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I. INTRODUCTION

The behavior of disperse systems, such as foams and emul-
sions, is very complex and there have been only few at-
tempts to derive qualitative and quantitative relationships
between their stability and physicochem-ical parameters of
the stabilizing adsorption layers. The starting point of most
of these approaches is the hydrodynamic theory of thinning
of a liquid film between two bubbles or drops according to
Reynolds (1) and Levich (2). A simplified picture of the
general scenario in an emulsion is the following. When two
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droplets of equal size approach each other the contact area
between the two drops is deformed such that a plane paral-
lel film results (3). The liquid between the two film surfaces
flows out until a critical film thickness is reached. In this
situation, the two drops can repel each other, form a flock
(coagulate), or coalesce to form one larger drop. Coales-
cence occurs when the film between the drops is not stable
enough and ruptures (4). The film thining based on the
Reynolds model assumes planar and completely rigid sur-
faces, which is not the case for films stabilized by adsorp-
tion layers of finite dilational elasticity (5).



Barnes (6) and Tadros and Vincent (7) demonstrated the
importance of a number of factors on emulsion properties
and stability, among them the relative volume of the dis-
persed phase, i.e., the volume fraction, and the average size
of the droplet, the bulk viscosity of each phase, and also the
nature and concentration of the emulsifier. The latter must
be of vital importance as there are no stable emulsions or
foams known without the presence of surface-active com-
pounds. Sometimes this becomes not immediately visible in
some systems as stabilizers may be inherent in many natu-
ral emulsions or foams.

Some approaches analyzed directly the influence of the
stabilizing adsorption layers and concluded that there is a
dependence of the stability of an emulsion on the interfacial
concentration and the sum of inter-molecular interactions
(8—10). Murdoch and Leng (11) pointed out the role of
bulk and interfacial rheological parameters to describe
these processes. This concept was further treated by several
authors (12—14). A very comprehensive approach was
given by Wasan and co-workers (15,16) who considered
the surface shear and dilational rheology, and also some hy-
drody-namic parameters in their analysis of emulsion films.

In a number of experimental works evidence of the di-
rect effect of adsorption-layer properties on the emulsion
(foam) behavior has been discussed. A correlation between
film rupture and dilational elasticity for a number of
cationic surfactant systems has been shown by Bergeron
(17) and also by Espert et al. (18). Dickinson (19) explains
that the flocculation behavior of an emulsion requires a
deep understanding of how different factors affect the struc-
ture and interactions of adsorbed layers, in particular of in-
terfacial protein layers. Various differences in the
flocculation are observed depending on the amount of ad-
sorbed surface-active material during emulsification. In
emulsion formation, rigid adsorption layers (due to surface-
tension gradients, high elasticities) can yield smaller
droplets as pointed out by Williams and Janssen (20). The
effect of ionic strength and surface charge on emulsion sta-
bility has been studied recently (21—23). This might have
various ways of action, such as salting out of surfactants
and hence changing their surface activity, and changes in
the disjoining pressure in the emulsions film. The special
effects of ionic surfactants will not be further discussed in
this chapter.

The most advanced summary of the importance of the
adsorption layer properties on the behavior of an emulsion,
i.e., its stability or breakdown, was given recently by
Ivanov and Kralchevsky (24). In their review, Ivanov and
Kralchevsky demonstrate the importance of the surfactant
effect not only qualitatively but also give some general re-
lationships. To evaluate the mass balance for a film under
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deformation they give the flux at the film surface z = 4/2
(25):

1 &(rv,) ar, &c ac
Py =t o D) ool ey s )
*r o ¥ e, ar* iDB: M

where v,. is the radial component of the mean mass flow,
and r and z are cylindrical coordinates.

The three terms correspond to convection, surface, and
bulk diffusion. At very small film thickness % the bulk dif-
fusion term can be neglected in respect to the surface dif-
fusion term. However, this does not take into consideration
surfactant flux from the heterogeneous phase, i.c., from in-
side the emulsion drops.

With respect to the rheological parameters they come to
the conclusion that surface elasticity effects are superior to
surface viscosity effects. This, however, applies to pure sur-
factant layers and may be different for pure protein or
mixed surfactant/protein adsorption layers. It has been
stressed also by Langevin (26), in her review on foams and
emulsions, that studies on the dynamics of adsorption and
dilational rheology studies for mixed systems, in particular
surfactant-polymer systems, are desirable in order to un-
derstand these most common stabilizing systems.

The analysis given for the surfactant effect on the thin-
ning rate has shown that a flux from inside the emulsion
drops is much less effective than the surfactant present in
the homogeneous phase. It will be shown below, however,
that almost all surfactants are usually soluble in both liquid
phases of an emulsion so that obviously the distribution co-
efficient will be the parameter which controls the efficiency
of a surfactant with respect to film thinning.

In this chapter an overview is given on the possibilities
for a quantitative characterization of adsorption layers at
liquid/liquid interfaces. After a general introduction to the
fundamental thermodynamic relationships and particular
ideas on surfactant and protein adsorption, the process of
adsorption-layer formation is discussed on the basis of the
most frequently used methodology, the measurement of dy-
namic interfacial tensions. This will also include measure-
ments of extremely low interfacial tensions and the effect of
inter-facial transfer between the two liquid phases.

Additional information on interfacial layers can be
gained from rheological and ellipsometry experiments.
There is quite a number of different experimental setups
used to determine surface rheological parameters (27). New
possibilities to determine surface dilational parameters arise
from oscillating-drop experiments. Using axisymmetric
drop shape analysis (ADSA) the change in interfacial ten-
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sion becomes accessible as a function of the drop surface
area when the drop deformations are considerably slow. For
faster changes, i.e., higher oscillation frequencies, the oscil-
lating-drop technique, as an analog of the pulsating-bubble
method (28) has been recently developed (29). Studies of
the interfacial shear rheology are described on the basis of
a number of experimental methods; however, only a few of
the existing techniques are suitable for investigations of lig-
uid/liquid interfacial layers. Special emphasis is placed on
torsion pendulum experiments (30).

lll. ADSORPTION ISOTHERMS

A. Adsorption Isotherms

Interfacial layers at the interface between two immiscible
liquid phases are characterized by large gradients in local
properties, such as density, tensor of pressure, dielectric
permittivity, and concentration of the dissolved compo-
nents. The profile of the local concentration depends on
properties of the dissolved substances. For substances
which do not adsorb at the water/oil interface but are solu-
ble in both phases, the concentration in the interfacial layer
is between the equilibrium concentrations in the two phases
(Fig. la).

The presence of a sharp maximum inside the inter-facial
layer (Fig. 1B) is characteristic of surface-active compo-
nents. Surface-inactive components can even show a min-
imum in the local concentration (Fig. 1C). Especially
important for the stabilization of emulsions is the adsorp-
tion behavior of surfactants at the water/oil interface. To
describe such systems makes it necessary to know the ad-
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sorption isotherm, to establish relationships between the
concentration of a component in the interfacial layer and
the bulk phases, and to derive equations of state giving the
interfacial tension as a function of the interfacial layer com-
position. The derivation of these equations is based on the
assumption that in equilibrium the temperature and the
chemical potentials of any component have identical values
in all parts of the system.

