aldrich) were dried over activated molecular sieves in inert
atmosphere. The oxide supports were impregnated at room temperature under Argon
atmosphere with a diluted solution of metal precursor in anhydrous solvent, obtaining a 2
wt.% metal loading for each sample. The solvent was removed in vacuo, and the sample
dried overnight in vacuo.

Metal loadings were determined by ICP/AES (Pt) and AAS (Pd) after dissolution of the
catalyst in a HCI/HNOs mixture.

2.2 Catalytic tests

Prior the catalytic runs, the impregnated catalysts, were reduced in flowing hydrogen
from 25 to 500°C at 10°C/min and kept at 500°C for 1 h. Oxidative regeneration of used
catalysts was done by heating in O, flow (50 mL/min) from 25 to 500°C at 10°C/min; the
sample was then left at S00°C for 1 h in O,, cooled down in flowing Ar, and reduced by
standard treatment.

The hydrodechlorination of CCls (Merck GR batch n° k22643522605) was performed in
a continuos flow, fixed bed glass microreactor, working at atmospheric pressure, with
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H,/ CCly ratios varying from 5 to 20. Gases are all reagent grade (99.999% obtained from
SIAD).

The reaction mixture was obtained by bubbling H, or Hy/Ar in CCly thermostatted at
various temperatures in order to obtain the desired Ho/ CCly ratio. Flow rates of the gas
mixture vary from 22.0 mL/min to 33.0 mL/min depending on the desired contact time;
namely, for 100 mg of 2% Pd catalyst, for t = 9 s total flow rate is 33.0 mL/min.
Quantitative analyses of reactants and products were carried out on an on-line gas-
chromatograph (Carlo Erba Instruments HRGC 5160) fitted with a thermostatted
sampling valve and FID, using a 50 m, 0.2 mm cross-linked methylsilicone (Hewlett-
Packard PONA) capillary column.

The HCl evolution vs. time on stream (t.0.s.) was monitored by an on-line potentiometric
cell, as described previously [15].

2.3 EXAFS characterization

X-ray absorption spectra were collected at the D42 beamline of LURE (Orsay-France)
operating at 2 GeV of positron energy and at a storage ring current of 200 mA. The
experimental station was equipped with a Si(331) channel-cut crystal monochromator.
Second harmonics are absent due to the extinction rule of the Si(331); third harmonic are
neglectable due to the low photon flux at that energy. Pt metal foil has been used for the
angle/energy calibration. All spectra were recorded at 25°C in transmission mode at the
Pt Lyr-edge (11.56 keV) over the range 11.35 — 12.50 keV.

The powder samples were loaded under inert atmosphere in the catalysis-EXAFS cell
(Lytle type). Sample homogeneity was checked by taking low-exposition photographs of
the samples. The spectra of Pt(acac)/MgO°® impregnated from toluene and CH,Cl,
solutions were recorded after in-situ reduction at 500°C and after the catalytic tests at
150°C in Hy/CCls= 10.

The single scattering data analysis was performed with the <EXAFS pour le Mac» [16]
software. Experimental y(k) data were extracted from the absorption data by a
conventional procedure (linear pre-edge background subtraction; 5 polynomial fit for
the atomic-like contribution, subtracted following the procedure proposed by Lengeler
and Eisenberger [17] normalization to edge height). The k’-weighted x(k) data were
Fourier transformed (Kaiser window, t=2.5) in a typical k range of 3-14 A, and the
main contributions to the Fourier transform modulus were filtered in order to obtain
metal nearest-neighbor shells. The so obtained filtered contributions were analyzed using
the non-linear least-squares fitting programs developed by Michalowicz [18].
Experimental phase shift and amplitude functions of the scattering oxygen and platinum
atoms used in the fit of the supported samples were extracted from pure Pt(acac), and Pt
foil, respectively.

3. RESULTS AND DISCUSSION
Different Pd and Pt catalysts supported on MgO*® were synthesized by impregnation of

the pretreated support from anhydrous solutions (in toluene or CH,Cly) of the
organometallic precursors (Pd(acac),, Pt(acac),, [Pd(C3Hs)Cl],, Pt(CH3CN),Clh).



188

This method of synthesis allows us to obtain a high degree of interaction between the
metal precursor and the support, as already reported for Pd/MgO catalysts [13, 19]. Good
dispersion of the metal phase is thus obtained after reduction, without altering the basic
properties of MgO>® as it would otherwise occur using aqueous solutions of the
inorganic salts conventionaily used for impregnation.

Already at a first insight of Figure 1, they show completely different behavior: Pt
catalysts reach high conversion values that are maintained for long reaction periods,
whereas catalytic conversion of Pd catalysts is initially high, but quickly decreases
during the catalytic run.

The selectivity is also different. Pt based catalysts primarily produce CHCl;, with some
methane and, in lower amount, ethane.

Pd based catalysts promote instead the formation of hydrocarbons (from C, to C;). Here,
methane, ethane and, in lesser extent, propane and butane are the major reaction products
whereas hydrochlorocarbons of general formula CH,Cl;« and chlorocarbons dimers as
CyClg, C,Cly4 are produced in a very low amount.
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Fig 1. Typical catalytic performances at 150°C of Pt/MgO*® obtained from Pt(acac), in
CH,Cl; (solid symbols), and Pd/MgO500 obtained from Pd(acac), in CH,Cl, (open
symbols) at (Conversion 0,#; Selectivity to hydrocarbons o,m; selectivity to CHCl; +
CHzClz O,.).
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In order to maximize the production of hydrocarbons with Pd-based materials, and to
minimize the formation of chlorinated byproducts, like hexachloroethane or
tetrachloroethene, it was decided to operate at relatively low temperature (115°C) and
high values of the H,/CCl, ratios (around 20). In the Table 1, it is shown the distribution
of products for Pd(acac)MgO** (Pd03) and [Pd(C3Hs)Cl]o/MgO>® (Pd23) impregnated
in CH,Cl,. The main difference between the two materials is the molar CI/Pd ratio, of 0.3
for Pd03 catalyst, and 2.3 for the Pd23 material.

Table 1
Catalytic performances of Pd based catalysts after 150 min on stream
Cat. T HyCCly Conv. Sel. (% mol)

[°C] (Yomol) C; G C; C4 Cs CH,Cl, CHCly CxClg
Pd03 150 5 4.1 17.6 30.6 140 40 1.13.1 6.8 3.5

115 20 6.9 29.6 38.0 157 35 1323 1.5 0.7
Pd23 115 20 3.9 37.2 22.2 14 54 0 0 0 16.0

The major effect of the organometallic precursor, and consequently of Cl/Pd ratio, is the
high selectivity to dimerization by-reactions to hexachloroethane, which is an
undesirable product in the reaction. Instead, a high Hy/CCls ratio combined with low
temperature resulted in a slight increase of conversion and of selectivity to hydrocarbons.
Distribution of hydrocarbons for Pd(acac),/MgO°® catalysts fits a Schulz-Flory model
[20, 21] for alkyl polymerization mechanism. Typical values for o, o; are comprised
between 0.25 and 0.15 depending on reaction conditions (Hy/CCly ratio, T, t.0.5.), and the
major difference between them, during the same catalytic run, is around 0.04.

Selectivity to methane is strongly depressed at low Hy/CCly ratios (R), below 5; this is
indirectly confirming the formation of methane by hydrogenolysis of heavier
hydrocarbons (Table 2). In fact, the hydrodechlorination of CCl with Pd-based catalysts
requires an excess of hydrogen to convert all CCly into hydrocarbons. The similarity of
R=10 and R=20 is to be attributed to the fact that no effects of partial pressure of H; are
occurring once the stoichiometric ratio is exceeded.

Table 2
Hydrocarbon selectivities vs. Hy/CCl, (R) ratio.
Pd(acac),/MgO™® Sel ( mol %)
R=5 R=10 R =20
CH, 13.6 384 36.5
C,Hs 29.2 355 35.7
C;Hg 14.0 10.0 10.2

T=150°C, t=9s, selectivities values are taken at similar conversion (around §%).

This peculiar hydrogenolytic activity of our Pd/MgO catalysts leading to the complete
breaking of C-Cl bonds is to be ascribed to the electron-rich Pd phase in strong contact
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with O sites of MgO [13, 19], giving a strong hydridic character to chemisorbed
hydrogen atoms.

On Pt catalysts, instead, the hydrogenolytic mechanism, which is predominantly leading
to CHCI; formation, is well known in the literature [8, 22], and it is no more discussed in
the paper.

During the catalytic test, even working at low conversion, there is a progressive
deactivation that could be due to chlorine poisoning and/or formation of high molecular
weight hydro(chloro)carbons that cover active sites.

The major drawback of these Pd/MgO catalysts is, however, related to the practical
impossibility of regenerating spent catalysts by conventional O, treatments at high
temperatures. Under these oxidative conditions, sublimation of PdCl, takes place from
the reaction between metallic Pd and Cl, evolved from combustion of
hydrochlorocarbons. As the consequence, extensive leaching of palladium results, and
the catalytic activity is lost.

On the contrary, all Pt catalysts on MgO®® at different CI contents showed very high
activity and stability in CCly hydrodechlorination (Table 3).

Table 3
Effect of Cl content on Pt/MgO catalysts at T =150 °C, Hy/CCly =10t=6s
Sample Cl/Pt Conv. Sel. (mol%)

_(mol/mol) (mol %) CH, CoHg CHCly C,Clg
P00 0.0 88.0 15.8 38 79.5 0
Pt09 0.9 95.0 12.6 04 80.7 0
Pt26 2.6 87.3 21.0 1.4 75.9 0

Pt00: Pt(acac),/MgO impregnated from toluene; Pt09: Pt(acac)/MgO impregnated from
CH,Cly; P126: Pt(CH3CN),Cl, impregnated from CH,Cl,.

Unexpectedly, the higher activity is observed with the Pt09 catalyst, having an
intermediate Cl/Pt ratio. The selectivity to CHC; is also higher at a CI/Pt ratio of 0.9.
Increasing chlorine content, catalytic activity tends to decrease again, with a parallel
increase in the hydrocarbon selectivity.

In order to investigate the modification of catalysts during the hydrodechlorination
reaction, we performed an EXAFS analysis of the more significant Pt samples.

Classical chemisorption measurements to estimate particle sizes cannot be profitably
applied to spent catalysts, because the presence of chlorine and/or organic residues on
metal particles reduces the number of sites for the hydrogen adsorption, underestimating
the dispersion.

EXAFS spectroscopy overcomes these problems, moreover it gives useful information
about the morphology and the state of metal particles.

The Pt00 and Pt09 catalysts were characterized by EXAFS spectroscopy after the
reductive activation and after the catalytic runs (fit results reported in Table 4).
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Table 4
Curve fitting results of Pt Ly; edge EXAFS data of Pt0O0 and Pt09 catalysts before and
after a catalytic run

Sample shell CN R (A) Ac(A) AEq(eV)
Pt00 reduced 0] 27+0.1  2.030+0.004 0.076£0.004 0.7+04
Pt 1.6£0.5  2.600.01 0.09+001 10+4

Pt00 after catalysis Cl 09x0. 231+0.01 0.09 £0.02 6+1
Pt 4604 2703+£0.008 0.096+£0.05 6=*1

¥=)
[}

Pt09 reduced O 23+04 2.0710.02 0.12+0.01 4+1
Pt 47105 2757+£0.006 0.083+0.003 0x1

Pt09 after catalysis Pt 99+£0.9 2.753+£0.006 0.087+0.005 -3.7%0.6

Pt09 after reduction exhibits small Pt clusters (CN(Pt) = 4.6), in close contact with the
oxygen atoms of support (CN(O) = 2.3), and no presence of chlorine in contact with the
metal phase.

The mean particle diameter of metal particles could be extimated, in the hypothesis of fcc
packing and cubocthaedral geometry, around 11 A, consisting of 30 atoms clusters [23].
Chlorine is adsorbed on MgO support as CI” ions, probably close to the metallic particles;
a similar behavior is already reported in literature for analogous systems based on Pd
[19]. After the catalytic test, a considerable increase in the particle size is observed
(CN(Pt) = 9.9). In fec packing and in the hypothesis of cuboctahedral particles, such a
CN value corresponds to a mean particle diameter of about 30 A, which means a
maximum of 30% surface atoms and an even smaller fraction of metal atoms in contact
with the support surface.

The small oxygen and/or chlorine contribution to the signal is thus covered by the heavy
metal scatterers. The Pt0O catalyst after reductive activation exhibits a dispersion almost
at monoatomic level (CN(Pt)=1.6) and, after catalytic run, a moderate increase in particle
size (CN(Pt) = 4.6) and the presence of chlorine (CN(C1) = 0.9) on the metallic phase.
These results cannot be rationalized on the basis of the structure insensitivity of the
hydrodechlorination reaction, since the most active catalyst, Pt09, shows a much higher
size of Pt particles. Catalytic activity seems, therefore, to be related to the stability of
metal phases under reaction conditions.

The good stability of Pt phase, and the absence of appreciable coking allows to perform
regeneration by a simple oxidation-reduction treatments of the used catalysts without
altering the catalytic properties, as it is shown in table 5. The strong metal/support
interactions prevent any leaching of volatile Pt species, as it was instead observed for Pd.
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Table 5
Catalytic properties of regenerated samples by O,/H, treatments at 500°C
Sample conv sel. (mol %)
(mol % ) CH4 C2H6 CHC]3 C2C14 C2C16
Pt00 82.1 15.0 1.6 80.6 0.7 0
Pt09 93.5 11.2 0.9 79.5 0 2.3
Pt26 76.7 18.9 1.7 77.1 0 0

Upon such regenerative treatments, all the samples underwent minor decreases in
conversion levels, and, for the Pt09 sample, the appearance of slight dimerization
activity.

Finally, we undertook some investigations on the nature of the support phase under
steady-state catalytic conditions. It was in fact observed that magnesium oxide undergoes
some extensive chemical modifications at the beginning of the catalytic test. A sharp
increase in the temperature of the catalytic bed (up to 40°C in most cases for chlorine-
free materials), and the absence of any evolution of HCI were observed, although the
conversion of CCls to CHCI; + hydrocarbons was still higher than 80% (Figure 2).
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Fig. 2. Evolution of reactor temperature and HCI concentration as a function of time on
stream on CCly hydrodechlorination at 150°C with Pt00 catalyst.
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After this induction period the temperature of the catalytic bed reaches steady state
conditions, and evolution of HCI takes place with a rate predictable on the basis of the
distribution of reaction products.

After catalytic runs, all catalysts show a chlorine/magnesium ratio equal to 0.33. This
change of phase leads to a mixed magnesium oxo-chloride, whose formula, according to
literature data [24, 25], could be ascribed to a Sorel-type MgO-Mg(OH),-5MgO MgCl,
xH,0, which is the actual support phase during steady-state catalytic reaction.

It may be concluded that the initial chlorine doping of the Pt/MgO material has a
profound influence on the catalytic activity, preventing detrimental overheating
phenomena at the beginning of the catalytic run. However, a too high chlorine content
results in a decreased metal-support interaction, and lower steady-state conversions.

4. CONCLUSIONS

Pd and Pt supported catalysts show completely different properties, due to different
reaction mechanisms. The hydridic character of adsorbed H atoms and the easy cleavage
of C-Cl bonds species lead to almost complete hydrogenation of CCl, to hydrocarbons on
Pd/MgO materials. Instead, Pt catalysts show very high activity and selectivity to partial
hydrodechlorination to trichloromethane, with methane as major byproduct.