B. Chemical Potentials of Interfacial Layers

The chemical potentials of nonionic components within the
interfacial layer p°; depend on the composition of the layer
and its surface tension y. The dependence of u*; on the com-
position of a surface layer is given by the known relation

G1):

ui = u™T, P,y)+ RT Inf} )

where n*;(T, P, y) is the standard chemical potential of com-
ponent ; and depends on temperature 7, pressure P, and sur-
face tension v,f; are the activity coefficients. The standard
chemical potential can be presented as a function of pres-
sure and temperature only, if one introduces an explicit de-
pendence of u®;(7; P, y) on surface tension into Eq. (2) (31).
This equation for the chemical potentials is the well-known
Butler equation (32):

ui = uls+ RTInf; — yo, (3)
where j is the partial molar area of the ith component. In
this equation, in contrast to Eq. (2), the standard chemical
potential u*;(T, P) = u*; is already independent of the sur-
face tension.
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Figure 1 Change of local concentration in the interfacial layer.
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Equations of state for surface layers and adsorption
isotherms can be derived by equating the expressions for
the chemical potentials at the surface, Eq. (3), to those in
the bulk solution:

wi = " + RTInf7x{ | (4)

The standard chemical pot'entials in Eq. (4), u;**, depend
on pressure and temperature. At equilibrium this yields:

i+ RTInf7x; — yo; = u* + RT Inf7x§ (5)
Note that in equilibrium Eq (4) and (5) are suitable for both
bulk phases, water and oil. Now the standard state has to be
formulated. For the solvent (i = 0) usually a pure compo-
nent is assumed, and

1o — Yowo = jo" (6)

For the i surface-active components, infinite dilution (x*;
0) as the standard state is experimentally easier to access
than the pure state (31, 33). It should be mentioned that set-
ting the activity coefficients equal to unity for infinite dilu-
tion is not necessarily consistent with the same unit value
of the activity coefficient for pure components. Therefore,
an additional normalization of the potentials of the compo-
nents should be performed. Indicating parameters at infinite
dilution by the subscript 0, and those in the pure state by the
superscript 0, the two standard potentials are interrelated

by
toy = 1y + RT In fgy (7)

for both phases o and the surface phase s. In combination
with Eq. (5) this leads to

Hoi+RTIn X3 | . o= vow; = ug; + RT Inx{| ., (8)
“’H{ = ﬂrh = —Yow; + RTII’] Kl’ (9)

Ki = (x}/x{)yq e 1 1 1
where ' T 0 A 0gre the distribution coefficients at in-

finite dilution. In a similar way it is possible to obtain from
Eq. (4) an expression for the distribution coefficient of a
component between two volume phases:

i — wh — RTIn K (10)

where Kl = (+//x{)«_.a-. For a certain concentration the equi-
librium distribution of a component between the oil and
water phases (phases a and 3) depends on the activity co-
efficients:

\‘f nfﬂ
—?—K,u (11)

Copyright © 2001 by Marcel Dekker, Inc.

Miller et al.

From Egs (5) and (6) the following relationship results:

n.f(f X0 _ (o= vy

= 12
Jo'xg RT o
and from Eqgs (5) and (9) one obtains:
Lixilfon _ o=V, (13)
Kifi i 1Hyi RT -

The additional (normalizing) activity coefficients intro-
duced in Eq. (7) can be incorporated into the constant K;
which enters Eq. (13). For further derivation it is necessary
to express the surface molar fractions, x#, in terms of their
Gibbs adsorption values F- For this we introduce the de-

gree of surface coverage, 1e Fw orf; Fﬂ)z Here, os
is the average partial molar area of a{I components It is
necessary to choose a proper w() and the average partial

molar surface area oy for all components or states. How-
ever, the use of a realistic surface demand for w ) (approx-
imately 0.1 nm, for one HyO molecule) will contradict
experimental data. Let us consider first that there is only
one dissolved species, and assume that the surface layer and
bulk behave ideally. For o) = o, Eqs (12) and (13) trans-
form into the well-known equations of von Szyszkowski
(34) and Langmuir (35)

RT RT
M=y-—y=—h(14+K,x{) = —In(l + byc))
(] @)

(14)
| h|('|

Nn=—— —m———
' w; | +h|£’|

(15)
respectively, where the constant by is the surtace-to-bulk
distribution coefficient related to the concentration c rather
than to the mole fraction x. In order to derive Eq. (14) we
have to use a surface-layer model in which the molar sur-
face area of the solvent in Eqs (12) and (13) is chosen equal
to the molar surface area of the surfactant. This requirement
can be satisfied (36-39) if one chooses the position of the
dividing surface in such a way that the total adsorption of
the solvent and surfactant are equal to 1/m1, i.e.

Fo+T =1/w, =T (16)

For a saturated monolayer (I'; = 1/o1), the dividing surface
defined by Eq. (16) coincides with the dividing surface of
the Gibbs convention, for which I'j=0. For I'; = 0, how-
ever, the convention of Eq. (16) shifts the dividing surface
towards the bulk solution by the distance A = (w1 ¢(*) ' as
compared to the Gibbs convention (40). For large mole-
cules, such as proteins (o > o), the value of A becomes
negligibly small, and therefore for any adsorption the Lu-



Characterization of Water/Qil Interfaces

cassen-Reynders’ dividing surface practically coincides
with the Gibbs’ dividing surface. Reasons for this choice
of the dividing surface have been discussed in (31, 41—
45).

For surfactant mixtures or single molecules having sev-
eral adsorption states within the surface the corresponding
values of o; differ and the definition of the dividing surface
transforms into a more general relationship:

Y I =1/wg (17)

i=0
Equations defining an average molecular area demand for
all surfactant components of a mixture, taking into account
different ; have been proposed by Lucassen-Reynders (38,
39) and Joos and coworkers (33, 41). An example in which

the contribution of each component to @y is determined by
its adsorption relative to the other adsorptions (31, 38) is

wy = (ZI: r,-w,-) / (; r,-) (18)

If dissolved components are ionized, and a separation of
charges takes place, resulting in the formation of an electric
double layer (EDL), then the electrochemical potential
(46—18) has to be used instead of the chemical potential
[cf. Eq. QD]

1’ = uw(T, P,y) + RT Inf3x} + z,Fy (19)

where Fis the Faraday constant, z{ is the charge of the ion,
and v is the electric potential.

Unfortunately, in this case the dependence of the stan-
dard potential on the surface tension cannot be excluded,
in contrast to the derivation presented for nonionized com-
ponents. In the solution bulk outside the DEL no charge
separation takes place, therefore the chemical potential pu*;
for both ionized and non-ionized components obeys the
same equation [Eq. (4)].

C. Mixtures of Nonionic Surfactants

Assuming ideality of the bulk solution, and using the sur-
face coverage 0 instead of the mole fractions in the form

Xj =0, =T or6; =Twy  he equation of state for a
nonideal surface layer can be obtained from Eq. (12):

_RT
= inf1-%"6,)+1
- [n( Z )+ nfﬂ] (20)

and the adsorption isotherm from Eq. (13):
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where ¢ are the bulk concentrations, and n; = ®;/w(). Ac-
tivity coefficients determined by intermolecular interactions
(enthalpic nonideality, /*";) can be calculated using the reg-
ular solution theory (49—>51). Lucassen-Reynders (45) has
derived the following expression for the activity coefficient
of any surface-layer component for the nonideal entropy of
mixing:

Infi™ = 1 —m Y (6:/m) (22)

As the enthalpy and the entropy are active in the Gibbs free
energy, this additivity results in

B=fF oo mfi=lf +Inf (23)

For solutions of two surfactants the substitution of Eqs
(22) and (23) into Eqgs (20) and (21) leads to (31)

RT
Il = ——[]n(l —9| —91)-’1-9](1 —l)
oy I

g

9 (I —nl) +ﬂ|9-+{he- +&'|16 9‘:] (24]

bic; = exp(—2a,8; — 2a,,6,)

(1-6,—6,)"
-exp[(1 = m)(a,6] + a5 + ap20,6:)]  (25)

where a1, ay and ay are constants; b{= K exp(n; - a;- 1);
i=1,2;andj=1, 2(j ® i). One can easily verify that all
known equations describing the interfacial state of solutions
of one or two surfactants involving both intermolecular in-
teraction and nonideality of entropy [cf. (33, 36, 37, 52—
72)] are limiting cases of Eqs (24) and (25). If the enthalpy
of mixing is ideal, i.e., a1= a) - aj5= 0, then the following
relations result (46, 57, 58):