The initial chlorine doping of MgO support upon catalyst preparation plays an important
role in preventing excessive overheating phenomena at the beginning of the
hydrodechlorination reaction, when MgO reacts with forming HCI to form a Sorel-type
magnesium oxo-chloride phase, which is stable under reaction conditions.
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We report a thorough theoretical study based on both “conventional” cluster and
embedded cluster models on the effect induced on the vibrational modes of the MFI
framework by the isomorphous insertion of a Ti atom. On an industrial ground, this
insertion has generated one of the most important catalyst of the last two decades: titanium
silicalite (TS-1). To allow a direct comparison of TS-1 with the parent Ti-free structure
(silicalite), quantum chemical calculations on both cluster models Ti[OSi(OH):]s and
Si{OSi(OH)3}4 have been performed. In both cases we have employed the B3LYP/6-
31G(d) level of theory in order to provide the basis for the assignment of the main
vibrational contributions. On an experimental ground, dehydrated TS-1 exhibits a IR
spectrum characterized by a well defined band located at 960 cm™ and a Raman spectrum
showing two components at 960 and 1125 cm™, being the latter enhanced in case of
resonant Raman effect ach1eved using an UV laser source. In this work, the enhancement
of the intensity of the 1125 cm™ feature and the invariance of the 960 cm™ feature in UV-
Raman experiments, are discussed in terms of resonant Raman selection rules. The
resonance-enhanced 1125 cm™ mode is unambiguously associated with a totally symmetric
vibration of the TiO, tetrahedron, achieved through in-phase antisymmetric stretching of
the four connected Ti-O-Si bridges. This vibration can also be described as an in-phase
stretching of the four Si-O bonds pointing towards Ti. The resonance enhancement of this
feature is explained in terms of the electronic structure of the Ti-containing moiety.
Asymmetric stretching modes of TO4 units show distinct behavior when T is occupied by
Si or Ti, or when the oxygen atom belongs to OH groups (such as in terminal tetrahedra of
cluster models and in real defective zeolites) Asymmetric SiO4 and TiO; stretching modes
appear above and below 1000 cm’ respectively, when they are achieved through
antisymmetric stretching of the T-O-Si bridges, and around 800 cm” (in both SiO4 and
TiO4) when they involve symmetric stretchmg of the T-O-Si units. In purely siliceous
models, the transparency gap between the main peaks at 800 and 1100 cm’ contains only
vibrational features associated with terminal Si-OH groups, while in Ti- containing models
it contain also the above mentioned asymmetric TiOs modes, which in turn are strongly
coupled with Si-OH stretching modes. Calculations on periodic models of silicalite and
TS-1 free of OH groups using the QMPOT embedding method, correctly reproduce the
transparency gap of silicalite and the appearance of asymmetric TiO4 vibrations at 960 cm’

"in TS-1.
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1. INTRODUCTION

Titanium silicalite-1 (TS-1) is a synthetic zeolite [1] in which a small number of Ti
atoms substitute tetrahedral Si atoms in a purely siliceous framework with the MFI
structure. It is an active and selective catalyst in a number of low-temperature oxidation
reactions with aqueous H,0, as the oxidant [2,3]. For this reason, it has been one of the
most studied materials in heterogeneous catalysis in the last years. Although the long range
structure of the material is well known [4,5] the structure of the active site is not clear.
Several experimental [4-17] and computational [6'18-25] results demonstrate that the
substitution of Si by Ti is isomorphous, and it is generally believed that the distribution of
Ti over the available framework sites is at least partially disordered {5,15]. A variety of
techniques has been developed, able to detect and discriminate tetra-coordinated
framework titanium from extraframework titanium atoms with higher coordination.
Among these we cite vibrational spectroscopies (both IR and Raman) [6-11], UV-Vis [11-
13], EXAFS and XANES [11-15], spectroscopies and powder diffraction experiments
(using both x-rays and neutrons) [4,5]. The first two methods in particular, due to their ease
of use, have become standard analysis techniques for catalysts containing titanium. The
infrared feature which is more clearly associated with the presence of tetrahedrally
coordinated ﬁamework Ti is a relatlvely strong absorption appearing, in dehydrated
samples, at 960 cm™. This work is focused on the vibrational peculiarities of the TS-1
mater1a1 as a consequence, a particular attention will be devoted to the history of the 960
cm” band.

The earlier interpretation of the 960 cm™ band [7] was based on the discussion of
the modes of isolated SiO, tetrahedra as compared with tetrahedra neighboring with a TiO4
unit. Assuming a higher ionicity of the Ti-O bond as compared with the Si-O one (later
confirmed by quantum mechanical calculations), the Si-O stretching mode was expected to
shift downwards due to the interaction with the Ti cation (Si-O%...Ti*"). Based on quantum
mechanical calculations on cluster models, it was later proposed, by de Man and Sauer,
[20], that the mode is a simple antisymmetric stretching of the Si-O-Ti bridge. Indeed the
two assignments may be seen as coincident, because they describe the same physical mode
by focusing on different "building units" [7,8,26]. Smirnov and van de Graaf [21]
calculated the vibrational spectra of a periodic model of TS-1 with molecular dynamics
techniques. Their results support the localized Ti-O-Si nature of the 960 cm™ vibration, but
they also put into evidence the inequivalence of the Si-O and Ti-O bonds and show that the
Si-O stretching gives the greater contribution to the vibration. Taking this into
consideration, the assignment of the band to a Si-O" vibration in defects, proposed by
Cambilor et al. [27] is not exclusive of the previous assignments. In this work we will also
show that the vibrational features of framework Ti and of defect sites are strongly coupled.

Raman spectroscopy revealed that the 960 cm™ band is not the only vibrational
feature appearing upon insertion of Ti in the MFI framework. Scarano ef al. and the group
of Jacobs [8] have observed a Raman active mode at 1125 cm™ not present in the Ti-free
silicalite and attributed to the insertion of Ti in the framework. This band was not observed
in the IR spectra because totally overshadowed by the intense antisymmetric stretching of
the Sl O-8i unit. More recently, Li ef al. [10] have reported that the intensity of the 1125
cm” Raman band is remarkably enhanced using an UV laser as scattering source. The
reason of this effect is due to the strong Ligand to Metal Charge Transfer (LMCT)
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absorption that TS-1 exhibits in the UV region of the electromagnetic spectrum, due to the
O’Ti*" — OTi*" transition. Li ef al. have so operated in resonant Raman conditions. In
such condition, no enhancement of the 960 cm™ band was observed.

Resonant Raman spectroscopy is defined as a Raman experiment in which the
exciting wavelengths coincides or is near to the wavelength of an electronic adsorption of
the sample. This condition guarantees a high energy transfer to the sample, with minor
disturbance by fluorescence. If the electronic absorption is due to a localized center, like a
transition metal atom, excitation is also partially localized and the vibrational features of
the immediate vicinity of the absorbing atom can be enhanced, if they meet the appropriate
selection rules. This enhancement can be of several orders of magnitude. Besides the
normal Raman selection rules, peculiar selection rules apply to the intensity enhancement.
In particular, two kinds of vibrations are enhanced: a) totally symmetric vibrations with
respect to the absorbing center, and b) vibrations along modes which cause the same
molecular deformation caused by the electronic excitation [28].

In order to understand why the 1125 cm™ band is enhanced in resonant Raman
conditions, while the 960 cm™ band is not, a careful comparison of the IR, Raman and
resonant-Raman spectra of TS-1 samples at increasing Ti loading x (including a Ti-free
silicalite sample, x = 0), coupled with quantum mechanical calculations on model
compounds is needed. This study will give information on the symmetry of the modes
involving the Ti atom.

2. METHODS: CLUSTERS AND EMBEDDED CLUSTER MODELS

Geometry optimization and vibrational frequency calculation of cluster models were
performed both with the Hartree-Fock and density functional methods using the B3LYP
functional. The basis set adopted is the standard 6-31G(d) in all cases. The program used
was Gaussian98 [29] with Molden as the graphical interface [30] Because our HF
frequencies are in good agreement with the B3LYP ones when scaled in the usual way
(scale factor 0.9), in the following we will discuss only the unscaled B3LYP results. In
models containing several dangling OH groups, the SiOH bending vibrations were strongly
coupled with the Si-O and Ti-O stretching modes. In order to simplify the analysis of the
latter, in some cases we substituted 'H with *H in OH groups in order to decouple their
bending vibrations. This led to small shifts of the Si-O and Ti-O vibrations (2-5 cm™ was
gypical). For sake of completeness we report both the results obtained with terminal "H and

H atoms.

Embedded cluster calculations were performed with the QMPOT method [31], coupling
a quantum mechanical description of a core set of atoms with a molecular mechanics
description of the periodic solid. The QM cluster was treated at the Hartree-Fock level with
a split valence SVP basis set [32]. The periodic solid was described with a shell model
potential parametrized on QM calculations using the same level of theory. The choice of
different methods and basis sets for the cluster and embedded cluster calculations was
dictated by the availability of the forcefield for Ti-O interactions. The programs used for
the calculation of the subsystems were Gaussian98 [29] and GULP [33], InsightlI [**] was
the graphical interface program. Periodic vibrational frequencies were calculated for k=0
(858 modes) and converted into an approximate density of states by assigning a gaussian
shape with constant width (10 cm™) and area, and summing over all modes.
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3 EXPERIMENTAL: SYNTHESIS AND SPECTROSCOPY

Samples with increasing Ti content have been synthesized in EniChem laboratories
following a procedure described in the original patent {1]. The total insertion of Ti atoms in
the MFI framework has been witnessed by comparison of the amount of Ti found in the
samples by chemical analysis with the cell volumes obtained by Rietveld refinement of
powder XRD data, see Ref. [4] for more details.

For IR spectra a Brucker IFS 66 FTIR spectrometer equlpped with an HgCdTe
cryodetector has been used. For all spectra a resolution of 2 cm’ has been adopted.
Samples have been studied in transmission mode on thin self-supported wafers. Adsorbates
have been dosed in gas phase through a vacuum manifold directly connected with the
measure cell.

The “conventional” Raman spectra were obtained on a Perkin Elmer 2000 NIR-FT
Raman spectrometer equipped with an InGaAs detector. The lasing medium was an Nd-
YAG crystal pumped by a high-pressure krypton lamp, resulting in an excitation
wavelength of 1064 nm (9385 cm’™). The power output was ca. 1000 mW. Samples were
examined as such or contacted with solutions.

UV resonance Raman spectra were obtained using a Renishaw Raman System 1000
by exciting with a frequency doubled Ar'-laser, operating at 244 nm (40984 cm’ Y. The
photons scattered by the sample where dispersed by the monochromator and
simultaneously collected on an UV-enhanced CCD camera. The collection optic was a x40
objective. A laser output of 12 mW was used, which resulted in a maximum incident
power at the sample of approximately 2 mW. An exposure time of 240 s per spectrum was
used.

4. RESULT AND DISCUSSION

4.1. Ab initio study

Cluster models have been previously used to interpret the vibrational features of
titanosilicates. In particular, Sauer and de Man [20] have calculated the vibrational spectra
of a variety of small clusters, demonstrating that antisymmetric Ti-O-Si vibration may
appear at frequencies around 960 cm™. However, the occurrence and exact frequency of
these vibrations vary widely with model size and connectivity, in a manner which has not
yet been explained. The interpretation of the vibrational structure of cluster models
containing open chains is much complicated by the strong coupling of the T-O stretching
modes with the bending modes of terminal hydroxyls. This problem can be overcome by
adopting clusters formed by closed rings: however, if small or condensed rings are adopted
(e.g. four-membered), the strain imposed by ring closure completely alter the vibrational
features in the region of interest (700-1200 cm™). In this work, we focus on one type of
cluster - a central tetrahedron surrounded by four complete tetrahedra, also known as
"shell-3" model because it contains three complete shells of neighbors of the central atom -
and refine the discussion of ref. [20] in three directions. First, we have improved the
accuracy of the calculations for the isolated cluster, by using Density Functional theory and
the 6-31G(d) basis set. Secondly, we have smpllﬁed the interpretation of the results by
using isotopic substitution ('H substituted with 3H) to eliminate the coupling of Si-O-H
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bending modes with Si-O and Ti-O stretching modes. Finally, we have attempted the
calculation of the vibrational spectrum of a true periodic model of TS-1, by embedding the
above-mentioned cluster into a periodic lattice treated with empirical potentials.

a)
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Scheme 1. Representation of the symmetric and antisymmetric stretching modes of the T-O-T unit,
parts (a) and (b) respectively. Symmetric and antisymmetric stretching modes of the TO, unit, parts
(c) and (d) respectively.

Si(OSi(OH);), and Ti(OSi(OH)3)4 clusters (named SiSi4 and 7iSi4 in the following)
have been used. The calculated frequencies in the 800-1200 cm™ are reported in Table 1
and 2 respectively. The calculated modes can be analyzed according to the symmetry of
the vibration around the central atom of each tetrahedron or according to the symmetry of
the T-O-T bridge deformation, i.e. whether the two bonds stretch in phase or not (Scheme
Ia,b). In the case of this second classification, we can further separate the modes according
to the symmetry of the deformation of the four T-O-T bridges around the central cluster
atom. An example is given in Scheme 1. In Scheme Ic¢) the totally symmetric stretching
mode of the internal tetrahedron is represented, which can be also seen as an in-phase
combination of four T-O-Si antisymmetric modes, or if we neglect the central atom or
consider it like a simple perturbation like an in-phase stretching of the four neighbouring
Si-O oscillators. In Scheme Id) one of the asymmetric modes of the central tetrahedron is
represented, which can be also described as an out-of-phase combination of four T-O-Si
bridges or neighboring Si-O bonds. We will see later that these modes have different
responses to the Si/Ti substitution. The main spectroscopic features of the SiSi4 and 7iSi4
models are described in Tables 1 and 2 together with their assignment in terms of
vibrations of TO, or T-O-Si units.

In the computed spectra of both of SiSi4 and TiSi4, clusters, the highest modes are
represented by stretching modes of the central atom of the cluster. In the case of TiSi4,
only one stretching of the central tetrahedron falls in this region, which is also an in-phase
antisymmetric stretching of the four TiOSi bridges (1097 cm?). Due to his symmetry
around the Ti atom, this mode is the only candidate for the assignment of the 1125 cm’
Raman band observed experimentally, see Introduction and vide infra. The mode also
appear at similar frequencies in closed ring clusters (not reported) and can be regarded as
the main Raman fingerprint of tetrahedral titanium. It is completely IR-inactive due to its
symmetry. The analogous mode for SiSi4 is observed at 1159 cm™. When the symmetric
deformations of TO, involve symmetric T-O-Si stretching, modes at 827 and 814 cm™ are
computed for SiSi4 and TiSi4 respectively.
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Table 1. Computed stretching frequencies for the SifOSiOH)s]s model (), and symmetry of the
corresponding mode with respect to the central SiO, and Si-O-Si unit. A = antisymmetric and S =
Symmetric.

v(em™) Si0s Si-O-Si Comments

1159 S A See text
1105,1096 A A See text

Si-O stretching modes of terminal silanols involved in

996, 984,971 - - hydrogen bonds with neighboring OH as donors.
993 - - Si-O stretching modes of terminal silanol (no H-bond)
917 - - Si-O stretching modes of terminal silanol in which O is
hydrogen bond acceptor.
876, 855 A S See text
827 S S See text

Table 2. Computed stretching frequencies for the Ti[OSi(OH);]s model (1), and symmetry of the
corresponding mode with respect to the central TiO, and T-O-T unit. A = antisymmetric and S =
Symmetric.

v(em?)  TiOs Ti-O-Si Comments

1097 S A See text
Si-O stretching modes of terminal silanols involved in
987, 964 - - hydrogen bonds with neighboring OH as donors.
Ti-O stretching modes strongly coupled with Si-O
986, 968, A A stretching modes of terminal silanols involved in H-
965,909, 897 bonds with neighboring OH as donors.
Si-O stretching modes of terminal silanols involved in
913 - - hydrogen bonds with neighboring OH as acceptors
829, 824 A S See text
814 S S See text

If we consider now the asymmetric deformations of the central tetrahedron
(occupied by Ti or Si), the two models are much different. The asymmetric deformations
of SiO4 in SiSi4 produce features at 1105 and 1096 cm™ when they occur through
antisymmetric Si-O-Si stretchmg On the contrary, TiOs asymmetric v1brat10ns in TiSid4,
appear below 1000 cm™ (multiplet at 986, 968, 965, 909 and 897 cm ) When the
asymmetrlc deformations of TO4 involve symmetric T-O-Si stretching, modes at 876, 855
cm” and at 829, 824 cm™ occur for SiSi4 and 7iSi4 respectively. This fact lead us to the
discussion of the bands appearing in the central region of the spectra (850-1000 cm™), i. €.
in the experimentally observed "gap" between the high-frequency (1250 1050 cm™)
antisymmetric Si-O-Si vibrations and the low frequency (around 800 cm™') symmetric Si-
O-Si vibrations, see Figs. 1,2. This region is of much interest, because it contains: i) the
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highly debated 960 cm™ band observed in both IR and Raman spectra; ii) the features
associated with framework defects.

960 940
Wavenumber (am’)

1100 1000 900 800
Wavenumber (cm’')
Fig. 1. Part (a): graphical representation of the periodic model used in this study. The shell-3
clusters has been embedded into the crystallographic TS position. Part (b): the so obtained DOS for
the silicalite (dashed line) and for TS-1 (full line). The inset reports a magnification of the of the
two curves in the gap between the symmetric and antisymmetric stretching modes of the T-O-T
units, highlighting the appearance of the 960 cm™ band for TS-1, otherwise hardly visible.
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The calculated spectrum of SiSi4 in this region contains only Si-O stretching modes
associated with terminal Si-OH groups of the models. These modes are spread over a wide
range (917-996 cm™) because of the different hydrogen bonds involving the terminal OH
groups of the cluster. These modes are good candidates to interpret the IR modes appearing
in the gap of defective silicates (e.g. defective silicalite) [27,35,36]. No stretching modes of
the central tetrahedron appear in this region. This is confirmed by our calculation on the
periodic model (SiSi4 embedded in the periodic structure), which correctly reproduce the
experimentally observed gap between 850 and 1000 cm™ (Fig. 1b vs. dashed line in Fig.2).

In the case of 7iSi4 cluster, the Si-OH stretching modes are strongly coupled with
asymmetric TiOy stretching modes. These modes are out-of-phase combinations of the four
Ti-O-Si antisymmetric stretching. They also span a wide frequency range (897-986 cm’),
and no single mode can be associated individually to the 960 cm™ band. This clearly show
on one hand, that our cluster is inadequate to model a non-defective titanosilicate, and on
the other hand, that in defective titanosilicates the Si-OH and asymmetric TiO, vibrations
are strongly coupled. This is why spectroscopic features in this range are still under debate
[10].

The modeling a non-defective titanosilicate thus requires either larger clusters or a
periodic model. We have embedded the shell-3 clusters into the crystallographic T5
position of a unit cell of the MFI framework (Fig. 1a). In the case of the embedding of the
SiSi4 cluster, the resulting structure is purely siliceous, while for the 7iSi4 cluster, we
obtain a structure with one Ti atom per unit cell. No hydroxy groups are present in either
model. The choice of the T5 position is partly arbitrary, and dictated by the availability of
the calculated structure from a previous work [25]. Fig. 1b reports the calculated density of
states of Silicalite and TS-1. The DOS of silicalite correctly reproduce the two main groups
of framework vibrations centered at 800 and 1100 cm”, and the transparency region
between them. The DOS of Ti-silicalite is very similar but differs for a small, expected
[1,6-9,11], feature at 960 cm’. Graphical analysis of the individual normal modes
contributing to the DOS at this frequency shows four contributions: two modes involving
antisymmetric stretching of Si-O-Si bridges far from the Ti atom and two modes which can
be classified as out-of-phase asymmetric stretching of the Ti-O-Si bridges. The former
have no counterpart in cluster calculations and may be artifacts due to a faulty modeling of
the interface between the QM and MM regions, while the latter are in full agreement with
the cluster calculations and with the assignment of the 960 cm™ band presented above.
This result, although not conclusive due to the limitations of the model, indicates that the
embedding of the 7iSi4 cluster into a non-defective periodic framework causes the
disappearance of the scattered (897-987 cm™) bands due to coupled Ti-O-Si-OH vibrations
and the appearance of a single narrow band at 960 cm™.

Quantum mechanical calculations not only provides vibrational frequencies to be
compared with the experimental ones, but also describe the electronic structure of the
clusters, which has deep implications in the Resonant Raman experiments. In particular,
the structure and symmetry of the LUMO of the Ti-containing clusters have to be
considered (an accurate calculation of the true electronic structure of the excited state is
beyond the scope of the present work). The LUMO of the TiSi4 cluster is almost totally
symmetric around the Ti atom and two-fold degenerate. The LUMO is formed by an
antibonding combination of O p orbitals with a totally symmetric combination of Ti d

orbitals (d(z%), d(x’-y?)).
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It is reasonable to deduce that the observed UV absorption at 205 nm (about 49000
cm?) involves a totally symmetric excited state in which all four Ti-O bonds are
symmetrically stretched with respect to the ground state (due to the Ti-O antibonding
character of the LUMO). Thus the symmetric TiOs stretching meets both selection rules a)
and b) (see the introduction) for the resonance enhancement of its Raman mten51ty We
therefore conclude that the observed band at 1125 cm” (calculated at 1100 cm™ in the
TiSi4 cluster) can be attributed to this kind of vibration. Based on the discussion above,
this vibration can be also described as the in-phase combination of the four Ti-O-Si
stretching modes, or as the in-phase combination of the four Si-O* bonds perturbed by Ti.

On the contrary, none of the vibrations appearing in the "gap" meets either of the
selection rules for Raman enhancement. This explain why the 960 cm” band is not
enhanced. Indeed, it apparently disappears i in Resonant experiments due to the enormous
intensity of the strongly enhanced 1125 cm™ band. Nevertheless, the Ti-sensitive nature of
the 960 cm™ band is confirmed by non-resonant experiments, as discussed in the previous
sections.

4.2. Evidence of the correlation of the 1125 and 960 cm™ bands with Ti content

In this experimental section we will prove that both the IR active 960 cm” band
and the Raman active 1125 ¢cm™ bands have an intensity which is linearly correlated with
the Ti content of TS-1 samples. The use of resonant Raman will testify that the latter band
is enhanced according to the assignments discussed in our quantum chemical study.

Fig. 2 reports, in a wide spectroscopic range (3800-700 cm™), the IR feature of both
silicalite (dashed spectrum) and TS-1 (solid spectrum). The two spectra look almost
identical, being the only significant difference the narrow 960 cm™ band visible in the
upper right corner of the figure and magnified in the inset (which also allow a direct
comparison with the computed DOS reported in Fig. 1b). It becomes now evident that the
960 cm™ band is a small, although significant, feature of the overall spectrum of TS-1. This
band lies in the gap between the symmetric and asymmetric stretching modes of the T-O-T
units, the latter totally saturated At higher frequencies, the stretchmg of hydroxyls are
visible: sharp peak at 3737 cm™ and broad component around 3475 em’’, which are due to
isolated and H-bonded Si-O-H (and probably to Ti-O-H) species respectlvely In particuiar,
the latter component implies that TS-1 is a defective material (as silicalite is), hosting an
important fraction of T vacancies, generating internal hydroxylated cavities [35-37]. At
2005, 1180 and 1640 cm™ the overtone and combination bands are also visible.

To validate the attribution of the vibrational modes done in section 4.1, Raman,
resonant Raman and IR spectra on a set of TS-1 samples characterized by an increasing Ti
loading (x) are reported in Figure 3. Part a) of the figure reports spectra collected on three
samples (x = 3. 0 1.4 and 0.0 i.e. silicalite) with a FTIR Raman spectrometer [Ajser = 1064
nm (9385 cm™)], while part b) of the figure shows spectra obtained with a dispersive
instrument working with a Ajeer = 244 nm (40984 cm’™). With the latter experimental setup
we are in resonant Raman conditions for the O*Ti** — OTi{** LMCT. In fact, for
tetrahedral coordmated Ti*" this LMCT exhibits an absorption band centered around 205
nm (about 49000 cm™) with a low energy tail extending down to 250 nm (40000 cm’ h
[11,12], see inset in Fig. 3b. The Raman spectrum of silicalite sample is very similar
independently on the used laser source, showmg bands at 1230, 1085, 975 cm™ and a
complex absorption centered at 820 cm™. In fact no resonant enhanced effect is expected
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Fig. 2. Comparison between the IR spectra in the 3800-700 cm™ range of silicalite (dashed line)
and TS-1 (full line). The inset reports the magnification of the framework stretching region, to be
compared to DOS reported in Fig. 1b. 1000 Wavenumber cm™ 800
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Fig. 3. Part (a): Raman spectra of TS-1, from top to bottom x = 3.0, 1.4 and 0.0 (silicalite). Part (b):
as part for resonant Raman. The inset reports the DRS spectra of TS-1; the vertical arrow shows the
wavelength of the UV laser source. Part (c): IR spectra of TS-1, from top to bottom x = 3.0, 2.0,
1.4, 1.0 and 0.0. Part (d) intensity of the 960 cm™* band vs. x, in (non resonant) Raman (M) and IR
(®) spectra. For the latter, the height W at FWHM of band is reported, see text.
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for a sample transparent at the excitation wavelength, occumng the O?Si*" —» OSP*
LMCT at much higher energies. The bands at 1230 and 1085 cm™ have been assomated to
Vasym (S1-O-Si) (Raman inactive) [8a] while the stronger absorption at 975 cm’ ! has been
assigned t0 vam (Si-O-Si*) where Si* is a silicon atom connected with an hydroxy-group
Si[OSi];0H [8a]. The fact that this component characteristic of defective silicalite, occurs
close to the 960 em™ band of TS-1 is probably the origin of the animated debate on the
nature of this band (see Introduction). Finally the complex absorption centered at 820 cm™
has been associated with the Ve (T-O-T) (Raman active) [8a]. Moving now to TS- 1
samples we observe, two main differences: i) the appearance of a new band at 1125 cm’
which is enhanced by resonant Raman effect (compare Fig. 3b vs. 3a); ii) the growth of a
band at 960 cm™ which intensity is proportional to x, see Fig. 3d. For both resonant (Fig.
3b) and non-resonant Raman (Fig. 3a), the constant value of I(1125)/1(960) ratio (0.25 and
11 respectively, independently to x) indicates that the two bands should be related to two
different spectroscopic manifestations of the same phenomenon: insertion of Ti in the MFI
framework.

Even if the 960 cm™" band is generally recognized as a proof that Ti(IV) heteroatoms are
isomorphically inserted in the zeolite structure [6-8,11], a quantitative correlation between
the Ti content (x) and the intensity of the 960 cm” IR band is very critical. On an
experimental ground this is due to its great intensity at high Ti content and to the fact that it
is modified, in both intensity and position, by adsorbed molecules. For this reasons, great
care has been made in order to prepare TS-1 pellets as thin as possible and to measure TS-
1 samples that have undergone the same dehydration treatment. Fig. 3¢ reports the IR
spectra of five TS-1 samples containing increasing Ti content x, from x = 3.0 down to x =
0.0, pure silicalite (bottom curve). The spectra have been normalized on the overtone
crystal modes, i.e. considering the bands in the 2000-1500 cm™ range (see Fig. 2). The
quality of the normalization procedure is confirmed by the good superposition of the
spectra in the 750-850 cm™ range, which is also not influenced by Ti content. The common
method of dilution with KBr can not be used for reducing the absorbance intensities of the
framework modes, since it does not allow thermal treatments, which are needed in order to
remove the adsorbed water. In fact, the 960 cm™ band is affected in its shape, frequency
and intensity according to the amount of weakly adsorbed basic molecules.

We assume that: (i) the 960 cm™ band does not saturate for the TS-1 sample with lowest
Ti content; and (ii) the “true” Full Width at Half Maximum (FWHM) of this band is
constant over all set of TS-1 samples. The former assumption is supported by the fact that
the intensity of the 960 cm™ band, for the x = 1.0 sample, is less than 1.5 in absorbance
units, while the latter is exactly what expected for a band associated to different
concentrations of a unique species. Assumptlon (i) allows us to measure the “true” FWHM
of the 960 cm™ band in TS-1 samples (27 em™"). Now, following assumption (ii), we were
able to estimate for all samples reported in Fig. 3, the absorbance (W) at the height where
the width of the band corresponds to 27 cm”. This method minimize the errors due to the
instrument sensibility and allows a quantitative estimation of the band intensity. Such
obtained values plotted against x in the Fig. 3d (e data), give a high linear correlation (r =
0.9998) and validate assumption (i) and (ii). A further, and definitive, validation comes
from the similar linearity found for the intensities of the Raman band, which can not be
affected by saturation problems, see Fig. 3d (m data). These resuits implies that the 960 cm’
' band is well a fingerprint of the insertion of Ti in the zeolitic framework, even if not
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enhanced by Raman resonant spectroscopy for the reasons outlined in our theoretical study
(section 4.1). Thus the original interpreatation of our group [6-8,11] is confirmed and the
assignment of the 960 cm™ band to the presence of defects [10] is rejected.

5. CONCLUSIONS

This work discusses the vibrational features associated with the insertion of tetrahedral
Ti in the MFI zeolite lattice. The understanding of these features forms the base for the
technical characterization of Ti containing silicate catalysts using spectroscopic methods,
which is of capital importance in industrial catalysis. A combination of spectroscopic and
computational techniques is used in order to assign the main vibrational features of Ti-
silicalite, also taking into account the presence of hydroxylated defects.

A set of experiments on TS-1 samples with variable Ti content, synthesized and treated
in a reproducible way, has allowed to proof the quantitative correlation between Ti content
and the intensity of the 960cm™ IR feature. The linear correlation between the intensity of
the 960cm™ band and x has been also confirmed by Raman spectroscopy.

Rarnan experiments on silicalite and TS-1 with excitation wavelengths of 1064 nm (non
resonant) and 244 nm (resonant) show that: (i) the main features associated with Ti
insertion in the lattice are vibrations at 1125 and 960 cm’; the former being drastically
enhanced by UV-resonance, while the latter is not; (i) a mode is observed at 978 cm” on
defective silicalites and TS-1, which we attribute to the Si-O stretching in silanols. The
proximity of the 960 and 978 cm™ modes has prompted us to re-examine IR spectroscopy
in the same region in order to distinguish the 960 cm™ band from defect modes.

Quantum mechanical calculations of the vibrational frequencies and electronic structure
of shell-3 cluster models allow to assign the main vibrational features. The 1125 cm™ peak
is undoubtedly assigned to the symmetric stretching vibration of the TiO4 tetrahedron,
achieved through in-phase antisymmetric stretching of the four connected Ti-O-Si
oscillators. According to its symmetry and to the electronic structure of the Ti moiety, this
is the only vibration fulfilling the resonant Raman selection rules. This assignment is
equivalent to the assignment to the in-phase stretching of the four Si-O bonds surrounding
Ti. The asymmetric vibrations of TO, of our cluster models appear above 1000 cm’ for
SiO4 and between 897 and 986 cm™ for TiOs. These modes are strongly coupled with the
Si-O stretching of the silanols in the outer part of the cluster. Embedding of the Ti-
containing cluster in a periodic silicalite framework makes the mode coalesce into a band
centered at 960 cm™. In the purely siliceous model, the only modes contributing to this
region are the Si-O vibrations of the silanols in the outer sphere. Based on these results, we
confirm the assignment of the 960 cm™’ band to the asymmetric stretching of the TiO4 unit,
which can equivalently be described as the out-of-phase antisymmetric stretching of the
four connected Ti-O-Si oscillators, or as the out-of-phase stretching of the four Si-O bonds
pointing towards Ti.
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Surface Properties of Mesoporous Ti-MCM-48 and their Modifications
Produced by Silylation.
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The catalytic activity of Ti-MCM-48 catalysts may be improved by increasing the
hydrophobic character of the surface by a silylation post-treatment with hexamethyldisilazane
(HDMS) as silylating agent. In this way the poisoning of the catalysts is noticeably decreased.
The silylation procedure led to the transformation of silanols, Si(OSi);(OH), into
Si(0Si);[OSi(CHs)s], which was confirmed by *Si-MAS-NMR and diffuse reflectance (DR)
UV-Vis spectroscopies.

1. INTRODUCTION

Porous materials are very attractive for applications in the field of heterogeneous catalysis.
The success of these materials consists in their very high surface area and in the possibility to
exhibit “shape selectivity”, due to the regular size of pores and channels. For example, in
zeolites, which are crystalline microporous materials, the pores are in the range of 5-12 A. By
introducing proper elements in these materials, it is possible to obtain catalysts with peculiar
chemical properties. In particular, the introduction of transition metals (Fe, V, Ti, etc.) into
siliceous structures generates redox properties. For example, the isomorphic substitution of Si
atoms with Ti(IV) ions in the zeolitic framework originates highly active catalysts for a
number of reactions [1], i.e. oxidation using hydroperoxide as oxidising agent [2]. The first
Ti-zeolite, with the structure of the MFI zeolite, was prepared by Enichem in 1983 via
hydrothermal synthesis and was named TS-1 [3]; it appeared to be active and selective in
oxidative reactions with H,Q, at low temperature. However, even in zeolites with large
channels, like Ti-B, synthesised by Camblor et al. [4], the diffusion of reactants is limited to
molecules smaller than 7 A.

In order to avoid this limitation, the interest in synthesising mesoporous materials is
nowadays increasing in catalysis as the high pore dimension (10-150 A) atlows the access to
bulky organic molecules. In 1991, the Mobil Oil Company synthesised a mesoporous
alumino-silicate through a basic synthesis using alumino-silica gel and alkyl-

* to whom correspondence should be addressed marchese@ch.unito. it
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trimethylammonium bromide/hydroxide with long alkyl chain as structuring agent. This
material, characterised by a regular structure with hexagonal array of pores, was named
MCM-41 [5]. Although the walls of these siliceous systems are amorphous, the long-range
structure is highly ordered. Later on, cubic and lamellar structures were synthesised and
respectively named MCM-48 and MCM-50 [6]. The presence of pores with larger dimension
(15-100 A) in mesoporous materials, upon introduction of Ti ions, expands the opportunity of
heterogeneously catalysed oxidative reactions. The first Ti-based mesoporous material was
synthesised by Corma et al. with a MCM-41-type structure [7]. The channel size allowed both
the oxidation of bulky organic molecules and the use of organic hydroperoxide as oxidising
agent instead of H,0;. The catalytic activity was suggested to be strictly connected to the
presence of tetrahedral Ti(IV) sites, which was confirned by EXAFS and UV-Vis
spectroscopy measurements [8,9], although it was not excluded the presence of small amounts
of TiO,-type clusters, successively confirmed by UV-Vis spectroscopy [10].