@y ny
|
+93(1 ——)] (26)
ns
o,
= (1 =6, —6)" &n

If the entropy of mixing for surface-layer components is
ideal, that is, ny- ny = 1, then the generalized Frumkin
equation of state and adsorption isotherm (36, 37, 52—55)
are obtained:



RT 2
e E[1,1(| — 0 — ) + @67 + ax03 + ay6,6,)

(28)

6,
bie; = —-—)exp( —2a,0; - 2a,,6)) (29)
A=0-
For the solution of a smgle surfactant, i.e., for 0 = 0 and
¢y = 0, these last expressions transform into the usual

Frumkin equations (52):

l'I=—R—T[In(l —0) + at’) (30)
L]

(7]
= T =g S*P(~24) (31)

Finally, for an ideal surface layer of an n-component
ideal bulk solution, Eqgs (20) and (21) transform into a gen-
eralized Szyszkowski-Langmuir equation of state:

:———In(l~2()) (32)

izl

and a generalized Langmuir adsorption isotherm given by
Eq. (27) with all n;= 1. A direct consequence of the equality
of all w; is that the adsorption ratio of two surfactants re-
mains constant when their concentrations are varied in the
same proportion, i.e., at constant ¢/cy. However, for sur-
factant molecules with different w; Eq. (13) predicts in-
creasingly preferential adsorption of the smaller molecule
with increasing surface pressure. This has been shown ex-
perimentally (46) and is conveniently illustrated theoreti-
cally for ideal surface behavior by the following equation:

by exp(M) (33)

Ty b RT
implying that a smaller molecule will expel a larger one
from the surface when their total concentration is increased
at constant ¢q/c).

D. Surface Layers of Surfactants Able to
Change Orientation

Equations which describe reorientation of surfactant mole-
cules within the surface layer can be derived from Eqs (20)
and (21) (31, 42, 43). Reorientation results in a variation of
the partial molar area ;. If we assume that the solvent-sur-
factant and surfactant-surfactant intermolecular interactions
do not depend on the state of surfactant molecules at the
surface (;), it follows from the regular solution theory [cf.
(49—51)] for the convention of Eq. (17) that
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Inf™ = a(l - Mywg),i> 1 (35)

where a is a constant, and I's = 2~ {T'; is the total adsorp-
tion of surfactant in all states. For our choice of the dividing
surface, Eq. (22) can be transformed into

InfﬁE—l—w,Zr_;:l'—nv izl (36}
jz0

Infg" =1-a, Z ri=0 (37)
Jj=0

It is seen that the convention v = vy means that the en-
tropie contribution to it vanishes. Using Eqs (23) and (34)-
(37), from Eqgs (30) and (31), and with K;= K= a constant,
one obtains:

RT i
n= _w_z[ln(l - ywy) + a(Fywy)’] (38)
- lNws
b = 0 =Tyap) exp(—n;) exp[—2al swy
+a(l = n)(Tywy)’) (39)

where b=kexp(-a-1)

If K1 #K 5 [in this case b1=by(® ;/® y)o, where a. is a con-
stant (42)], and for surfactant molecules which can adsorb
in two states (1 and 2) with different partial molar areas @
and o5 (®1 > ) the adsorption isotherm [Eq. (21)] can be
expressed as

- _M’—___ - (2)0 I'os
(I - rEmE )‘-"21’“—’}: (I - rzmz)m“’w}_
(40)

where I's =I"{+ I'; is the total adsorption, and y is the
mean partial molar area:

@y +w - B-exp[(w; — w;)/RT)
I+ B- exp[l(w; — w,;)/RT)
The parameter 3 in Eq. (41) considers that the adsorption

activity of surfactant molecules is larger in state 1 than in
state 2 (42, 43):

b= (&) o(252)

An important relationship follows from Eq. (40) for two
states 1 and 2 (31, 33, 43):

N [ —w)
o ﬁ“"f’[T]

iy =

(41)

(43)

The dynamic surface pressure in the framework of the two-
states model is defined by
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M = —(RT/wg)In(l — M'swy) (44)
Let us consider the results obtained for C;nEOg for the
water/hexane interface using the pendent-drop method (73).
Figure 2 shows the experimental and theoretical interface-
tension isotherms.

The theoretical calculations were performed with differ-
ent models: the reorientation, Langmuir, and Frumkin mod-
els. The experimental results are in perfect agreement with
the reorientation model and the Frumkin equations, while
the Langmuir model is completely invalid. However, for
the Frumkin equations a value of a = -10.8 for the interac-
tion parameter is obtained which is quite unrealistic. Thus,
one can conclude that the model of interacting molecules is
inapplicable for C1)EOg at the water/oil interface. The val-
ues of geometric parameters (1 and ®5) for the C1(EOg
molecule at the water/air and water/oil interfaces are rather
similar to each other, while the a values are quite different:
3.0 at the water/air interface, and 6.5 at the water/oil inter-
face (73). Thus, the adsorption activity of oxyethylene
groups at the hex-ane/water interface is significantly higher
than that at the air/water interface. The dependencies of the
adsorptions in states 1 and 2 on the interfacial pressure for
the two interfaces are shown in Fig. 3.

E. Models of Interfacial Layer of lonized
Molecules

The Lucassen-Reynders approach considers the surface as
a two-dimensional solution described by Eq.

1E-10 1E-09 1E-08 1E-07 1E-06
¢ [molem’]

Figure 2 Surface tension isotherm for C(EOg at water/hexane
interface (I'); theoretical isotherms:

1 - reorientational model (@min = 4.82 x 10° m*/mol, @y =
1.09 x 10° m?/mol, a = 6.5);

2 - Langmuir model (o = 5.8 x 10° m*/mol);

3 - Frumkin model (o= 3.8 x 10°* m%*mol, a =-10.8), according to

Ref. 73.
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Figure 3 Dependencies of the adsorption in the state 1 (curves 1
and L1) and 2 (curves 2 and L2) on the interfacial pressure for the
two-state model at the water/air (curves 1 and 2) and water/hexane
(curves L1, L2) interfaces; according to Ref. 73.

(3) and applied to an electroneutral dividing surface which
contains only electroneutral combinations of ions (36, 37,
55). Any additional effects of ionization in this approach
should be accounted for in the activity coefficients f;. The
surface equation of state is still given by Eq. (12), but the
distribution of surfactant between surface and solution bulk
is now obtained for electroneutral combinations of ions, say
R and X for an anionic surfactant RX (where R- is the sur-
face-active ion and X" is the counterion). This means that
for both surface and bulk the average ionic product (cgcy )
"2 replaces the molar concentration c; (36—38, 64). This
does not make any difference to the adsorption isotherm if
there is only one salt RX, but it does when the solution con-
tains in addition an inorganic electrolyte with the same
counterion X" as the surfactant, for example, a salt XY. In
such a case it is necessary to take into account the average
activity of surface-active ions and all counter-ions in the
solution.

Using the conditions which require the ionic equilibrium

to exist in the bulk (WRx = Mk +#X) and surface layer

(ix = #i + %) one obtains from Eqs (3) and (4) the rela-
tion:

ji;f;SSR'tg( e (}’n . Y)WRX
n KfSfeXaXs RT (45)

As the surface layer is electroneutral, and therefore X*g =
X, then from Eqs (12) and (40) for nonideal (Frumkin)
surface layers and nonideal bulk solutions of one ionic sur-
factant, with or without additional nonsurface active elec-
trolyte, the adsorption isotherm follows



®
l1-©
where £ is the average activity coefficient in the solution
bulk, @ZFRX /FRXOO, X+~ CRX and CXY and CR+ =
Crx, and due to the surface-layer electroneutral-ity
I'R=I'x=I'rx/2. For ideal surface layers (a = 0), Eq. (41)
is reduced to (6, 7, 25):

blew —cx)'fe =

exp(—2a®) (46)

bfi(crex)'?