Ti ions have been also introduced in MCM-48 materials. The cubic structure of this
support, having two perpendicular arrays of channels, is more interesting for catalytic purposes
as the diffusion of reactants inside channels appeared less limited [11-13]. Ti-MCM-48 resulted
to be highly active in the epoxidation of cyclohexene and 1-hexene [14].

Noteworthy, a remarkable increase in the activity of Ti-containing mesoporous catalysts
was obtained by anchoring trimethylsilyl groups on the silanols, which led to an increase of
the hydrophobicity of the surface [15,16). In this paper we report on peculiar aspects of the
preparation and characterisation of mesoporous Ti-functionalised MCM-48 silicas. The
spectroscopic and catalytic properties of Ti-MCM-48 catalysts upon a post treatment of
sitylation with hexamethyldisilazane (HDMS) as silylating agent, are also reported.

2. EXPERIMENTAL

2.1. Synthesis
Ti-MCM-48 samples were synthesised using amorphous silica, (Aerosil 200, Degussa) as
silicon source, titanium tetraethoxide (Alpha Products), cetyltrimethylammonium bromide
/hydroxide (CTABr/OH) and
tetramethylammonium  hydroxide
(TMAOH). The molar composition
: was: SiO; : x Ti(OEt); : 0.306
I : CTAOH : 39.5 H,0, (where x was
3 CTA adjusted to yield Ti loading 1, 2 and
S, 3 wt% as TiO,) and the preparation
MCM-48 procedure was as in ref. 15. Figure 1
shows a ternary diagram reporting
b Ti-MCM-48 the synthesis gel composition of tbe
bare MCM-48 and Ti-MCM-48: in
this diagram, the proportions of
reactants to be used for obtaining
the cubic phase instead of the
Figure 1. Ternary diagram representing the lamellar or the hexagonal ones, can

composition of the synthesis gel (CTA = be inferred. It appears that the range
cetyltrimethylammonium bromide/hydroxide) of SiOy:H,O:CTA ratios is more
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restricted in the case of the Ti-containing material with respect to MCM-48; in fact the
addition of the Ti precursor causes a change in the pH with an increase in the difficulty to
obtain the cubic phase. Crystallisation was carried out in stainless steel autoclaves, with
autogencous pressure, at 150°C for 6h. The final product was then filtered and washed until
neutral pH value and dried at 60°C overnight. The samples were calcined at 540°C first in
nitrogen and then in air flow in order to remove the organic fraction. Finally, Ti-MCM-48
was silylated with hexamethyldisilazane (HDMS) as silylating agent, using a HMDS/SiO,
ratio of 0.25. The silylation was performed at 120°C in toluene solution under argon
atmosphere and the silylated samples were outgassed at 250°C before running the spectra.
The silylated material was labelled Ti-MCM-48S.

2.2. Characterisation and catalytic activity

A Philips X’Pert MPD diffractometer equipped with a PW3050 goniometer (Cu K,
radiation) was used to perform X-Ray powder diffraction. Textural characterisation (N, and
Ar adsorption) was performed with an automatic instrument ASAP 2010 from Micromeritics.

¥3i-MAS-NMR spectra were collected at ambient temperature on a Varian VXR 4008
WB spectrometer at 79.459 MHz, using a CP/MAS Varian probe with zircona rotors. The
spectra were recorded with pulses of 4.5 ps of 1/3 = rad and recycle delay of 50 s. Si
chemical shifts were referred to tetramethylsilane.

After removing the organic fraction in nitrogen and air flow at 540°C, the samples were
put in quartz cells in order to collect diffuse reflectance (DR) UV-Vis-NIR spectra. The
calcined samples were pre-treated and activated in these cells, permanently connected to a
vacuum line (residual pressure < 10™ Torr, 1 Torr=133.33 Pa), by oxidation at 550°C for 10
hours (100 Torr O,) and subsequent outgassing. The silylated samples were simply outgassed
at 250°C. DR UV-Vis-NIR spectra were collected with a Perkin Elmer (Lambda 19)
spectrometer equipped with an integrating sphere with BaSQ, as reference.
Photoluminescence spectra were recorded with a Spex Fluorolog-2 FL212 spectrometer.

The Ti content was determined by atomic absorption on a Varian Spectra A-10 Plus
spectrometer. C, H, and N analysis were performed on a Fissons EA-1108 clemental organic
analyser.

The catalytic tests were done on calcined and silylated Ti-MCM-48 materials. The
reaction of epoxidation of cyclohexene was tested using zerz-butylhydroperoxide (TBHP) as
oxidant with olefin/TBHP ratio = 4 at a reaction temperature of 60°C. The reaction was
monitored by Gas Chromatography using a 5 % phenylsilicone column (HP-5) of 25 meters
length.

3.  RESULTS AND DISCUSSION

3.1. XRD powder diffraction and adsorption measurements

X-Ray diffraction of calcined Ti-MCM-48 with 2wt% Ti content as TiO, (Fig. 2,a),
shows a main (211) reflection at 26= 2.42°, and other weaker peaks at higher 20 values, as
expected for a material with cubic Ia3d symmetry [6]. Using Bragg’s equation and the
geometrical properties of the cubic cell, it is possible to calculate “a”, the unit cell parameter;
the results are reported in Table 1. Upon silylation, the main XRD peaks are similar to those
of the calcined sample, as shown in Figure 2, curve b, indicating that the structure kept unit
cell parameters close to the calcined sample (Table 1). However, the slightly less defined
pattern at high 20 indicates some loss of regularity in the array of channels. As for the
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Figure 2. XRD spectra of Ti-MCM-48
calcined (a) and silylated (b).
The spectra are recorded in air.
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calcined (a) and silylated (b) Ti-MCM-48
materials. The pore size distributions of the two
samples are reported in the inset. The samples
were activated by degassing at 400°C.

porosity, Argon adsorption measurements (Fig. 3) showed a shift of the position of the flex at
lower p/po value, corresponding to a decrease of the pore size. The pore size distribution of
the silylated Ti-MCM-48 material, as calculated with the Horwath-Kawazoe formalism,
decreased with respect to the calcined sample from 37.5 to 28.5 A (see inset of Figure 3). This
was suggested to be due to the steric hindrance of the trimethylsilyl groups anchored on the
inner surface of the pore of the Ti-MCM-48 structure [17]. All these results are summarised in

Table 1.

Table 1. Structural and textural properties of calcined and silylated Ti-MCM-48.

Samics Ti ar[ir‘:;;t‘;‘“;‘f‘a,, Pore diam. | Pore Vol. | BET - SSA
P wi%y| P ) (&) (mLig) | (m%g)
Ti-MCM-48 (calcined) 2.1 83.2 37.5 0.89 1047
Ti-MCM-48S (silylated) 1.9 83.1 28.5 0.66 956
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Figure 4 shows solid-state *’Si-MAS NMR of calcined (curve a) and silylated (curve b)
2wt% Ti-MCM-48 materials. Three distinct resonances are present in the spectrum of the
calcined sample, at -110, -101 and -91 ppm (curve a). They result to be sharper than those
found in the as-synthesised sample (spectrum not shown). As these bands are similar to those

-80
d (ppm)

Figure 4. Solid-state *’Si-MAS NMR of
Ti-MCM-48 calcined (a) and Ti-MCM-48

40 -120

-160

silylated (b). The spectra are recorded at ambient

temperature.
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found in purely siliceous MCM-41
and MCM-48, accordingly to the
literature [6,12,18], they are assigned to
Si(OSi), [Q4], Si(OSi);OH [Q3] and
Si(0Si),(0OH), [Q2] groups, respectively.
The band at -91 ppm is very weak,
suggesting the presence of a small
amount of geminal-hydroxyl groups on
the silica surface of the mesopore walls.
Upon  silylation  treatment  with
hexamethyldisilazane (HMDS), the NMR
spectrum showed two resonances at +14
and -108 ppm, whilst the Q2 and Q3
peaks have nearly completely
disappeared. The new band at +14 ppm is
straightforwardly associated with the Si
atom in Si(CH;);(OSi) groups. The
disappearance of Q2 and Q3 indicates that
the shell of Si atoms, originally
Si(0Si);OH and  Si(OSi)2(OH);, have
changed upon silylation. As reported in
Scheme 1, silylation results in the
substitution of OH with Si{(CHs)s groups,
and then the magnetic environment of Si
in the so generated Si(OSi);{OSi(CHs)s]
and Si(OSi);[OSi(CHs);]; become similar
to that of Q4 species Si(OSi); As a result,
the signal of all these Si species merges
into the peak at —108 ppm [19-21].

Si(CHy,
- NH3 |
- .
/Sll\
(CH3)3S\i /Si (CHz);
R 0O
LN Q
Si
/ N\



214

3.3. Diffuse Reflectance UV-Vis spectroscopy

UV-Vis spectroscopy, in both diffuse reflectance and luminescence modes, is useful to
investigate the local environment of the titanium sites. Figure 5 shows DR UV-Vis spectra of
calcined (curve a) and silylated (curve b) 2wt% Ti-MCM-48 samples. In the case of the
calcined sample (curve a) a main band centred at 215 nm, asymmetric towards higher
wavelength, is observed, similar to the signal present in Ti-MCM-41 spectra [10,22,23].
Bands in the 200-240 nm range were assigned to oxygen to isolated tetrahedral titanium(IV)
lons charge transfer (CT) transitions [23,24,25]. The position of the maximum of this band is
strictly dependent on the electronic features of the oxygen atoms bonded to the Ti centres, as
higher the electronegativity of these oxygen atoms, higher the energy of the CT transition
where they are involved, and then lower the wavelength of the corresponding absorption
band. As a consequence, Ti(OSi)4 groups are responsible of CT transition at lower wavelength
than Ti(OSi);0H or Ti(OSi),(OH); sites, due to the higher electron density of the oxygen
atoms of siloxy- respect to hydroxy-ligands {23,26]. Noticeably, the band observed for the
silylated sample (curve b) is sharper and centred at lower wavelength (210 nm). Considering
that, upon silylation, besides silanols (see scheme 1), also titanols Ti(OSi);OH are almost
completely transformed into trimethylsilylated Ti(OSi);[OSi(CHs);] species, the spectral
changes observed indicate that the
component at 230 nm in the
spectrum of calcined Ti-MCM-48 is
215 due to titanol species. It may be of
interest that geminal Ti(OSi),(OH),
titanols were found to be less likely
to occur [9]. The electronic CT band
of the new Ti(OSi);[OSi(CH;)s]
species merges with that of Ti(OS1)4
centres, producing the 210 nm band
[27].

Figure 6A illustrates the effect
of water adsorption on 2 wt%
calcined and silylated Ti-MCM-48
samples, monitored by DR UV-Vis
spectroscopy. The characteristic
UV-Vis CT band of the calcined
sample at 215 nm (curve a) becomes
broader and shifts to higher
wavelength (curve a’). As reported
in the literature, this behaviour
monitors the fact that tetrahedral Ti
L centres expand their coordination

200 220 240 260 280 300 sphere by H,O adsorption (Scheme

2, on passing from structure (a) to

Wavelength (nm) (b) and (c)) [23 and references

therein]. The spectrum in the NIR

Figure 5. DR UV-Vis spectra of 2% Ti-MCM-48 range of the calcined sample (Fig.
calcined (a) and silylated (b). 6B, curve a) shows a main band at
1366 nm, corresponding to the

210

Kubelka-Munk
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Figure 6. DR UV-Vis (section A} and NIR (section B) spectra of Ti-MCM-48 calcined (a)
and silylated (b). H,O adsorption (vapor pressure) is also shown (curves a’ and b’).

overtone stretching of isolated silanols (2vop). After water adsorption, the intensity of this
band decreased and the combination band (vou+801) of adsorbed water appeared at 1892 nm
(curve a’). This behaviour was not observed in the case of the silylated sample: after water
adsorption, the CT UV-Vis band (curve b, section A) underwent just a small modification
(curve b’) and in the NIR range, where weak bands at 1382 nm, due to residual silanols, and
at 1700 and 1744 nm, due to overtones/combination bands of trimethylsilyl groups, are
present, the signal due to adsorbed water molecules did not appear (curves b and b, section
B). These results confirm the higher hydrophobicity of silylated Ti-MCM-48 samples with
respect to the analogous calcined catalyst; the hydrophobicity was revealed on both Ti(IV)
centres and the inner surface of the silica.

H—0O {
OH OH H—,;), OH N

0 S 0 Si ) 0 Si-

(a) (b) (c)

Scheme 2
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3.4. Photoluminescence spectroscopy

Photoluminescence spectra of calcined Ti-MCM-48 samples with increasing Ti(IV)
loading (1, 2 and 3 wt% as TiO,) were recorded in order to investigate the dependence of the
dispersion of Ti(IV) centres on the amount of Ti introduced.

The spectra, reported in Figure 7, are similar to those found in Ti-MCM-41 [10,22,23],
and showed two overlapped peaks at 440 and 500 nm. These components were both attributed
to tetrahedral Ti(IV) sites with different environment, i.e., bonded to oxygen atoms with
different electron charge density [10]. Photoluminescence was found to be a unique feature of
Ti(1V) in tetrahedral coordination, as Ti(IV) in octahedral coordination produces only a very
weak emission. The shape and the intensity of the bands are strictly dependent on the Ti(IV)
loading. The spectrum of 1% (curve a) Ti-MCM-48 presents a low intensity, due to the
presence of a low concentration, although well dispersed, of Ti(IV) tetrahedral sites. The 2%
sample showed a spectrum with the highest intensity of the bands (curve b), suggesting that
this sample contains the highest amount of tetrahedral and isolated Ti(IV) sites. The overall
intensity of the photoemission spectra was much lower in the case of the 3 wt % sample
(curve c¢), and this can be attributed either to self-quenching effects for the higher Ti

concentration and/or to the presence of small TiOy-type clusters, which are less luminescent
[10}.

Emission Intensity [a.u.]

300 400 500 600 700
Wavelenght [nm]

Fig. 7. Photoemission spectrum of Ti-MCM-48 1% (a), 2% (b) and 3% (c),
hex= 250 nm. The samples were activated by oxidation at 540°C.
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3.5. Catalytic activity

Ti-MCM-48 is a catalyst for the epoxidation of olefins, the activity of which being
strictly connected to the presence of tetrahedral Ti(IV) sites. The accepted mechanism, in the
case of olefin epoxidation with H,O; is reported in Scheme 3 [1].

H H
. gue
| + ROH, H,0, Sio 0 R
Ti AN /
-

/' \_ TH
Si0 Si0” o
! ~O0-H
H H
/
T o 0. i
SiO~_ oZ O
/I,\A/‘J\H _— /Il\ + + H,0
Sio”/ o Si0 0
Q/>\O/H R

Scheme 3

Silylation plays an important role in the activity of the catalyst. The catalytic
performances of two samples (1 and 2% Ti content as TiO;) calcined and silylated, in
epoxidation reaction with fert-butylhydroperoxide, are reported in figure 8. The silylated
samples exhibit higher conversion and higher selectivity to epoxide with respect to the non-
silylated ones for both Ti concentrations. This was suggested to be due to the higher degree
of hydrophobicity of the silica surface of silylated samples which, thanks to the absence of
the OH groups transformed into trimethylsilyl groups, prevents water adsorption. In fact,
water, produced by the reaction and possibly present in organic solvents used for the
epoxidation, poisons the catalyst by formation of glycols which may irreversibly coordinate
to the titanium catalytic centres, causing the deactivation of the catalyst, as shown in
Scheme 4. Increasing the hydrophobic character of the surface by silylation of both silanols
and titanols, reduces this problem, and indeed, a remarkable increment of the catalytic
performance for epoxidation of olefins was obtained upon silylation of Ti-MCM-48
[15,16,18,21,28].