1+ bf(egex)? ol
corresponding to the following I'l(c) relationship:
M = RTTpxx In[bfi(crxex-)'*+1] (48)

A surface-tension isotherm assuming surface-layer nonide-
ality was presented in Refs (36, 37 and 55). For a nonideal
surface layer, the unit value which enters the right-hand side
of Eq. (48) should be replaced by the activity coefficient of
the solvent in the surface layer. It was shown in Refs 36,
37, 55 and 65 that Eq. (48) describes the surface- and inter-
facial-tension of anionic and cationic surfactant solutions
quite well in a wide range of added inorganic electrolyte.

Let us consider now the case when a solution contains a
mixture of two anionic (or cationic) surfactants (e.g., ho-
mologues Ry X and RyX with a common coun-teron X*)
with addition of inorganic electrolyte XY. In such systems
the counterion concentration X" is given by the sum of con-
centrations of R{X, RyX, and XY. After consideration of
the surface-to-bulk distribution of both electroneural com-
binations of ions, the surface-pressure isotherm for ideal
surface layers can be written in the form:

M= RTTpxs ]ﬂ[((hlfi+)2f'k.xf’x
+ (baofssVer,xex )" + 1] (49)

One can easily see that Eq. 49 is the straightforward con-
sequence of Egs (3) and (4) for the compositions of ions
within the surface layer x;=(x*g;x*x)"* and within the so-
lution bulk x*=(x"R;x*x)"?, provided that the following
conditions are satisfied: x°g | +X°*ro=x*x (surface-layer
electroneutrality), x°g + X'g | + X°g1 +x% = 1 (the balance
between molar portions of all components within the sur-
face layer), and ' + I'g| + 'pp + 'y = 'Rxeo (dividing
surface chosen after Lucassen-Reynders). For nonideal sur-
face layers, the activity coefficient should enter the right-
hand side of Eq. (49), instead of unity.

Finally, very large effects on adsorption and surface
pressure have been described for mixtures of anionic RX
(R"X") and cationic RY (R*Y") surfactants in the solution. In
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such systems, the adsorption is represented almost com-
pletely by the equimolar composition R'R* which has a very
high surface activity without any noticeable contribution of
RX* and R"Y" over a large range of mixing ratios (74).
Thus, one can describe the surface tension of this mixture
for ideal surface layers by

M= RTTR g+ o In[bg-g+fe(crxery)*+1] (50)

The adsorption equilibrium constant for the composition R-
R" can be approximated by the constants of adsorption
equilibrium of R-X* and R"Y" in the individual solutions
(65):

br-r+ = (brxbry)/V (51)

where V' is the average molar volume of the surfactant.

The advantages of the electroneutral surface-layer model
presented above can be regarded also as deficiencies, be-
cause this model cannot be used to describe the structure
of the surface layer, electric potential of the surface, etc. In
addition, no satisfactory treatment of the adsorption of pro-
teins and other polyelectrolytes can be given, if the contri-
bution from DEL into the surface pressure of the adsorption
layer is neglected. As no equivalent to the Butler equation
exists for the case of ionized layers, the procedure used to
derive the equation of state for surface layers should be
based on the Gibbs adsorption equation and a model ad-
sorption isotherm equation. The isotherm can also be de-
rived from the theoretical analysis of the expressions for
the electrochemical potentials of ions. For the solution of a
single ionic surfactant RX, with the addition of inorganic
electrolyte XY, starting from Egs. (19) and (2) one obtains
the adsorption isotherm:

e zp Fy
Kfpcr = —2a0)) ¢ = 9.

fRER =7 (_)}exp( Za(l)cxp( RT ) (52)
when fR; is the activity coefficient of the ion R in the solu-
tion bulk, ®. Equation (52) is similar to that derived by
Davies (46, 47), and reproduced by other authors (48, 75—
80).

For our system, the Gibbs adsorption equation has the

form:

—dy = I'rdug + Mxdpk + Cydus (53)

Clearly, the Gibbs dividing surface is used in Eq. (53),
where I'( = 0. The adsorption isotherm [Eq. (52)] involves
another definition of the dividing surface (Lucassen-Reyn-
ders’ surface with I'¢) # 0), which inevitably introduces
some deficiency when a solution of Eqs (52) and (53) is si-
multaneous used. For a fixed concentration of inorganic
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electrolyte in ideal bulk solutions Eq. (53) becomes [see
(48)]
.Ei =T ‘?HE Ix 2&
(}L'R l"(‘R d('R

(54)

The values of adsorption for the ions R~ and X* can be cal-
culated from the integration over the total solution volume,
ie.,

= f[f';(,l'l — eyldy (55)
0

where ¢;() is the concentration of the ions outside the DEL
and y is the spatial coordinate. The concentration of ions
within the DEL in Eq. (55) can be calculated from the
Gouy-Chapman theory. Finally, the relation:

3 % %e 1/2
;L: RTE+ RT eRT
fJ('R §+] F Cr + Cy

(56)
; 2o Fy°
x [Coﬁh(ﬁ) - l:l

follows from Eqs (54) and (55) [see (48, 75, 79)], where y°
is the electric potential of the surface, and ¢ is the dielectric
permittivity. Introducing now the value I'g [cf. adsorption
isotherm, Eq. (52)] into Eq. (56) and performing the inte-
gration, one obtains the equation of state for surface layers
of ionic surfactant solution (46, 48, 75):

M= —RTTgrxoo[In(1 — ©) + a6’]

4RT . (57)
+ gtzmn-z [coshg — 1]

where CE is the total concentration of ions within the solu-

tion, and ¢ = ZF¥"/2RT Tt can be thus seen that the inter-
ion interaction results in an additional surface-pressure
jump. The electric potential is determined by the surface-
charge density:

sinh @ = zg"p F/(8eRTcy)'? (58)

It was taken into account in the models developed in Refs
75, 78 and 80 that some portion of the counter-ions is bound
to surface-active ions within the Stern-Helmholtz (S-H)
layer, while another (unbound) portion is located within the
diffuse region of the DEL. The equivalent relations of Eqs
(56)-(58) in this case contain the difference 'y —- y*X in-
stead of I'g, where I"*x is the adsorption of counterions lo-
calized within the monolayer. It follows from the model
described by Eqs (56)-(58) that if all counterions are lo-
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calized within the monolayer (within the S-H layer), then
AIT=0. However, in this case an additional contribution to
the surface pressure AIT also exists (81). This contribution
is negative, and its value is significantly lower than that
given by Eq. (57) for the case of a DEL formation. Exam-
ples of a successful application of Eqgs (52) and (57) to ex-
perimental TI(cg ) curves are given in Refs 48 and 75.

It was shown in Refs 75 and 80 that the portion of ad-
sorbed surface active 1:1 charged ions which becomes
bound to the counterions within the S-H layer is approxi-
mately 70—90%, that is, the surface layer is almost elec-
troneutral. These results explain why Lucassen-Reynders’
theory can be successfully applied to those systems. It can
be shown additionally that for compositions of ion the ef-
fect produced by the DEL vanishes. For compositions of
ions Eq. (55) can be presented in the form:

00

(TrMx)"? = f [(er)ex ()" ~(eroexo)'*]dy
]
(59)

The integration domain on the right-hand side of Eq. (59)
can be split into two intervals: 0 to H and H to o, respec-
tively, where H is the thickness of the S-H layer. For sym-
metric 1:1 charged electrolytes the contribution to
adsorption caused by the diffuse part of the DEL vanishes,
and only the contribution of the S-H layer should be consid-
ered. Certainly, for a nonsym-metric electrolyte, say a pro-
tein, one cannot exclude the contribution by the DEL in the
framework of the composition approach, and in these cases
the model of a charged monolayer should be preferred.