218

|[|r|| o =

@
1 | } .
" ] 0
o ~ 99 TeiE >
20 1 ™ o . L]
° = . ®
2 -
" ] = .
- 60 = - .| 2 984 -
= o a . =
401 F = z $r
=1 = A B | wit%-silvl = ° o \|  —E— W |
3 8 o o
o - ®--- 2wt%-silyl o 4 a) . vt il
20 e 88— | wi%-calc L "~ I". oM |t vl
- \ ;
|& L ®— 2w1%-calc [ ] L Iwit%-silyl
”é' - T T g +—T—"—1— . T T ———yi
0 ] 2 3 4 5 10 20 30 40 50 60 0 S0 90 100

l'me (h) Conversion (%)
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|
+ T
> NG
O + H,O —— —_— 1
OH o~ |\

Scheme 4

4. CONCLUSIONS

Ti-MCM-48 mesoporous silica are active catalysts in reactions of epoxidation of olefins
with tert-butylhydroperoxide and hydrogen peroxide. Systems with different Ti(IV) loading
were synthesised using cetyltrimethylammonium hydroxide surfactant as template. All
samples were then silylated using hexametyldisilazane (HDMS) as silylating agent. This
resulted in the transformation of most of the surface silanols and titanols species into
trimethylsilyl groups by reaction with HDMS, increasing the hydrophobicity of the silica
surface. As a consequence, the catalytic activity resulted noticeably improved due to the fact
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that the high hydrophobicity reduces the interaction of the catalytic sites with water
molecules, which would deactivate the Ti(IV) centres.
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Computer simulations of ethane sorbed in an aluminophosphate molecular sieve
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Classical Molecular Dynamics (MD) simulations have been carried out to study the
dynamic properties of ethane sorbed in an AIPO,-5 aluminophosphate. The main purpose is to
gain new insight into the diffusive regime controlling the motion of ethane in such one-
dimensional microporous structure. In recent experimental studies a standard MSD vs. ¢ linear
dependence (normal diffusion) was found, while earlier experiments seemed to reveal a
single-file regime for this system. The present calculations show that ethane diffusion follows
the standard regime on the time scale of MD simulations: particle passing (leading to normal
unidirectional diffusion) is rather frequent over observation times of several nanoseconds.
Consequently a single file regime for this system could only be achieved through the
formation of stable clusters of ethane molecules that, once formed, move as single larger
species in a single file regime. This possibility has been tested by calculating the lifetimes of
ethane clusters of different size: the larger lifetimes observed are less than 1 ns, and are
further reduced when the flexibility of the host lattice is incorporated in the model. Therefore
these simulation support the experimental observation that normal diffusion dominates the
motion of ethane in the AIPO,-5.

1. INTRODUCTION

The sorption and catalytic properties of zeolites are largely affected by the way in which
the confinement in the pores affect the diffusive properties of guest molecules [1]. It is well
known from the current literature [2] that correlation effects can lead to unusual features, and
special diffusive regimes can emerge in some cases. The microporous structure of zeolite
AlIPOy-5 is made of straight nonconnected pores with 7.3 A diameter running along the ¢
crystallographic axis (Figure 1). The confinement of molecules in such one-dimensional
structures sometimes leads to deviations from standard (Fickian) behavior. Diffusion takes
place in one single direction, and if the diffusing molecules are of such dimensions that they
cannot pass each other in the channels, subsequent movements of different particles will be
highly correlated and the motion becomes of single-file type. The following general
expression represents the time dependence of the mean square displacement:

<z2(t)>:2Ft“ (0

* On leave from: Higher Polytechnic Institute JAE, Dept. of Physics, Marianao, La Havana, Cuba.
' Present address: Dipartimento di Scienze Matematiche, Chimiche e Fisiche, Universita degli Studi
dell’Insubria, Via Lucini 3, I-22100 Como, Italy
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Fig.1. Structure of AIPO,4-5; two parallel channels are shown.

In equation (1) the exponent « is equal to 1 for normal diffusion (in which case F coincides
with the diffusion coefficient D), while ax= 0.5 in the case of single file diffusion {3-6]. In
recent quasielastic neutron scattering (QENS) experimental investigations [7] a standard MSD
vs. ¢t linear dependence was found for the diffusion of ethane in AIPO,-5, while earlier pulsed-
field gradient NMR experiments [4] seemed to reveal a single-file behavior for this system.
The discrepancy between the experimental observations could arise from the different time
scales sampled (~ 1 ns for QENS and ~ 1 ms for NMR), in particular when different crystals
are used in the experiments. Indeed, the presence of defects may cause blockages in the
channels which slow down the diffusive motion at large time scales [7]. Some subsequent
stochastic simulations [8] were based on the assumption of single-file behavior for ethane in
AlIPO,-5. However, at the present there are not clear evidences as to whether the diffusion of
ethane in such structure shows normal or single file behavior. In this work we present the
results of Molecular Dynamics simulations aimed at illuminating the diffusive regime that
controls the motion of ethane in a non-defective AIPO4-5 structure.

2. MOLECULAR DYNAMICS SIMULATIONS

We recently proposed an effective harmonic potential for representing the structural and
dynamical properties of the AIPO4-5 framework [9]. The calculation of interatomic forces
within a lattice represented through this potential requires only a small computational effort,
thus it is particularly suitable for the very long simulations performed in this study, together
with a flexible united-atom model for ethane molecules sorbed in zeolites [10,11]. In the latter
potential a Morse function represents the C-C bond vibration, and a Lennard-Jones (12-6)
potential models the interaction between two intermolecular sites as well as the interaction
between a site and a framework oxygen. In Table 1 all the parameters involved in the
potentials are collected. Compared to the original parameters [10] (developed for the ethane-
silicalite system) only the €cus.o parameter has been changed, so as to reproduce closely the
experimental heat of adsorption of ethane in AIPO4-5 [12]. Ethane loading was varied
between 1 and 4 (the largest possible concentration) molecules/unit cell by fixing the total
number of sorbed molecules to 12 and varying the number of cells included in the simulation
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box accordingly. MD trajectories of 35 ns were carried out in all cases. In order to study the
infinite dilution case a single molecule was included in the simulation box, and a 155 ns run
was carried out. The run temperature was around 300 K in all cases.

Table 1
Potential parameters

AIPO4-5 harmonic potential interactions: V(r) =0.5 k (r—ro)2

Al-0 P-0O O-(AD-0 O-(P)-0 Al-P
k (kJ mol' nm™) 292 880 376 560 92 048 92 048 2092
r, (nm) 0.172 0.1516 0.280873 0.247560 0.32
Ethane-zeolite and ethane-ethane intermolecular (LJ) potential: V(r) = 4¢ [(O'/r)n-(O'/r)G]
(CH3)-Oseo (CH3)-(CHs)
o (nm) 0.3461 0.3775
€ (kJ mol™") 1.0 0.867

Ethane intramolecular (Morse) potential: V(r) = D {[1-exp(-f (r'rgx))]z -1}
D, (kJ mol™) 351.381
B(nm™) 18.408
I (NM) 0.1536

3. RESULTS AND DISCUSSION

3.1 Mean Square Displacement
Figure 2 shows the log-log plots of the MSDs for the different ethane concentrations.

1e+06
— 1 mol/u.c.
— - - 2 mol/u.c.
- == 3 mol./u.c. -
1e+04
=
& 1e+02 |
»
=
<
1e+00
1e-02 - -
0 1 100 10000
Int (ps)

Fig. 2. Log-log plots of MSD curves. The curves corresponding to normal diffusion (zz(t)
o< 1) and single file (zz(t) o< t°‘5) are also drawn for reference.
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Every linear region in this type of plots denotes a distinct diffusive regime, represented by
a power law like y= Ax%; e.g., the Fickian diffusive regime is described by a straight line of
slope 1. Then it is possible to obtain the characteristic time and space length of every regime,
and to draw some conclusion about the diffusion mechanism. The short-time portion of the
curves in all cases correspond to a “quasi-free” motion of the molecule which moves in the
almost constant potential at the bottom of the adsorption well (newtonian dynamics z(1) = vt,
corresponding to a slope of two). The actual diffusive regime starts at longer times, as it is
identified by the long-time limit of the mean square displacement. Therefore the nature of the
diffusive regime can be established by looking at the slope of the logarithmic curves in Figure
2 at times above ~ 100 ps. Indeed, the transition from the newtonian dynamics to the true
diffusive behavior, determining the decrease in slope, may require up to several hundredth
picoseconds for the studied systems. By comparing the long time slope of the MSD curves to
the two reference curves corresponding to normal and single file regime, a clear picture
emerges. The long time dependence of the MSD curve is obviously linear at infinite dilution,
where a single file behavior is clearly impossible. Also at 2 and 3 molecules/u.c. the
logarithmic curves become parallel to the normal diffusion reference after a relatively long
transition period. At 1 molecule/u.c. both single-file and normal-diffusion regimes are
seemingly present: the limiting slope of the MSD curve is intermediate between the normal-
diffusion and single file diffusion references, and actually appears to be closer to the single
file one. Indeed the aexponent in Equation 1 can be estimated as 0.66 for this system. A
turnover from single file to normal diffusion can be observed for guest systems (like ethane in
AlIPO,-5) where the mutual passages are relatively hindered and occur only occasionally [13].
By direct inspection of the MD trajectories we verified that two ethane molecules can pass
each other, albeit not very often, during the simulation. At times long enough that several
such passages have been observed, the usual linear MSD vs. ¢ behavior is achieved. At 1
mol./u.c. the frequency of the passages is low, and the turnover to normal diffusion is not
reached on the time scale reported in Figure 2. However the deviation of the ¢ exponent from
the ideal 0.5 value is indicative of a diffusive regime where the particle crossings begin to
drive the system towards the normal diffusion behavior. On the other hand, at higher loading,
due to the larger crossing frequency, the turnover time is very short and hardly noticeable, so
that only the linear regime of normal diffusion is apparent. These results hence support the
observation that when sorbed in an AlPO4-5 non-defective crystal ethane should diffuse
“normally”, if the molecular migration is followed for a long enough time, so that during the
measurement many mutual passages of two molecules are observed. The diffusion
coefficients estimated by the long-time slope of the MSD curves are reported in Table 2,
together with the corresponding relaxation time needed to reach the diffusive regime in each
case. The latter times appear to increase with increasing loading; however it should be
remarked that the value reported for 1 mol./u.c. is the time required to reach the intermediate
diffusive regime (MSD o< %) described above. According to the preceding discussion, for
this system a further turnover to normal diffusion is actually expected to occur over longer
times (> 2 ns) than those reported in Figure 2. The estimated diffusion coefficients can be
compared with the experimental measurements of Jobic et al. [7] which obtain D = 1.4.10°
m’ s at 0.7 mol./u.c., 1.1-10° m? s at 1.1 mol./u.c. and 0.9-10° m® s™" at 1.6 mol./u.c.; the
agreement with our data is reasonable, as well as the general tendency to decrease with
loading. The flat center of mass MSD curve for 4 molecules/u.c. shows the absence of any
significant translational motion of the guest species.
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Table 2
Diffusion coefficients (10'9 m’ s’l) and relaxation times (ps)
loading D t
(mol./u.c.)
0(@.d) 66 8
1 1.8 20
2 1.6 180
3 1.6 400
4 ~ 107 -

At this loading the ethane molecules can only undertake small oscillations around the
adsorption sites, but as all the neighboring sites are occupied a true diffusive motion cannot
occur. This situation is shown in Figure 3, where we report a configuration taken from the
MD trajectory with 4 molecules/u.c.; note that the relative arrangement of the molecular
centers of mass remains almost unchanged during the whole trajectory.

3.2 The cluster hypothesis

According to the results discussed in the previous section the motion of ethane molecules
falls in the normal diffusion regime over the time scale of MD simulations, i.e., several
nanoseconds. The only way in which a single file behavior can be achieved over longer time
scales is through the formation of stable clusters which, once formed, moves as single large
molecules [14].As two clusters cannot pass each other, a single file regime should naturally
emerge. The formation of such stable structures would probably require much longer
simulations to be observed. Nevertheless a useful way to verify this hypothesis through MD
simulations is to build several stable clusters inside the channels by energy minimization and
to look at the following dynamics.
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Fig. 3. A configuration taken from the run at 4 molecules/u.c. showing the “frozen”
arrangement discussed in the text.
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In particular we are interested in measuring the lifetime of such structures, in order to assess if
they can persist long enough to give rise to a single file behavior.

We considered clusters formed by 2, 4 and 6 molecules; after finding the energy-
minimized structure for each cluster size, 20 such structures were randomly distributed in 12
cells aligned along z. The interactions between molecules belonging to two different clusters
were turned off, i.e., each cluster is isolated in the sense that its dynamics is determined only
by the interaction with the channel walls (apart from the intra-cluster interactions). Each
cluster does not “see” the others: in this way we can follow the independent trajectories of 20
clusters and a good statistical accuracy is achieved with a moderate computational effort (the
MD run lasted 3 ns for each cluster size). The AIPO,-5 lattice was considered rigid in order to
avoid its excessive distortion induced by the simultaneous presence of 20 clusters, which in
turn could introduce fictitious indirect interactions between them. After thermalizing each
cluster at 300 K, its dynamics was followed until two adjacent molecules became separated by
more than 12.7 A: at this point the cluster dissociation was considered to have occurred [8].
The cluster was then removed and another one was “created” in a random axial position along
the channel. The distribution of cluster lifetimes (Figure 4) shows that the stability of clusters
increases with the number of molecules per cluster. It is interesting to note that this trend is
different from that observed in the MD simulations of Sholl [8], where the stability appears to
decrease by increasing the number of molecules per cluster from 2 to 5. The internal structure
and flexibility of ethane molecules in our model, as opposed to the spherical structureless LJ
centers in the Sholl’s model, are probably the main source of this difference. Notwithstanding
the increased stability of larger clusters the basic point is that the cluster lifetimes observed in
our simulations are always lower than 1 ns. Moreover, when some particularly stable clusters
were selected from the fixed-framework simulations and inserted into the flexible lattice
model, the lifetime of the cluster shows a further, considerable decrease.

----------- 2 molecules/cluster
—— 4 molecules/cluster
---- 6 molecules/cluster

p(t)

P D

0 100 200 300
time (ps)

Fig. 4. Distributions of cluster lifetimes
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These lifetimes are far too short to support the hypothesis made at the beginning of this
section. In our opinion the possibility that clusters formed by more than six molecules can
attain lifetimes of several nanoseconds is rather unlikely; anyway, work is in progress to
probe the behavior of such larger cluster, whose simulation is more CPU-demanding. The
present preliminary data seem to exclude the concerted diffusion of ethane cluster as a
possible source of single file behavior over long time scales: the clusters simply do not live
enough to cover such times.

4. CONCLUSIONS

The simulations presented in this paper provide clear evidences on the diffusion
mechanism which controls the motion of ethane in AIPO4-5. The frequency of particle
crossings leads to normal diffusion when the observation time falls in the nanosecond time
scale; the apparent deviations at low loading are basically due to a low crossing frequency,
which entails a long turnover time before the normal diffusion can occur. A thorough analysis
of the stability of cluster structures formed by several ethane molecules allowed to exclude
the possibility of a transition to the single file regime at longer ( ~ 1 ms) times: at room
temperature the clusters tend to dissociate rather rapidly, so that a concerted cluster diffusion
can be ruled out for this system.
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Abstract

By impregnating y-AlL,O; with cerium/zirconium citrate solutions and subsequent calcination
nanostructured CenZr;.,O, mixed oxides supported on ALOs are obtained, which feature
remarkably high oxygen storage even after a calcination at 1373 K for 24 h. Mutual thermal
stabilisation between alumina and solid solutions has been observed, which prevents
formation of a-alumina and sintering effects after a severe ageing.

1. Introduction

Ceria-based materials find very important applications in industrial catalysis (/). In
particular, CeQ, and more recently CeQ,-ZrO, mixed oxides are a key component of the
catalytic devices for automotive pollution control (2). This has lead to an intense interest in
the properties of these materials in the scientific literature (3-7). Recent environmental
regulations which were proposed/issued by both US and European authorities (see for
example US TIER II regulations issued in December 1999), require for an urgent
improvement of the durability and efficiency of the automotive catalytic converters. Thus,
durability as high as 130.000 miles will be phased-in beginning in 2004 by US TIER II
regulation.

The conversion efficiency of a three-way catalyst (TWC) is strictly related to the so-
called oxygen storage/release capacity (OSC), besides other factors. The OSC is the ability to
attenuate the negative effects of rich/lean oscillations of exhaust gas composition through the
Ce**/Ce* redox process. By maintaining a stoichiometric composition at the catalyst, the
highest conversion efficiency of the exhaust is attained. Accordingly, the efficiency of the
OSC is monitored by the vehicle emission on-board diagnostics (EOBD); decline of OSC
being an indication of TWC failure. Therefore development of new highly stable OSC
systems is of paramount importance.

Previous observations (8,9) and patent claims (see for example US 5,945,369 issued
on August 31st, 1999) clearly indicated the unsuitability of impregnation of CeO, on ALO;
for production of effective OSC systems because the high dispersion and intimate contact of
the CeO, component with ALO; leads upon ageing to easy formation of CeAlO; that
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deactivates the OSC component. Accordingly, it is usual practice to employ pre-formed CeO,
or Ce0,-Zr0, particles to make the TWC. These particles are then supported (wascoated),
together with the other components (noble metals and Al,Os) on the honeycomb. The present
paper indicates that by impregnation of CeQ;-ZrO, solid solutions (CZ) over ALOs highly
efficient and thermally stable OSC system are obtained, provided that high ZrO, content is
employed.