F. Adsorption of Proteins

The adsorption isotherm [Eq. 21], and also the equation of
stage [Eq. 20] with proper account for Coulomb contribu-
tions can be used as a basis to describe adsorption layers of
proteins. Here, one has to keep in mind that the subscript ¢
refers to various states of the pro ten molecule at the sur-
face. The problems arising from a nonideality of the surface
layer, the dependence of the Kj values on the state of large
molecules at the interface, and the inter-ion interactions
within the adsorption layer have been properly considered
in Refs 44, 82 and 83.

Assuming an enthalpic contribution of the Frumkin type
and taking into account the contribution of the DEL one can
transform the equation of state for the surface layer [Eq.
57] into
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RT :
M=——/[In(l = M'gwX) +a(Msws)’]
wy

4RT
+—F—(2eRTcz)”2[ch¢— 1] (60)
where 'z = Zi21Ti g the total adsorption of the protein in
all states. For protein solutions at high ion concentrations

the Debye length * = ¢RT/ Fes)” s small. This means that
for protein solutions the DEL thickness can be smaller than
the adsorption layer thickness. Therefore, the concentration
of ions in Eqgs (59) and (60) is just their concentration
within the adsorption layer. It follows from Eqs (59) and

(60) that for large Cy the approximation @< 1 can be used.
After simplification one obtains the following equation of
state and adsorption isotherm for nonideally charged sur-
face layers of a protein (83):

RT 2
MMn=-—— [ln(l - Mywy) - “elr%wi] )
wy

I wy

b (=
: (l — r‘_;mzl‘"”{“'x.

(62)

where % =2 F/og 8eRTes)'” 414 ; i the number of
unbound unit charges in the protein molecule. The total ad-
sorption amount in these equations can be expressed via the
adsorption in state 1:

s =T, Z: exp[ — ”n‘”'] (63)

Here, a is a constant which determines the variation in
surface activity of the protein molecule in the rth state with
respect to state 1 characterized by a minimum partial molar
area ®i=m,in;b;=b1/* can be either an integer or fractional,
and the increment is defined by Ai = Aw/w . For oo = 0 one
obtains b;= b1 = a constant, while for a. > 0 the b; increase
with increasing ;. The value of the mean partial molar area
for all states, and the adsorption in any ith state can be ex-
pressed by

— (Z. o exp( ”;?))/
(Soren(-5))
re(renl )

(55 on[-C=pme) -
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respectively. The main feature of the theoretical model [Eqs
(61—65)] is the self-regulation of both the state of the ad-
sorbed molecules and the adsorption-layer thickness by the
surface pressure (82—84). The mechanism of self-regula-
tion is inherent in the Butler equation [Eq. (3)], from which
all the main equations are derived.

From Eq. (65) one can calculate the portion of adsorbed
molecules which exist in the state ®;. The dependencies of
the distribution function I';/T" ), on &#omega969; and the
area per protein molecule in the maximum of the distribu-
tion function are shown in Fig. 4. It is seen that the adsorp-
tion layer of proteins is characterized by an almost
complete denaturation at low surface pressure while at large
surface pressures the adsorption layer is composed of mol-
ecules in a state with a minimum molecular surface area
demand.

A theoretical model for concentrated protein solution
was developed in Refs 83 and 85. The calculations per-
formed according to this theory shows good agreement with
the experimental data: the adsorption increases significantly
while I'T remains constant. Theoretical studies of the ad-
sorption behavior for mixtures of the globular protein HSA
and nonionic surfactants were performed in (86). An anom-
alous surface tension increase of the mixtures at low surfac-
tant concentrations was found experimentally and
explained theoretically.

—
(8]

M [mN/m], o
=
oc

S
=

(=]
i

0 10 20 30 40
@i [nmé/molecule]

Figure 4 Distribution of protein adsorption in various states I';
with respect to the surface area \; covered by the protein molecule
in the adsorption layer at IT= 1.2 mN/m (1), and an area per pro-
tein molecule in the maximum of the distribution function as a
function of surface pressure (2); parameters used; M = 24,000
g/mol, ® ., = 40 nm?*molecule, ® i, = 2 nm*molecule, Ho=
1 nm*/molecule, a,; =100, and o0 = 1, according to Ref. 31.
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III. DYNAMIC INTERFACIAL TENSIONS

Numerous methodologies have been developed for the
measurement of surface and interfacial tensions as outlined
in Refs (87—90). Methods such as the Wilhelmy plate, Du
Notiy ring, and capillary-rise techniques are less suitable
for liquid/gas interfaces, while a method like the bubble-
pressure method is particularly applicable only to a
liquid/gas system. Alternative approaches to obtaining lig-
uid-liquid interfacial tension are generally based on drop
methods. Overviews of the most frequently used drop
methods are given in a monograph, where the pendant-drop
(91), drop-volume (92), spinning-drop (93), and drop-pres-
sure methods (94) have been described in detail. This sec-
tion describes interfacial tension techniques, and gives
reference to more details in the literature and experimental
examples for a selection of liquid/liquid interfaces.

A. Axisymmetric Drop Shape Analysis
(ADSA)

In essence, the shape of a drop is determined by a combi-
nation of interfacial tension and gravity effects. Surface
forces tend to make drops spherical whereas gravity tends
to elongate a pendant drop or flatten a sessile drop. When
gravitational and interfacial tension effects are comparable
then, in principle, one can determine the interfacial tension
from an analysis of the shape of the drop.

The advantages of pendant and sessile drop methods are
numerous. In comparison with a method such as the Wil-
helmy plate technique, only small amounts of the liquid are
required. Drop-shape methods easily facilitate the study of
both liquid-vapor and liquid-liquid interfacial tensions (95,
96). Also, the methods have been applied to materials rang-
ing from organic liquids to molten metals (97) and from
pure solvents to concentrated solutions. There is no limita-
tion to the magnitude of surface or interfacial tension that
can be measured. The methodology works as well at 103
mJ/m? as at 10~ mJ/m? as at 10> mJ/m?. Since the profile of
the drop may be recorded by photographs or digital image
representation, it is possible to study interfacial tensions in
dynamic systems, where the properties are time dependent.

In many emulsion or microemulsion systems, the inter-
facial tension between the oil-rich phase and the aqueous
solution is very low (or ultralow), which presents consider-
able difficulties for many experimental methodologies. The
most commonly employed approach for measuring ul-
tralow interfacial tension is the spinning-drop technique
(98). However, ADSA has also been used to study these
systems and possesses a number of advantages over the
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spinning-drop technique: higher accuracy, more versatile
environmental control (high pressure and temperature), and
ability to study time-dependent effects. The problem of ex-
tremely low interfacial tensions is discussed in more detail
in Sec. IV.

A typical set-up for ADSA is shown in Fig. 5.

In brief, via the CCD camera (1) with objective (2) and
the frame grabber (3), an image of the shape of a drop (9)
is transferred to a computer, where by using the ADSA soft-
ware the coordinates of this drop are determined and com-
pared to profiles calculated from the Gauss-Laplace
equation of capillarity. The only free parameter in this equa-
tion, the interfacial tension Y, is obtained at optimum fitting
of the drop-shape coordinates. The dosing system (7) al-
lows one to change the drop volume and hence the drop
surface area. This possibility is used in dilational relaxation
experiments as outlined in Sec. VI.

B. Drop Volume Tensiometry

In recent years the drop-volume method has gained a rep-
utation as a standard technique (99, 100). Its major advan-
tage is that it can be applied to both liquid/gas and
liquid/liquid interfaces. Although its experimental condi-
tions and theoretical description are well established for a

(3]
J
D e e
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Figure 5 Schematic of a pendant-drop apparatus, 1 - CCD, 2 - ob-
jective, 3 - PC with frame grabber, 4 - light, 5 -measuring cell, 6
- holder, 7 - dosing system, 8 - syringe, 9 - capillary with drop, 10
- optical bench.
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standard range of drop formation times it has only been
very recently that a number of peculiarities have been ob-
served and discussed. Commercial instruments based on
this principle are widely used in practice now, such as the
automatic drop-volume tensiometer TVT1 from Lauda,
Germany.

In Fig. 6 the principle of a drop volume apparatus is
shown as an example. The motor controller—-encoder sys-
tem (3, 4) linked with a syringe (2) provides a constant and
accurate dosing rate while the light barrier (7) is used to de-
tect each detaching drop. Thus, the time in between two
drop signals multiplied by the dosing rate gives the drop
volume. The dosing system is linked via an interface (8) to
the serial port of a PC (9).

The PC software controls complete measurement pro-
grams, i.e., drop-volume measurements for a liquid can be
performed at different dosing rates. After each measure-
ment the surface tension as a function of time is calculated
and plotted as a graph. Other types of automated drop-vol-
ume instruments are designed in a similar way.

There are three different measurement modes available
with the drop-volume method, which can yield different
data. However, taking all peculiarities into consideration,
the results obtained by the different procedures are the
same. The dynamic version of the drop-volume method is
the classical procedure for the measurement of interfacial
tensions. This mode consists of creating a continuous for-

pulses
3 .
speed 8
4
2
1
6 pulses

Il © (-

Figure 6 Principle of an automated drop volume instrument, ac-
cording to the TVT1 of Lauda, Germany; 1 - capillary, 2 - syringe,
3 and 4-motor controller-encoder system, 5 - drop, 6 - temperature
control jacket, 7 - light barrier, 8 -electronic interface, 9 - IBM
PC.
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mation of drops at the tip of a capillary by means of an ac-
curate dosing system. The interfacial tension is calculated
from the average volume measured for several subsequent
drops.

The diffusion-controlled adsorption kinetics for the ad-
sorption process is given by the classical Ward and Tordai
equation (101) derived more than half a century ago:

DA 2 D\ /2 . =
r=2¢-,,(?) —z(;) f 0,1 - E)IE?)  (66)

where I' is the dynamic adsorption, D is the diffusion coef-
ficient, c() and ¢(0, ¢) are the bulk and subsurface concen-
trations, respectively, and & is a dummy integration
variable. The theoretical model to describe the adsorption
kinetics of a surfactant at the surface of a continuously
growing drop until detachment was first derived by Pierson
and Whittaker (102). In analogy with the equation of Ward
and Tordai, Eq. (66), the following integral equation was
derived (103):

3D1 aa f c(0,387)
P()=2¢0y/ 5~ ‘/ ‘f Y £ ,,1ds (67)

A numerical analysis of this rather complex integral
equation showed that the rate of adsorption at the surface of
a growing drop with a linear volume increase, as is the case
in drop-volume experiments, is about one-third of that at a
surface with constant area (92). From experience of adsorp-
tion kinetics studies, this approximation for the effective
age of one-third of the drop formation time is sufficiently
accurate to interpret dynamic interfacial tensions (104—
106).

The use of an equation as complex as Eq. (67) requires
a lot of numerical calculations so that approximate solu-
tions are very favorable. The first model to describe the ad-
sorption at the surface of a growing drop was derived by
Ilkovic in 1938 (107). The boundary conditions were cho-
sen such that the model corresponded to a mercury drop in
a polarography experiment. These conditions, however, are
not suitable for describing the adsorption of surfactants at
a liquid-drop surface. Delahay and coworkers (108, 109)
used the theory of Ilkovic and derived an approximation
suitable for the description of adsorption kinetics at a grow-
ing drop. The relationship was derived only for the initial
period of the adsorption process:

3Dt

I'(t) =
('f) 2( o ?JT

(68)
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The relationship already indicates a correlation between the
rate of adsorption at a growing drop surface and a stationary
interface: the adsorption at a growing drop surface is 3/7
times slower, which is close to 1/3, as discussed before.
The interfacial tension change with time at a growing
drop as given by Joos and Van Uffelen (110) has the form:

AV() = Y1) = Yeq

=B /Onriat e -(1-2) (69)
V1 +an™™! — 1

where  y,, ﬁis the equilibrium surface tension,
=(I'(0)/Te), ¢ = (T, — T(D)/T(2),

5;%/_” - [ -2 (70)
y 4D d“.,-_flhj -

R is the gas constant, T'is the temperature, and top = #/(2+
1) is the effective adsorption time. Equation (70) follows
immediately from Eq. (69) for at>> 1. The initial drop has
a size less than a hemisphere with the radius equal to the
capillary radius r,, (68) so that the drop area can be given
by Ag= 1.5 4. I1)‘he area of a drop after the break off of

a
the liquid bridgepcan be described by

A1) = @4n)'PGVYP + 4y~ 483V + 4, (71

where Vis the drop volume. The value of at in Eq. (69) can
be obtained from Eq. (63):

e (@)lfﬂ_]
A o

Thus, for any time 7 the value of a can be calculated from
Eqs (71) and (72). If we assume a Langmuir-Szyszkowski
adsorption isotherm and interfacial tension equations, the
parameters & and £ can be expressed via the values of the
dynamic and equilibrium interfacial pressures, I1(¢) and
Heq as

I —exp(~M(NHRTT )T
- [———p L2 (73)
| —exp(—Tg/RTT )
_ exp(=T1(1)/RTT ) — exp(—Toq/RTT )
I —exp(—T/RTT

where Meq =70 ~Yeqr TI(t) = yo- (1), Yo 1s the interfagial
tension of pure liquids, and F” the limiting adsorption
value. The respective approximations are useful in order to
interpret quantitatively experimental drop-volume results.

§

(74)
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C. Capillary Pressure Tensiometry

The capillary pressure tensiometry (CPT) method has been
developed for measuring the interfacial tension of pure lig-
uids and is based on the simple relationship for the capillary
pressure:

AP =— (75)

which is a linear relationship between the capillary pressure
AP and the drop curvature (I/R). Thus, from (AP, I/R) data
during the growth of a drop, y can be calculated by fitting
a Imear relationship. A possible CPT set-up used by
Passerone et al. (Ill) is shown in Fig. 7.

The cell is made up of two principal bodies connected by
the capillary and containing the two liquids. The cell has
been fully constructed in PTFE, PCTFE, and glass to im-
prove the cleaning and filling procedures. The capillary is
hand made from a Pyrex glass pipe down on a flame, cut
perpendicularly to its axis and then carefully fine grounded.
The drop is formed on the inner radius a which is typically
in the range 0.25-0.35 mm.

The pressure signal is measured with a pressure trans-
ducer placed in contact with the liquid forming the drop.
The variation in the pressure difference between the two
phases is due to variations in the capillary pressure since
all other hydrostatic contributions remain constant. The sig-
nal is sampled with a typical frequency of 25 Hz by a PC
board.

Figure 7 Sketch of capillary pressure tensiometer for pressure de-
rivative and expanded-drop experiments; 1 - pressure transducer,
2 - injection system, 3 - liquid, 1,4 - liquid 2; 5 -capillary with
drop, 6 - optical window.
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D. Dynamic Interfacial Tensions of Various
Systems

When liquid/liquid systems are studied a number of pecu-
liarities have to be considered, the most important of them
being the solubility of surfactants in both adjacent liquid
phases. There is a striking difference in studies at a liquid
surface where only very few surfactants show a comparable
phenomenon, the evaporation from the adsorption layer. If
the surfactant is soluble in both phases but adsorbs only
from one (typically from the aqueous phase) the surfactant
is transferred across the interface and desorbs into the oil
phase (for details see Sec. V).