2. Experimental

CenZr1.m0z (13 wt%)/y-ALO; (m = 1, 0.6, 0.2, 0) were prepared by using a modified citrate
complexation method (10), by wet impregnating the resulting citrate-containing solution on y-
ALO; (BET surface area 186 m” g™, pore volume 1.03 ml g™). Hereafter the samples will be
indicated as CZXX/AL,0; where XX indicates the CeO content relative to ZrO, (100, 60, 20
or 0 mol%). The preparation of the materials is carried out as follows. Ce(NOs3);*6H,O
(99.99%, Aldrich) was dissolved in water and mixed with a water solution of ZrO(NOs), (20
% Zr0,, MEL Chemicals), then a water solution of citric acid (99.7%, Prolabo) was added.
The ratio metal cation to ligand was 1 to 2.1. The resulting solution was stirred at 348 K for 5
hrs, then at room temperature (rt.) for 12 h, and finally concentrated to carry out an “incipient
wetness” impregnation of the support. The material was dried at 393 K for 12 hrs, heated up
to 773 K at a heating rate of 3 K min™ and then calcined at this temperature for 5 hours to
obtain a yellow powder. Hereafter these samples are indicated as fresh ones. Catalysts were
aged by calcination at 1273 or 1373 K for 5, 24 or 48 h. Temperature programmed reduction
(TPR) was carried out in a conventional instrument (/7). Dynamic-OSC was measured by
alternately pulsing every 70 s CO (100 pl) and O, (100 ul) over the sample (30-100 mg,
maintained in a flow of Ar of 25 ml min™) (/). Powder XRD spectra were collected on a
Siemens Kristalloflex Mod.F Instrument (Ni-filtered CuKa). The profile fitting of the XRD
patterns was performed by a Rietveld analysis program (RIETAN94). The peak shape was
assumed to be a modified pseudo-Voigt function with asymmetry.

3. Results and discussion

Table 1 summarises the structural characterisation of ALO; and CenZr.mO2/AL O3 samples
after various treatments in air in the range of temperature of 773-1373 K.

Calcination progressively transforms y-ALQs into 8-ALO; and a-ALOs, the latter being the
only phase detected after 24 h at 1373 K. XRD analysis by Rietveld refinement of
CZ20/A1,0; calcined at 1373 K for 5 h revealed the presence of a single phase CZ solid
solution. A ¢/a = 1.018 ratio was calculated for the pseudo-cubic cell, which is typical of a +-
phase (/2). Noticeably, the particle size, as calculated from the Schrerrer formula, is
significantly decreased after calcination at 1373 K by supporting Ceo2Zro02 on ALOs. For
CZ20/AL0; calcined at 1373 K a crystallite size of 11 nm is evaluated from the XRD analysis
which increases to 35 nm on the unsupported sample (Table 1). The nano-structured nature of
the CZ20/A1,0; was confirmed by HRTEM (/3). Some CeO; non incorporated into the mixed
oxide was detected in the case of CZ60/Al,0;, in agreement with previous observation that
compositional non-homogeneity is favoured at intermediate compositions. The nanosized
nature of the CZ component seems attributable to the presence of zirconia rather then ceria,
since significantly higher particle size was detected in CZ100/A1,0;.
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Table 1 Structural characterisation of the catalysts.

Sample Calcination Phase composition / % CZ Crystallite
size / nm
Temperature /K Time/h AlLO; cz’
Y 0 o
ALO; 973 5 100 - -
1373 5 56 44 - -
1373 24 100 - -
Ceo_zzl'o_st/A1203 773 5 100 - -
1273 5 100 £ (100) 7
1273 48 100 £ (100) 9
1373 5 100 £(100) 11
1373 24 98 2 £(100) 11
Ceg 621040,/ A1, 05 773 5 100 -
1273 5 100 c{90)£(10) 12(c)7 ()
1273 48 100 ¢ (90) ¢ (10) 1207@®
1373 5 100 c(74) ¢ (26) 14)7@
1373 24 80 20 c(75)t(25) 18 (¢) 10 (1)
CeOy/ALLO4 773 5 100 - -
1373 5 100 c (100) 20
1373 24 34 66 ¢ (100) 28
Ceg 271050, 773 5 - - - 1 (100) 6
1373 5 - - - £ (100) 35
CeosZr0 40, 773 5 . - - t” (100) 5
1373 5 - - - c(85r(15) 20()15(

“ 7,1 and t are tetragonal phases (space group P4,nmc) with pseudo-cubic cell parameter ratio (c/a)
respectively of 1.000, 1.002-1.01 and 1.02; ¢ phase: cubic fluorite type of lattice (space group Fm3m ). When a
mixture of phases was detected approximate composition were evaluated: ¢ phase: CeygZro20,; ¢ phase
Cey271050,.

There is a synergic stabilisation between the CZ and ALO; component, since the
transformation process of ALO; is also retarded by the presence of the CZ component,
particularly at high ZrO, content, as shown in Figure 1. As a result of this interaction the
surface area results significantly stabilised compared to pure AlL,O; with respect to thermal
ageing. This effect is noticeable after calcination at 1373 K, 24 h. This is consistent with
previous studies which shows that CeO, (14,15) or La,O; (/6) prevents the formation of a-
AL O3, which is associated with a drastic collapse of surface area. It has been suggested that
formation of micro-domains of CeAlO; or LaAlO; on the alumina surface may inhibit surface
diffusion of species responsible for sintering (/6). However, it should be noted that also ZrO,
stabilises alumina (/7), suggesting that a more general scenario should be considered.
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Figure 1. XRD spectra of the samples calcined at 1273 K for 5 h. (a) ALOs, (b) CeO2/ALO;,
(C) Ceo,6ZI'o_402/A1203, (d) C%_zZI‘o,gOz/A]203 and (e) ZI‘Oz/A]zOg,.
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Figure 2. Effect of calcination on BET surface areas of the investigated CZ/Al,O; samples.

Figure 3 compares the TPR profiles of CZ20/AL,03; and CZ100/AL0; calcined at 1273 K.
Consistently with the relatively high CeQ, particle size, the reduction of CZ100/AL,0; occurs
at high temperature. The TPR profile consists of three peaks, the first two (I and II in fig. 3)
have been attributed to reduction of well dispersed ceria crystallite and bulk ceria,
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respectively (2,18). The third peak has been mainly associated with formation of CeAlOs;.
Accordingly, the X-ray diffraction pattern obtained after TPR and a mild oxidation at 700 K
(fig. 4, trace b) shows the presence of cerium alluminate. In contrast, reduction at relatively
low temperature persists in CZ20/AL0s. Consistently with the lack of reduction at 1250 K, no
formation of CeAlOs was detected in the CZ20/AL,0; sample (Fig. 4, traces c-d). This
indicates that incorporation of ZrO; into CeQ, may prevent this undesirable deactivation
pathway. The more ZrQ, is added to CeQ,, the more effective stabilisation is achieved,
highlighting the crucial role of ZrO, in improving the stability of these systems. Phase
separation into CeO,-rich and ZrO,-rich phases was detected after calcination at 1373 K in
CZ60/AL0;, leading to a partial formation of CeAlO; after the TPR/oxidation at 700 K
treatment.

Hydrogen Consumption (a.u.)

300 500 700 900 1100 1300

Temperature (K)

Figure 3. TPR profiles of (a) CeOx/ALO; and (b) Cey,Zre302/ALO; calcined at 1273 K for
Sh.
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Figure 4. Powder X-ray diffraction profiles of (a) CeO»/ALO; calcined at 1273 K 5 h, (b)
Ce0,/Al,0; calcined at 1273 K 5 h, subjected to a TPR up to 1273 K followed by
an oxidation at 700 K, (¢) Ce¢Zro402/ALO; calcined 1273 K 5 h, subjected to a
TPR up to 1273 K followed by an oxidation at 700 K, and (d) Cep2Zro302/AL03
calcined 1273 K 5 h, subjected to a TPR up to 1273 K followed by an oxidation at
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illustrated in Figure 5, the response of the system to the effects of calcination is remarkably
different according whether ALO;-supported or unsupported samples are considered. For the
latter samples negligible OSC was measured after the calcination at 1373 K, even though
significant OSC was measured in the fresh CZ20 and CZ60. This highlights the crucial role of
AlLOj; preserving the OSC with respect the effects of high temperature calcination. It is not
clear whether the improvement of the OSC is simply related to the lower particle size of the
CZ component in the ALO; supported samples, e.g. their nano-structured nature, or other
effects are operating. In fact, at 773-873 K both surface and bulk of the CeQ;-ZrO; mixed
oxides may contribute to the CO-OSC (79) suggesting a complex nature of the promoting
effect. A perusal of Figure 5 reveals also the crucial role of high contents of ZrO, in
improving the thermal stability of the OSC property. The comparison of the values measured
for CZ20/AL0; and CZ60/AL0; after calcination at 1373 K for 5 and 24 h, respectively,
shows that no decline of OSC was observed for the former sample when the calcination time
is increased from 5 to 24 h. In contrast the OSC of CZ60/AL,05 progressively declined which
we attribute to the increasing degree of phase separation as detected by XRD. This is an
interesting point since it contradicts the previous suggestion that micro-domain type of mixed
oxides are more efficient as OSC systems compared to single phase solid solution (20).

4. Conclusions

The addition of ALO;3 to CeQ,-ZrO; solid solutions strongly improves the dynamic-OSC in
the CemZr;.mO2/ALO; samples compared to the unsupported ones. This effect is noticeable in
freshly synthesised samples, but, more remarkably, the presence of ALO; prevents a strong
deactivation of the OSC property even after calcination at 1373 K. In contrast such ageing
leads to an almost complete deactivation of the dynamic-OSC in unsupported CemZr;mO;.
The stability of the CepnZr).xO2 phase and of the OSC depends on the sample composition,
zirconia rich compositions being more thermally stable. The intimate contact between the
CemZr1.mO, and ALO; stabilises high dispersion of the CenZri.,O2 component and, in
addition provides an effective stabilisation of the transition aluminas with respect to
transformation to the a-Al,O;.
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Chemistry and Photochemistry of H, on MgO surfaces
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On nanometer-sized MgO particles emerging from chemical vapour deposition an
enormously high surface concentration of low-coordinated ions and vacancies is observed.
They are intimately related to a variety of chemical and photochemical surface reactions
initiated by Ha: (1) heterolytic splitting on ion pairs in the dark gives rise to the appearance
of vicinal OH and MgH groups, whereas UV-induced homolytic splitting on coordinatively
unsaturated O*" anions provides OH and surface mob1le H- radicals; (2) UV-induced charge
transfer from MgH to surface anion vacancies Fs®' which are thus transformed into colour
centres Fs', is another source for surface mobile H- radicals; (3) the H-radicals previously
formed then contribute as reducing agent to additional surface colour centre formation (Fs");
(4) molecular oxygen finally bleaches the surface colour centres and becomes complexed as
superoxide anion (O,’) by Mg*".

All participants of the reactive happening on the MgO surface except H: may directly be
traced by an ammay of spectroscopic tools: (1) UV diffuse reflectance (coordinatively
unsaturated O? ), (2) infrared (MgH, OH) and (3) electron paramagnetic resonance
spectroscopy (Fs* and O,” complexed by Mg”*). Owing to the non-equilibrium character of
chemical vapour deposition as MgO production technique, more or less broad distributions
of low coordinated sites and Fs*" species were expected with inherent complications for the
respective UV, IR and EPR spectra. In fact, very limited numbers of species in well-defined
geometries were found: (1) two ion pairs for heterolytic H; splitting in the dark; (2) one type
of oxygen anion for UV-induced homolytic H, splitting; (3) two predominant Fs** centres
for colour centre formation; (4) two types of Mg®" cations where O, is complexed after
colour centre bleaching.

The different reaction channels starting with H; splitting on low coordinated surface sites
and finalized by the bleaching process of Fs' centres by O,, are not independent from each
other. The connectivity between them is mediated by the surface mobile H: radicals that end
up as OH protons in close vicinity to colour centres or O, species. — The OH groups
attached to paramagnetic species such as Fs* or O, are seen by EPR via the magnetic
interaction (superhyperfine splitting) between the proton and the electron spin centre. On the
other hand, these OH groups also probe the paramagnetic species via electronic interaction.
Thus the colour centre and superoxide anion species on the MgO surface become indirectly
detectable also by IR spectroscopy
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1. Introduction

Highly dispersed MgO as a result of non-equilibrium techniques of production hosts
comparatively high concentrations of low coordinated (LC) ions and vacancies on its
surface [1-3]. The sites involved are coordinatively unsaturated and, therefore, exhibit — in
comparison to equilibrium surfaces — unusual reactivity in the dark as well as under the
influence of UV light [4,5]. This is particularly true for the simplest reactant, namely,
molecular hydrogen (H,) which gives rise to a puzzling manifold of surface reactions on
high surface area MgO [6-8].

In fact, two different surface sites were found where heterolytic H, splitting takes place at
room temperature and in the dark [9,10]: low coordinated ion pairs (O*c Mg o)
embedded in a specific local geometry. In the course of the reaction they are transformed
into a vicinal pair of a hydroxyl (OH) and a hydride (MgH) group which are both IR active:

Ofc -Mgjt +H,—— 0" (H")- Mg’ (H") (1)

The anionic constituents of these low coordinated sites must be involved in electronic
transitions studied by UV diffuse reflectance [11-13] and photoluminescence spectroscopy
[14-16]. Even UV-induced charge transfer or ionization on low coordinated O* ions is
feasible [17-19]. The resulting electron hole centres are paramagnetic and, thus, observable
by electron paramagnetic resonance spectroscopy.

Ofc +hv —> 0. +¢€ @
They react with molecular hydrogen according to homolytic H; splitting:
O;. +H,—>(0,H) +H 3

The fate of the evolving electron in eq.2 has so far not been traced unambiguously by
experiments. Most likely, however, it is captured by closely spaced electron deficient sites
such as anion vacancies [7,20].

In a previous study the local environment of one of the the two types of ion pairs where
heterolytic H, splitting occurs was characterized in detail [21-23]: it may be visualized by
the removal of a low coordinated O* anion from a corner or edge site [21,24]. As a result
pairs of a 3- and 4-coordinated neighbouring Mg’ cations and anions become available
(Fig.1a). In addition to the H; splitting capability this type of site exhibits another interesting
property: it may undergo the following UV induced redox reaction (Fig.1a):

+H2 +hv . .
O —Mgit v - OL(H")~-Mgl(H)v — O (H")-Mgtv+H 4

The transformation of the anion vacancy Fs** (V in eq.4) into a colour centre Fs™ (¥ in eq.4)
is reflected by a colour change of the MgO sample from white to blue. The reaction is
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Fig 1: Schematic representation of two reactions schemes providing Fs'(H) centres. These
paramagnetic surface defects interact directly with protons of nearby hydroxyl groups which
may either originate from a) heterolytic H; splitting or from b) oxidation of neutral H atoms.
The latter comparatively mobile species is formed in the course of homolytic H, splitting,
but also emerges as a product of hydride oxidation as indicated in (a)

monitored by IR (observation of OH and MgH groups), EPR spectroscopy (observation of
colour centres) and DR UV-Vis spectroscopy (electronic excitation). Most interestingly
there is significant electronic and magnetic interaction between an OH proton and the
unpaired electron of the colour centre (Fs'). As a result there is a significant shift of the OH
stretching band to lower wavenumbers [25] and superhyperfine (shf) splitting of the EPR
signal components [26,27], respectively. This type of surface complex is generally
designated Fs*(H).

If the MgO sample is exposed to Hy gas and UV light at the same time, the reaction
according to eq.4 is superimposed by that of eq.3. In both processes (eqs.3 and 4) a H'
radical appears as product. It is likely to travel to remote anion vacancies and to transform
them into further colour centres (Fig.1b) [28], which also interact with a closely spaced OH
group. Therefore, they have also to be considered as Fs'(H) centres. This is intimately
related to an interesting problem. There are OH groups of different history — OH out of
heterolytic H, chemisorption, out of UV-induced homolytic H, splitting or out of hydride
oxidation — and there is quite a manifold of different anion vacancy geometries. Presently,
e.g., single vacancies in corners or edges [21,24,27] and double vacancies in tub or pit form
[29] are discussed. The question which type of OH group interacts with which colour centre
type is, however, still subject to a controversial discussion [21,22].