In general there are three cases for the adsorption process
at a liquid/liquid interface:

1. The surfactant is present in the water phase only.

2. The surfactant is present in the oil phase only.

3. The surfactant is present in both phases with an
equilibrium surfactant concentration distribution.

The theoretical solution of models 1 and 2 is a general-
ized Ward and Tordai equation [Eq. (66)] and was first pro-
posed by Hansen (112):

I'(r) = %[f’lnv/ﬂ_tf— (\/D_|+ K\/b-z)
T
ﬁ (0,1 — s)dJE]

(76)

Miller et al.

Case 3 is described by the same Ward and Tordai equation;
however, D has to be replaced by the effective diffusion co-

efficient defined as P« =vDi + KD

As an example to demonstrate the solubility of a surfactant
in water and also in the adjacent oil phase, here nonane was
used, and measurements with Triton X-45 solutions were
performed as follows. At the beginning the container in
which the drops of the Triton solution were formed con-
tained only pure nonane. The volume of aqueous solution
was 300 ml while that of nonane was 10 ml. The experi-
mental results are shown in Fig. 8.

The drops (500 in each run) are formed such that for
each flow rate 10 drops are formed and are averaged, start-
ing with the largest flow rate. During the first four runs the
obtained y(?) curves change. From the fifth run on no sig-
nificant changes are observed so that this state refers to the
case of adsorption from both adjacent phases, i.e., the equi-
librium distribution of the Triton between nonane and water
has been reached. Only experiments for this case allow a
quantitative interpretation as the experimental conditions
can be given in the theoretical model.

Experimental results for solutions of other Tritons have
been reported in Ref 113. From these studies it was con-
cluded that the distribution coefficient for Triton X-45 is
significantly higher than for Triton X-405. To visualize the
significant differences in dynamic surface tensions meas-
ured for the three cases discussed above, the results of ex-
periments with Triton X-45 are reported in Fig. 9. It is
obvious that for case 3 the adsorption process is the fastest
as adsorption takes place from both adjacent liquid phases.
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Figure 8 Dynamic interfacial tension of Triton X-45 solutions as a function of Vi e - 1.2 x 10 ¥ mol/cm?, 5 subsequent runs; according

to Ref. 113.
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Figure 9 Dynamic interfacial tension of a Triton X-45 solution as a function of Vi ¢ - 2.4 x 10 8 mol/cm?® for the three different cases
(a) (H) (B), (b) (®), and (c) ({J); and in absence of Triton X-45 (<), according to Ref. 113.

In the two other cases (1 and 2) the adsorption is much
slower due to adsorption from one phase only and moreover
due to the loss of adsorbed molecules via desorption into
the second liquid phase. It was emphasized in Refs 113-115
that when dealing with liquid/liquid interfaces one always
faces the problem that surfactant molecules are soluble in
both adjacent liquids and hence adsorption from one phase
generally leads to a transfer across the interface. Experi-
ments particularly dedicated to this transfer are discussed in
Sec. V.

IV. EXTREMELY LOW INTERFACIAL
TENSIONS

The measurement of ultralow interfacial tension has been of
continued interest (98, 116-128) both in fundamental re-
search and in industrial applications, particularly in surfac-
tant-based (enhanced) oil recovery - an attempt to recover
remaining oil reserves by reducing the oil/water interfacial
tension through microemul- sions (117, 120, 125, 129,
130). Typically, oil is recovered in a primary process by the
natural energy of a reservoir. However, as much as 40-60%
of the original oil can remain trapped in porous rocks due
to capillary retention force. A secondary process of water
injection with surfactant is therefore used to facilitate fur-
ther oil displacement.

Microemulsions are homogeneous mixtures of water and
oil with thermodynamically stable oil droplets of diameters
ranging from 100 to 1000 A. The interfacial tension is typ-
ically less than 0.001 mJ/m and, as a comparison, that for
an oil/water system without surfactant is about 50 mJ/m.

Copyright © 2001 by Marcel Dekker, Inc.

The reduction in the interfacial tension decreases the cap-
illary retention force significantly and enables oil droplets
to deform and maneuver easily through pores in the rock
medium (117).

In the remainder of this section we discuss the thermo-
dynamic consequences and the experimental possibilities
for the measurement of ultralow interfacial tensions.

A. Thermodynamic Consequences

Surface/interfacial tension is a well-defined thermodynamic
property (131). It is the energy required to display a unit
new interfacial area. From classical Gibbsian thermody-
namics, the various modes of energy transfer between the
system and the surroundings can be formulated by a rela-
tion called a fundamental equation: the fundamental equa-
tion (131, 132) of an interface between two bulk phases is
given by

UA = UASA, 4, NM) (77)

where U, S, N, and 4 are, respectively, the internal energy,
entropy, total mole number, and interfacial area. The super-
script A indicates the property of an interface. The differen-
tial of the fundamental equation is given by

aut auA
Al = | s A
A NA SA

au? A
d4 + [W] dN
Sh.A

NA (78)
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The intensive parameters, i.c., temperature 7, interfacial
tension y, and interfacial chemical potential pu*, are now de-
fined from the fundamental equation as

_[a(;f‘] o)

=|—=x

oS ANA

2 auA .

=134 ")
SA NA

and

IA— I:jLn"A
= onA
ShA

Equation (78) can be written in the differential form of a
property relation as

(81)

dU* = TdS* + ydA + p*dNA (82)
where the terms 7dS?, yd4, and uAdN* correspond respec-
tively to the heat transfer, mechanical work, and chemical
work in the system. Here, we look at the mechanical work
done (dW*) due to interfacial tension:

arri
dWA = ydA = ["U ] dA (83)
SA NA

A
Obviously lowering the value of y can decrease signifi-
cantly the mechanical work required for a given dA4. It
would be of interest to reduce y as much as possible if the
aim is to minimize the surface work. The question then
arises as to how low the interfacial tension can get.

Since U* is the internal energy of an interface, an inter-
face must exist between two bulk phases, for a finite value
of interfacial tension. The consequence of Eq. (82) is that a
stable interface requires a positive value of interfacial ten-
sion, implying that energy must be increased if the interfa-

gravity effect
g=0 O
/
O
g =9.81 m/s? O
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cial area is to be increased. If this were not the case then,
even in the absence of an external agent to apply energy,
the interfacial area would keep increasing as this would
lead to a decrease in energy - a decrease in energy is always
thermodynamically favorable. This would continue until
complete molecular dissolution was reached. However, we
know that this cannot be true for a stable interface. The im-
plication is that, for a thermodynamically stable system, an
experimental value of (ultralow) interfacial tension is al-
ways finite and larger than zero.

B. Experimental Possibilities

Numerous techniques have been developed to measure the
interfacial tensions of a liquid/fluid interface (87, 89).
Among the commonly used ones, drop-shape methods are
very promising for ultralow interfacial tensions: they are
based on the idea that the shape of a sessile or pendant drop
is determined by the balance betwen surface/interfacial ten-
sion and an external force, such as gravity. Two such tech-
niques are axi- symmetric drop shape analysis (ADSA) and
the spinning-drop technique (SDT). ADSA (133-135) deter-
mines the liquid/fluid interfacial tensions from the shape of
axisymmetric menisci due to gravitational force. SDT (136-
139) employs a similar strategy: instead of gravity, a known
centrifugal force is applied for drop deformation. Figure 10
displays a schematic of these effects on drop shape.
Consider a liquid drop immersed in a surrounding liquid
medium that is enclosed in a cylindrical glass tube rotating
about its horizontal axis (Fig. 10). At zero angular velocity
®, the droplet behaves as an inverted sessile drop inside the
tube. As @ increases, the drop starts to rotate about the axis
of rotation. The higher the m, the more deformed the droplet
is. At sufficiently high @ the shape of the droplet can be ap-
proximated by a cylinder with rounded ends. Vonnegut

centrifugal effect

Figure 10 A schematic of the effects of gravity and centrifugal forces on drop shape.