Therefore, particular emphasis was laid in the present study on site selectivity of H, splitting
(heterolytic and homolytic), of colour centre formation, and of colour centre bleaching by
addition of O, gas. Monitoring of educt consumption and product formation was observed
by IR, UV and/or EPR spectroscopy. The variation of the H, pressure applied in the
introductory reaction step (heterolytic or homolytic H, splitting) introduces relevant trends
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in the abundance of the subsequently generated surface species. The evaluation of these
trends clearly helps to unravel the puzzling connectivity between the processes of Hj
splitting and surface colour formation.

2. Experimental

All experiments were carried out with the same type of MgO obtained by chemical vapour
deposition in a flow system [2]. High purity Mg pieces as educt were supplied by Johnson
Matthey GmbH. The specific surface area of the resulting MgO material determined by BET
(LLN;) measurements is around 400 mz/g. In order to guarantee a totally dehydroxylated
surface, the sample was gradually annealed at 1173 K under dynamic vacuum (<10” mbar)
before each experiment. This leads to a reduction of the specific surface area to 300 m%/g.
The rate of temperature increase for the annealing steps was 10K/ min. All samples were
treated at 870 K with oxygen in order to burn organic contaminants originating from the oil
of the vacuum pumps used in the flow system. The gases H, (99.999%) and '°0, (99.998%)
for adsorption studies were provided by Messer Griesheim. - A 300W Xe lamp (Oriel) was
applied for UV irradiation. The light beam passes through a water filter in order to avoid
sample heating by IR irradiation. All UV excitation experiments on MgO were carried out at
room temperature. The exposure time amounted to 10-30 minutes in hydrogen atmosphere.

The IR and EPR sample cells are connected to an appropriate high vacuum pumping rack. It
allows thermal activation of the sample at less than 10° mbar and adsorption/ desorption
experiments with diverse gases. For the IR experiments small quantities of MgO powder
(20-30 mg) were pressed into selfsupporting pellets. The pressure applied was less than 10
bar and did not initiate any change of the specific surface area. For the EPR experiments
similar amounts of the MgO sample batch, also used for IR spectroscopy, were filled in EPR
tubes.

The IR spectra were recorded using a Fourier-transform IR spectrometer model IFS 113v
(Bruker Optik GmbH). The resolution was 3 cm™. 300 interferogram scans were averaged in
order to guarantee a reasonable signal-to-noise ratio. The reference for the absorbance
spectra is a MgO sample previously subjected to thermal activation and then cooled down to
room temperature. - The EPR spectra were recorded using a Bruker EMX 10/12
spectrometer system in the X band. The spectra presenting paramagnetic oxygen species
required a reduction of the temperature to 77K in order to avoid line broadening. 10 coadded
spectra sufficed to obtain a satisfactory signal-to-noise ratio. The DPPH signal as well as the
lines originating from traces of Mn”" in the sample were applied for g value calibration.

For UV diffuse reflectance measurements CVD powder was placed in a high vacuum tight
quartz cell with optical windows made of Suprasil. Thermal activation, as well as adsorption
and desorption steps were performed by connecting the cell to a conventional vacuum line
that also guarantees pressures less than 10 mbar. The UV spectra were acquired using a
Perkin Elmer Lambda 15 spectrophotometer equipped with an integrating sphere. BaSO,
powder was used as a reference.
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Fig. 2: IR spectra of H, chemisorption com-
plexes obtained after H, addition (Imbar<p
(H2)<1000 mbar) to a previously dehydroxy-
lated sample of MgO nanoparticles.
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H, gas does not exhibit any UV excitation
in the wavelength range above 200 nm
which might explain UV induced surface
chemistry on MgO. Thus, the only paths
along which H; may enter the game of
UV induced processes on MgO surfaces
is the interaction of H, with UV excited
surface sites or the UV excitation of the
products of H; chemisorption. As
mentioned previously (see introduction)
there are two such chemisorption
complexes (Fig.2) [6,9,22]. One of them,
the chemisorption complex I (V(OH)=
3712 em’™, v(MgH)= 1130 cm™) exhibits
a limited abundance which is reached
already at H, pressures below 1 mbar.
Furthermore it cannot be removed
completely from the MgO surface by high
vacuum conditions at room temperature
and is, therefore, called the “irreversible”
chemisorption complex [22]. The
respective site is immediately attached to
an anion vacancy in edge or corner
position (see introduction, eq.4). On
raising the H; pressure to more than 1
mbar another Hy chemisorption complex
(11, v(OH)=3462 cm™, v(MgH)=1325 cm
) becomes visible (Fig.2). At room
temperature it is perfectly reversible.
Different from chemisorption complex I,
the constituents of the respective ion pair
are most likely 4-coordinated within a
(1,1,0) microplane [10,30]. (Absorption
bands of minor intensities at 3596, 1424
and 1230 cm™ — see asterisk’s in Fig. 2 —
have to be attributed to unspecified
reversible H, chemisorption complexes of
comparatively low abundance).

UV irradiation of a MgO sample hosting
exclusively the chemisorption complex I
(high vacuum conditions guarantee the
absence of the reversible complex II)
induces the following spectral changes
[22]: (1) an intensity decrease of the
hydride band at 1130 cm™; (2) blue
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colouring of the originally white sample which is attributed to surface colour centre
formation (Fs'(H) according to eq. 4, see introduction); (3) the appearance of a broad and
unspecific IR absorption background between 4000 and 2500 em™ which — as the blue
colour in (2) — originates from the electronic excitation of the colour centre Fs'(H); (4)
three OH stretching bands appearing at 3632, 3602 and 3528 cm™ and exhibiting essentially
the same intensities. Their positions are considerably below those of isolated surface OH
groups (~3690 cm™). Obviously they are subjected to an H-bond like interaction with a
closely spaced Fs'(H) electron as proton acceptor [25]. — The interpretation of these
observations was corroborated by bleaching the colour centres via O, admission: The blue
colour as well as the colour centre related IR features vanish instantaneously.

- - : After UV irradiation of a MgO sample

.o GOHFe | v (MgH) exposed to 100 mbar H; the IR
a8 98 € S8 spectrum should provide an insight in

I 5o AN - how far the chemisorption complex II
3 - | | is involved as educt in the subsequent
< e UV-induced processes (Fig.3). In fact,
= T a0 not only the hydride band of
4 chemisorption complex I (1130 ecm™),
3 but also that of chemisorption complex

3 II (1325 cm™) loses intensity. This

Crtmne s indicates that both hydrides are

4000 3000 2000 1000 oxidized in the course of electron
- . transfer processes. It has, however, to

~— v/icm be admitted that an acceptor for the

electron from the hydride group of

complex II has not yet been specified.
Fig. 3: IR spectra of MgO in the presence of  Also in this case a surface mobile H:
100 mbar H, before (black curve) and after 10 radical is emerging during the process
minutes of UV irradiation (grey curve). A blow (eq.3). Different from the experiment
up of the OH stretching region is given in the based on the hydride of chemisorption
insert. The asterisk therein indicates an complex I the band at 3528 cm™ now
absorption attributed to an additional chemi- strongly dominates those at 3632 and
sorption complex of minor abundance [25]. 3602 cm™ (inset in Fig.3). A closer

inspection of the spectral interval
where isolated surface OH groups absorb (>3690cm™) provides a relevant clue for a so far
unattended reaction channel. Without any doubt the UV irradiation of MgO in the presence
of H; creates a so far unknown isolated surface OH group which absorbs at 3698 cm™ [19).
An intensity correlated counterpart in the MgH stretching region — as an evidence of a
heterolytic H, splitting mechanism ~ has not been observed. At room temperature it is
absolutely not affected by high vacuum conditions. Nor is it sensitive to O, — as the other
colour centre related spectral features that vanish when the colour centres are destroyed by
bleaching with O,.
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v (OH) o v (MgH) It was mentioned pre'viously (see
~ o g3 2 introduction) that UV light (200<A<
5 2 = 300 nm) initiates the transformation

of low coordinated oxygen anions into
O radicals (eq.2) which were

e R00-—3E00 3400 identified by EPR spectroscopy [17-
- i 19]. Subsequently they react with Hy
according to eq.3. The result of this
homolytic Hy splitting process is the
; OH group absorbing at 3698 cm™.
‘ S The simultaneously emerging H

4000 3000 2000 1000  radical (eq.3) is mobile on the surface
«— V/em' and reacts — as the H' radical out of

the UV induced charge transfers from

Fig. 4: IR spectra of MgO before (grey curve) hydride 1 and II to anion vacancies

AA/au. —

and after colour centre bleaching via the addition (Fig.1b) — with remote anion
of O gas (black curve). The colour centres were vacancies which are most likely not
produced by simultaneous exposure of MgO to involved in one of the heterolytic H,
100 mbar H, and UV light. Before the addition splitting processes. Obviously there
of O, high vacuum was applied. A blow up of the are two reaction channels on MgO
OH stretching region is given in the insert. surfaces exposed to H, and UV light

both ending up with the formation of
colour centres Fs'(H):

- Those originating from the reduction of low coordinated anion vacancies are
designated here Fs's (H). Their spin centre interacts with the hydroxyl group of the
chemisorption complex I (Fig.1a).

- Those originating from reduction of so far unspecified anion vacancies, which are
remote from the H; splitting site, by the surface mobile H: radicals (Fig.1b, eqs. 3). They are
largely dominating the Fs 5 (H) centres in abundance at 100 mbar H, and are designated
here Fs'p (H).

As a matter of fact EPR spectroscopy does not allow for a reliable proof of the existence of
two different colour centre species Fs'a(H) and Fs'g(H) [22]. On the other hand, only
recently ENDOR was successful in discriminating them [27]. Most peculiarly, IR
spectroscopy yields indirect, but relevant evidence for their presence: Chemisorption
complex I is saturation limited. Fs'A(H) is derived from it in a subsequent reaction (eq.4).
The related IR and/or EPR signals must, therefore, also be subject to the saturation criterion.
In fact, this is true for the IR bands at 3632 and 3602 cm™ which are attributed to isolated
OH groups interacting with the colour centre Fs"a(H) [22]. On the other hand, the intensity
of the IR band at 3528 cm™ grows with H, pressure — in agreement with the behaviour of
the Fs'p(H) signal obtained by EPR spectroscopy [26]. Obviously the abundance of Fs'g(H)
is considerably larger than that of Fs*s(H) which is — for whatever reasons — not visible by
EPR.

The strongest argument supporting the presence of the two different colour centre types
stems from bleaching experiments. On adding O, gas to the MgO sample which was
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previously subjected to the above described process of colour centre formation and then to
high vacuum conditions, both Fs'(H) centres are effectively destroyed by the following
redox process (Fig.4):

O7c(H")-Mgli v+0, >0l (H") - Mg£(0;)v (6)

The emerging EPR active superoxide anion species O, is complexed by a cation (which
must not necessarily be a constituent of the anion vacancy) and interacts now with the IR
active OH group previously involved in the H bond with the colour centre electron [22,25].
The g,, signal component of O, is sensitively influenced by the local crystal field of the
complexing cation [31,32]. On the other hand the OH stretching frequency depends on the
strength of the interaction of OH with O;". Thus the redox reaction described by eq.6 may be
monitored by EPR and IR spectroscopy. In Fig.5 the respective curves are compared for
fundamentally different experimental conditions:

IR (298K) EPR (77K)
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Fig. 5: IR difference (left) and EPR spectra (right) related to the colour centre bleaching
process initiated by O, gas on MgO surfaces. The colour centres were produced by
simultaneous exposure of the MgO sample to (a) 1 mbar H; and UV light and (b) 100 mbar
H; and UV light. Before the addition of O, high vacuum was applied. The IR difference
spectra were obtained by subtracting the grey curve of Fig.4 from the black one. For
comparison (c) the respective IR and EPR spectra related to the oxidation of irreversibly
formed hydride groups (H; chemisorption complex I) by O, gas are also shown. (The
ordinate values of the EPR spectra have to be multiplied by the numbers at the right limit —
0.33, 1, 0.2 — in order to provide the true ordinate scaling.)



245

(a) UV irradiation of the MgO sample under 1 mbar H, followed by evacuation (HV) and O,
addition (10 mbar): only the irreversible heterolytic H, chemisorption and the homolytic
process become effective.

(b) UV irradiation of the MgO sample under 100 mbar H, followed by evacuation (HV) and
O; addition (10 mbar): all H splitting processes — heterolytic I and I as well as UV-
induced homolytic H, chemisorption — become effective.

(c) in addition, curve ¢ demonstrates the effect occurring when H, chemisorption complex I
reacts with 10 mbar O, in the absence of UV light.

The IR spectra are presented in the difference mode: the absorbance data obtained before
colour centre bleaching were subtracted from those obtained thereafter. As the bleaching
process 1s complete, the “colour centre” IR bands (OH stretching bands at 3632, 3602 and
3528 cm™') appear as a negative pattern (Fig.5 aand b, leﬁ) It is intensity correlated with
two positive OH stretching bands at 3702 and 3692 cm™ [22] which are closely spaced to
the stretching bands of 1solated free OH groups. The slight shift to smaller wavenumbers
(from 3712 to 3702/3692 cm™) originates from specific interactions with the respective
neighbouring Oy species. Obviously the saturation phenomena with respect to H, pressure,
observed for chemisorption complex I (see Fig.2) and for the negative “colour centre” IR
bands at 3632 and 3602 cm™ (Fig. 5a and b, left), is again revealed by the colour centre
bleaching process which ends up with the formation of the OH...O;” surface complex related
to the absorption at 3702 cm™ On the other hand, the second positive OH band related to
the bleaching process (3692 cm™) grows with H2 pressure (during the preceding colour
centre formatlon) as the IR band at 3528 cm™. The growth of this latter band with Ha
pressure is intimately related to the increasing abundance of H- radicals originating from
both homolytic H; splitting (eq.3) and photolysis of chemisorption complex II.

The surface site specific EPR features of the O, species are the g,, signal components
[31,32]. According to the EPR spectra in the right half of Fig. 5a and b there are
—irrespective of the H, pressure applied (100 or 1 mbar, respectively) — only two
dominating O,  species, namely, A and B. Since for 1 mbar H, the abundance of the
chemisorption complex II is negligibly small (see Fig.2), none of the two O, species
observed here can be directly related to the surface geometry related to reversible H,
splitting.

The signal attributed to O, species A is obviously saturation limited with respect to the H,
pressure. It should, therefore, be localized within or close to the local geometry where the
chemisorption complex I is hosted, i.e., a 3- or 4-coordinated anion vacancy [21,27]. On the
other hand, the signal components attnbuted to Oy species B grow — as the negative
“colour centre” IR band at 3528 cm™ (Fig. 5a,b, nght) the EPR signal of the Fs"(H) centre
([22], not shown here) and the OH band at 3692 cm” (F1g.5a and b, left) — with increasing
H; pressure. These trends indicate that the formation of the O™ species B marks the last step
in a whole set of consecutive reactions. The first one is given by UV-induced homolytic H,
splitting which is intimately related to the production of travelling H* radicals (eq.3). It
provides the electrons for the formation of the colour centres F S+B(H)- One should, however,
not forget that H- radicals resulting out of the UV-induced oxidation of hydride I (eq.4) and
hydride II contribute to the Fs'p(H) formation, too. The above mentioned last reaction step
is then the electron transfer from the colour centre Fs'p (H) to O, providing the O, species
B paralleled by the corresponding process from Fs'a(H) to O, species A. — Trace ¢ in
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Fig.5 finally shows that the same surface complexes OHg702)...O2[A] and OHgsgg2)...027[B]
also occur in the dark by direct oxidation of the irreversibly formed respective hydride [21].

The major issue of the foregoing discussions is the fact that H, splitting on MgO surfaces
necessarily involves the presence of low coordinated O anions — irrespective of whether
the MgO sample is exposed to UV irradiation or not. Additional UV diffuse reflectance
spectroscopic studies enable one to get a more detailed insight in these parallel surface
reactions. In Fig.6 the dotted trace (a) is related to the same type of MgO sample as those
used in the IR and EPR studies. It exhibits two resonance absorptions at 230 and 270 nm
superimposed on the continuous diffuse reflection background. They have previously been
attributed to electronic excitations of 4- and 3-coordinated surface oxygen anions,
respectively [12,33,34]. If the MgO sample is exposed simultaneously to H, gas and UV
irradiation prior to recording the UV spectra, the intensity of the absorptlon band at 270 nm
is significantly reduced (Figs. 6b and c). Obviously the 3-coordinated o* spemes that were
transformed into electron hole centres according to eq. 2 have reacted with H; in terms of a
homolytic splitting process (eq 3) which provides a H* radlcal for colour centre formation
(eq.5) and an OH group absorbing in the IR at 3698 cm’ ! (Fig.3). Curve ¢ (100 mbar Hy)
exhibits a stronger reduction of the absorption at 270 nm than curve b (1 mbar H;) which
agrees with the trends observed for all H* radical related reaction products (OH out of
homolytic H; splitting, Fs“a(H), 02 [A]) on raising the H, pressure.

Reflectance

200 250 300 350 400 200 250 300 330 400 200 250 300 350 400
wavelength /nm — wavelength /nm -» wavelength /nm —

Fig. 6: UV diffuse reflectance spectra of MgO nanoparticles (a) before and after exposition to
UV light in the presence of (b) 1 mbar H, and (c) 100 mbar H,. For comparison (d) the
spectrum related to the reaction of 1 mbar H; in the dark (formation of H, chemisorption
complex 1) is also shown. In order to avoid interference of luminescence in the reflectance
measurements, 10 mbar O, were added in all experiments (a-d).
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If the experimental conditions prior to recording the UV diffuse reflectance spectra are such
that exclusively the saturation limited irreversible heterolytic H, chemisorption (I) may
occur, the intensity loss of the absorption band at 270 nm is small (Fig.6d) as compared to
the pretreatment in terms of UV induced homolytic H, splitting (Figs. 6b and c). This shows
that the majority of the 3-coordinated O* anions which exhibit a uniform UV excitation at
270 nm, are not able to split H; heterolytically in the dark. For this purpose the specific site
must — as discussed above — fulfill an additional requirement, namely, of being
constituent of a low coordinated anion vacancy.

Fig.6 also provides unambiguous evidence that 4-coordinated O” anions which give rise to
the electronic excitation at 230 nm do not contribute to any irreversible reactions with Hy —
neither under UV irradiation (Fig. 6b and c) nor in the dark (Fig. 6d). The diverse
experimental conditions to which the MgO sample is subjected do obviously have no
influence on the contour and/ or the position of the band at 230 nm.

All spectra of Fig.6 were recorded after exposing the MgO samples in their specific states to
10 mbar O,. This is necessary in order to avoid the spectral interference of luminescence of
MgO which is efficiently suppressed by O, gas. On the other hand, the O, addition gives
rise to a parallel surface reaction on MgO, namely, the direct oxidation of hydride groups
with O, (Fig.5¢), which leads to the same O, species A and B that were obtained by colour
centre oxidation (Fig.5a and b). The relevant issues of the present paper are, however, not
affected by hydride oxidation in the dark to any significant extent: the abundance of the OH
groups which probe the O; species A and B in the IR spectrum after direct oxidation
(Fig.5¢c, 3702 and 3692 cm™) is only a fraction of that observed after oxidation of the colour
centres (Figs Sa and b). — There is experimental evidence that preadsorption of pure H, (no
03) under conditions where only the chemisorption complex I appears, does not at all affect
the UV absorption at 270 nm of MgO under high vacuum. (The minute loss of absorption
intensity observed at 270 nm (Fig.6d) should then be explained by the O; induced charge
transfer from a hydride group to O, which also provides an H- radical for OH formation with
3C 0% anions.)

4. Conclusion

Fig. 7 summarizes the essentials of the different parallel and consecutive reaction steps
occurring when MgO nanoparticles are exposed simultaneously to UV light and H, gas.
There are two different sites involved in heterolytic H, splitting, only one site enables
homolytic H; splitting to occur. Since the hydride groups of both chemisorption complex I
and II undergo a UV-induced oxidation, all three reaction steps end up with the production
of H radicals. These then act as reducing agent for one dominating type of surface anion
vacancy to be transformed into colour centres. There is conclusive theoretical [29] and
experimental evidence [19,35] that this site has to be described as a so-called double
vacancy. As compared to single vacancies, its generation out of an ideal (1,0,0) plane or out
of an edge of an ideal MgO cube requires significantly less work against Coulombic
attraction. Double vacancies on MgO surfaces are thus likely to be considerably more stable
than any other comparable type of site. Therefore, they survive as dominating species the
annealing procedure at 1173 K. One type of single anion vacancy also survives, even though
less abundant: it is low coordinated and its transformation into colour centre mainly occurs
via direct UV induced reduction of an attached hydride group.



248

s
. . H H H _
chemisorption \ .
e Qo' e @o o +H.
complex | ®c0s0 et ee :
— e ———
n
hv Fg A(H)
chemisorption H'H H' -
complexil @ XX X —> o @9e@e tH+e
@80 Y XY |
hv
homolytic r§. H. .o G
H, splitting  H, + 2.2 — e +H +e
: - H'
H+ o (@ o @
. [ . [ J . . o . ® .
.Mg " e 02' F, y(H)

Fig. 7: Reaction scheme for MgO surfaces exposed simultaneousty to H, gas (>5mbar) and
UV light. There are three channels which lead to two different types of colour centres
(Fs'A(H) and Fs's(H)).

Fig. 7 does not include the last reaction step in the present report, the bleaching process of
the two types of colour centres by O, gas. Fs's(H) is spanned by low coordinated Mg*
cations of a single anion vacancy [10,21]. Different from what an intuitive electrostatic
consideration would recommend, the O, is complexed by a vicinal 5C Mg?‘+ [21,36]. This
may be explained in terms of a more effective interaction with the closely spaced OH group.
On the other hand, the O, produced by bleaching the colour centre in the double vacancy is
complexed by one of the 4C or 3C Mg2+ cations available in the respective vacancy
framework.

MgO and other alkaline earth oxides in pure and doped form play an important role in the
catalytic activation of methane [37]. It is likely that one or several of the metal oxide surface
sites involved in the H, splitting at room temperature are also relevant candidates for
methane activation as introductory step for partial oxidation reactions such as oxidative
coupling of methane (OCM). Particularly encouraging is the fact that H- radical production
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occurs on MgO surfaces during H, chemisorption under UV irradiation already at room
temperature. Similar reaction steps with methane as reactant could provide CHj' radicals
which play a key role in the OCM reaction mechanism [37]. In this case UV activation
should considerably reduce the temperature required for the OCM process in the dark.
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1 Abstract

We present a theoretical study of the oxidation reaction of NO3 to NOj by dioxygen in
the cages of sodalite. The combined Blue Moon Ensemble and Car Parrinello Molecular
Dynamics approaches were used.

Our results indicate the active participation of the zeolite framework in the reaction
mechanism via the formation of peroxy-like defects. Moreover a molecular level expla-
nation of the experimentally found first order kinetics is given. A spin-unpolarized
Density Functional approach has been adopted for the electron-electron interactions,
notwithstanding the triplet state is the ground state for molecular oxygen. However our
results suggest that interactions in the zeolite cage may reduce the O, triplet-singlet

energy gap, therefore justifying the adopted approximation.

2 Introduction

The microscopic description of a chemical reaction in condensed phases is hindered by a

series of difficulties that locate the problem at the edge of nowadays physical chemistry.
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Many are the issues that challenge researchers in the field: a proper thermal averaging
and an accurate description of the quantum many body problem are only two facets
of the challenge.

A naive description of the main steps of a reactive event can be sketched: two reactants
approach each other in the reaction medium, and the result of such approach (colli-
sion) may or may not lead to the products, depending both on the molecular states
and reciprocal orientation and the interactions with the medium. While liquid phase
reactions are favourite in laboratories, solid matrices are also used as reaction media.
Among solids, zeolites, with their arrays of molecular sized cages and channels, are
used as reaction pots in many synthetic processes both in research laboratories and in
large scale industrial plants.

With respect to liquids, reactions in matrices may be easier to study as diffusional
and rotational motions of solvent molecules are missing in solids, and moreover, due to
their crystalline order, zeolites may be viewed as simple environments where a chemical
reaction can be investigated microscopically.

In this perspective we have afforded the study, via computer simulation, of an
oxidative reaction, NO; + —21- 0O, — NOj, inside the sodalite cages. Such intracage
reaction has been experimentally studied by IR and uwv-visible spectroscopies, powder
X-rays diffraction and thermogravimetry in the temperature range 900-1000 K [1, 2, 3].
It has been proved that (7) the reaction occurs in air, (4i) the oxidizing agent is molecular
oxygen, (iit) the reaction is first order with respect to NO3 and is completed in 30 hours.
However, the reported experiments do not allow a detailed microscopic analysis of the
reaction mechanism.

We have studied the intracage oxidation of nitrite sodalite to nitrate sodalite by us-

ing the Constrained Molecular Dynamics (Blue Moon Ensemble) method (4, 5] together
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with the Car Parrinello ab initio Molecular Dynamics approach [6]. The application
of these two combined techniques has been proved useful when applied to both liquid
phase reactions [7, 8] and heterogeneous catalysis [9, 10].

The choice of investigating such reaction stems from two main considerations. Most
zeolites-based industrial reactions occur at high temperature in oxidizing conditions
such as calcination processes. Therefore the nitrite to nitrate intracage oxidation may
give useful indications of general relevance for zeolites technologies in these conditions.
The second point is that sodalites with their relatively small number of atoms in the
unitary cell can be theoretically studied at high accuracy with an easy computational
effort.

We have chosen to adopt perfect pairing of spin in our calculations, therefore one
of the reactants, the molecular oxygen, is in the singlet excited state. Such a state is
about 100 KJmol ™! above the triplet ground state in gas phase. However, in condensed
phases, in particular in a highly ionic environment like the studied nitrite sodalite, such
approximation may be less drastic with respect to gas phase. We anticipate here that
actually interactions with ionic species can significantly reduce the O, triplet-singlet

gap.
3 Model and Method

It has been found experimentally that both nitrite sodalite Nag[AlsSigO24](NO,)2 and
nitrate sodalite Nag[AlgSisO24](NO3), have cubic cells, with lattice parameter larger
in the case of the nitrate specimen [1, 3, 11]. Sodalites are porous aluminosilicates
characterized by a bcc lattice of cubo-octahedral cavities, the 3-cages of many zeolites.
Each cage contains four Na* ions and one anion, located just in the center of the

cage and surrounded by the four cations. The unitary cell contains two of such cages.
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In natural sodalite the anion is Cl~, however many sodalites have been synthesized
with different cations and anions. It is known that anions with symmetry lower than
spherical, like NO; and NOj, show orientational disorder inside the cavity, namely
the crystallographic positions of the anions are not unique. This may be due to either
different energy minima or rotational motion.

The reaction occurs in air at high temperature: molecular oxygen diffuses inside
nitrite sodalite causing an expansion of the crystals and then giving rise to the oxidized
nitrate sodalite (first order with respect to NO3 ). The same sodalite in Ny atmosphere
does not react, and only the cell expansion is achieved. However the reaction mecha-
nism is not known, indeed, it is quite difficult to devise a simple reaction path. Each
NOj is confined in the center of each cage and adjacent cages’ centers are separated by
more than 7 A, a distance that corresponds to the separation between nearest NO3’s
as well. In order that NO; becomes NOj, the O, molecule has to dissociate in atoms
and, formally, at the end of the reaction each O atom should be found in different cages
to get the NO3’s products. As the dissociation energy of O, is 493.7 KJmol™! [12] the
simple homolytic event is extremely unlike. Moreover, due to the high ionic character
of the species inside the cages, a different reaction path should be favoured with respect

to the simple homolytic dissociation. These considerations led us to study the reverse

1

reaction, i.e. the NOj — 3

0, + NOj intracage reduction. This choice makes the
Blue Moon Ensemble (BME) technique easier to apply. Indeed such approach consists
in performing a series of constrained Molecular Dynamics simulations, in which a de-
gree of freedom is kept constant (a holonomic constraint) and the constraint force is
averaged over each simulation. The degree of freedom is constrained to different values

from an initial state to a final state. The integral of the constraint forces corresponds

to minus the difference in free energy from the initial to the final state.
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Figure 1: Ball-and-stick reprentation of nitrate sodalite. Black spheres represent oxy-
gens, white spheres represent nitrogens, dark gray spheres represent sodium. The
sodalite cages are represented by sticks. Only silicon and aluminum atoms are shown.

Examples of applications of BME have appeared in the literature, both using classi-
cal Lagrangean and the the Car Parrinello Lagrangean, such as in the study presented
here. We selected the nitrate sodalite as the initial state for the reduction reaction
(Figure 1) as it allows a straightforward definition of the reaction coordinate, i.e. the
constrained degree of freedom, namely one of the NO bond lenghts of NOj in one cage.
We performed a series of ab-initio Molecular Dynamics simulations with different val-
ues of such a distance, constrained by using the RATTLE algorithm [13], starting from
its equilibrium value. Moreover other "unconstrained” trajectories were calculated
as well: we have simulated the nitrite sodalite, the nitrate sodalite, and the nitrite
sodalite with one oxygen molecule in the simulation cell. All simulations were per-
formed with at constant temperature of 1000 K [14] with the Car Parrinello method.

Norm-conserving pseudopotentials were used to describe the valence electrons ionic
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core interactions [15, 16]; the Becke-Perdew gradient corrections to LDA was chosen
for the electron-electron interactions [17, 18]. Wavefunctions were expanded in plane
waves up to a kinetic energy cutoff of 60 Ry. The I" point only was used in the Brillouin
zone. Experimental lattice parameters were adopted and kept fixed for all simulations.
The timestep for the integration of the equations of motion was 0.242 fs and a fictitious
mass of 2000 a.u. for the electronic degrees of freedom in the Car Parrinello equations
was used. Unconstrained systems were studied for about 4.5 ps, while constrained sim-
ulations were continued till convergence in the constraint force was reached, namely
3 to 5 ps depending on the value of the constraint. Ten constrained simulations were
perfomed with different values of the constraint.

Notwithstanding the triplet state is the ground state for O,, we have used a spin-

unpolarized functional for a series of reasons, the first and more compelling one being
due to the computational cost of using spin-polarized functionals in the case of systems
with so many electrons (240 electrons per cell); another reason is that both nitrite and
nitrate sodalite (reactant and product) are singlet states. In the gas phase the ground
state of molecular oxygen is a 32; triplet and the first excited state is a singlet 94.3
KJmol~! higher [19]. Such a difference amounts to 156 KJmol™! with the DFT ap-
proximation used here, and to 241 KJmol~! by using the Hartree-Fock approximation,
with a triple-zeta + polarization basis set.
The dissociation energy of O, is 554 KJmol~! for the triplet and 398 KJmol™! for
the singlet dioxygen with the DFT approximation (the experimental value is 493.7
KJmol™1). The calculated gas phase AE for the reaction 2NO; + Oq = 2NOyj is -402.2
KJmol~! using a spin-unpolarized functional, rising to -246.2 KJmol~! when a spin-
polarized (triplet) functional is used.

However, interactions may contribute to reduce the triplet-singlet energy gap e.g. by
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removing the degeneracy of the highest singly occupied molecular orbitals of ground
state oxygen. Test calculations have been carried out in order to substantiate the above
statement, and are discussed below.

The nitrite sodalite system was modelled by one cell (lattice parameter 8.923 A), so that
the chemical formula Nag[AlgSigO24](NO,), corresponds to the atoms in the simulation
cell. This choice was adopted also for nitrate sodalite (constrained and unconstrained).
The unconstrained nitrite sodalite + O, system was simulated by using the cell pa-
rameter of nitrate sodalite (lattice parameter 8.996 A) [3], locating in the starting

configuration the O, molecule midway between two NOj3 in the simulation cell.

4 Results

The unconstrained simulation of nitrite sodalite indicates that NO; anions in the §-
cages present dynamical disorder, in agreement with experimental data. In particular
the simulation showed that the NO7 is rotating inside the cavity and this rotational
motion is also present at room temperature [20].
The NOj anions, in the unconstrained simulation, show rotational motion as well.
However, due to the larger size of NOj anions with respect to NO;, the rotational mo-
tion results more hindered. Unfortunately, while for nitrite sodalite all atomic positions
have been experimentally resolved, the structure of nitrate sodalite was not completely
refined yet, so that no direct comparison with experimental data is possible. However,
in this case too, experimental data suggest orientational disorder for the NO3 anions
inside the B-cages [1].

Interestingly, the unconstrained simulation of nitrite sodalite + O, suggested a
possible mechanism for the intracage oxidation. The O molecule left soon its starting

position (midway between adjacent NO5’s), and diffused towards one of the two NO3,
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Figure 2: Ball-and-stick snapshot of nitrite sodalite + O, from an unconstrained tra-
jectory at 1000 K. Black spheres represent oxygens, white spheres represent nitrogens,
dark gray spheres represent sodium. The sodalite cages are represented by sticks. Only
silicon and aluminum atoms are shown.

forming a labile complex, namely [NOj---O,]™ in equilibrium with the NO; and O,
species (Figure 2). Such a complex, however, never evolved to the reaction product, i.e.
one NOj in each cavity, because O, never dissociated in the sampled phase space (4.5
ps). But this does not imply that in the simulation conditio