Copyright © 2001 by Marcel Dekker, Inc.
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(136) has shown that, in the case of a cylindrical droplet, the
interfacial tension can be calculated from

8 pr'zr"
T

(84)

where Ap and r are, respectively, the density difference be-
tween the liquid/fluid interface and the radius of the de-
formed cylindrical droplet at high @. Thus, knowing Ap, 1,
and @ allows the determination of interfacial tension and
this is the basic principle of the spinning-drop technique.
Equation (84) is often referred to as the Vonnegut equation.
A detailed description of ADSA for determining the liquid/
fluid interfacial tensions has been described in Sec. III.

C. Axisymmetric Drop Shape Analysis and
Spinning Drop Technique

Both ADSA and SDT have advantages and disadvantages.
Here, we summarize them in the following two categories:
range of applicability and experimental difficulty.

1. Range of Applicability

The range of applicability of ADSA is broad. It has been
applied to a variety of studies on the time dependence of
liquid/fluid interfacial tensions in the presence of surfac-
tants (140-142, 196), film balance experiments with insol-
uble (143-145) and soluble films (146, 147), polymer melt
experiments (148, 149), pressure (150) and temperature de-
pendence (151) of interfacial tensions, drop size depend-
ence of contact angles and line tension (152, 153), and static
(154) and dynamic (155, 156) contact-angle measurements.
SDT, on the other hand, is solely restricted to surface/inter-
facial tension measurements (136,137). It has been applied
to polymer melt experiments (157-161) and to situations
where the interfacial tension is as low as 10" mJ/ m? (116,
118-120, 125-127). In contrast to the pendant/sessile drop
used by ADSA, the “external” centrifugal force can be var-
ied continuously by changing the angular velocity ® in
order to minimize experimental error and to ensure that the
system is sufficiently close to gyrostatic equilibrium. A dis-
advantage of SDT is the fact that only the equilibrium in-
terfacial tension can be obtained.

Copyright © 2001 by Marcel Dekker, Inc.
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2. Experimental Difficulty

As compared to the pendant-drop arrangement in ADSA,
the set-up of SDT is more complex. For example, it can be
a very frustrating task to fill the liquid (or bubble) in the
matrix inside the cylindrical tube so that it is free of air bub-
bles and so that escape of volatile components during op-
eration is prevented. This can be a serious problem when
dealing with highly viscous polymers (159-162). As the
cylindrical drop radius 7 in Eq. (79) is raised to the third
power, reliable experimental results require careful radius
calibration. One experimental difficulty of ADSA is that the
pendant-drop arrangement may not be appropriate for
measurements of ultralow interfacial tension, as the inter-
facial tension might not withstand the weight of the droplet,
i.e., the gravitational effect overpowers that of the interfa-
cial tension. This can be overcome by an inverted sessile-
drop arrangement used by Kwok et al. (98). Experimental
examples are given in the next section.

D. Experimental Examples

In several instance (98, 127), ADSA ultralow inter-facial-
tension measurements are available for the same systems
for which SDT has been performed. Ultralow interfacial
tension measurements by ADSA were by means of an in-
verted sessile-drop set-up of Aerosol OT (AOT) in
NaCl/water solution in an n-heptane matrix solution.

1. Aerosol OT (AOT) in Aqueous Solution
of NaCl Water and n-Heptane

Figure 11 displays the interfacial-tension results from
ADSA, for 0.415 mM AOT in aqueous solution of 0.0513
M NaCl/water and n-heptane. The interfacial tension de-
creases from about 0.05 mJ/m? to an equilibrium value of
0.01 mJ/m? in 12 min. A different result is given in Fig. 12
for 0.420 mM AOT.

It can be seen that the interfacial tension reaches an equi-
librium value in a much shorter time, decreasing from about
0.026 to 0.006 mJ/m to 0.006 mJ/m? in 2 min. Increasing
the AOT concentration decreases both the interfacial ten-
sion value and the time required to reach equilibrium. The
results given in Figs 11 and 12 agree well with those pub-
lished by Aveyard et al. (127) using SDT. The interfacial-
tension values reported by Aveyard ef al., estimated from

their graph, are = 0.01 and = 0.003 ml/m?, respectively,
from 0.415 and 0.420 mM AOT. The choice of the method
depends on the specific application and is largely a matter
of convenience, equipment available, and the issues dis-
cussed in Sec. IV.B.
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Figure 11 Interfacial tension vs. time for 0.415 mM AOT
in solution of 0.0513 M NaCl/water and n-heptane.

V. SURFACTANT TRANSFER ACROSS THE
INTERFACE

The study and description of adsorption processes in lig-
uid-liquid systems deserves some specific consideration be-
cause, in most cases, the behavior of these systems is more
complex in comparison with that of liquid-air systems.
The principal characteristic of such systems is the solu-
bility of the surfactant in both phases, which is practically
never negligible. This implies that the theoretical modeling
of the adsorption dynamics needs to consider the transfer of
surfactant across the interface during the process and that
any experimental study needs careful definition of the ini-
tial partition state. Moreover, in most cases the relative vol-
umes of the bulk phases may become an important
parameter influencing the adsorption dynamics (114, 115).
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Figure 12 Interfacial tension vs. time for 0.420 mM AOT in so-
lution of 0.0513 M NaCl/water and n-heptane.
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For these reasons knowledge of the partition properties
of the systems is a mandatory requirement for characteriza-
tion of the dynamic behavior of such a system and for an
adequate evaluation of the equilibrium adsorption proper-
ties.

These properties can be characterized by the distribution
coefficient K of each adsorbing component i. This param-
eter can be denned as the ratio between the equilibrium con-
centrations of the surfactant in the two phases, and can be
expressed in terms of basic thermodynamic parameters [cf.
Eq. (10)]. In fact, considering a solute in two liquids o and
3, under the hypothesis of dilute and ideal solutions, the
ratio between the equilibrium concentrations ¢, and 8 can
be written as (163):

0_ 0
- , Mo — Hg
K=2="Cexp] - 2—F 5

g Vg p( RT ) =)

where K is the distribution coefficient for a one-surfactant
system, v, and vg are the molar volumes, p,° and pg° are
the standard chemical potentials, R is the gas constant, and
T is the absolute temperature.

Surfactant solutions are typically very diluted, meaning
that the hypothesis of the ideal solution is usually satisfied
so that, at least at submicellar concentration, K is independ-
ent of the concentration, and depends only on the tempera-
ture.

Although describing properties of the bulk liquids, in
surfactant solutions the value of K strongly influences the
adsorption dynamics at the liquid-liquid interface. For ex-
ample, in adsorption and diffusion processes in water-oil
systems, knowledge of the K value is fundamental in inter-
preting the experimental data (114, 115, 164, 169).

Moreover, the transfer of surfactant between the liquid
phases can also have an impact on the interface stability. In
fact it has been shown (170, 171) that, depending on the
ratio between the diffusion coefficients in the two phases,
the transfer of matter across the interface can give rise to in-
terfacial instabilities.

A. Measurement of the Partition Coefficient

The straightforward way for evaluating K is the measure-
ment of the bulk concentration after equilibration of the im-
miscible phases.

However, when the partition coefficients of mono-meric
surfactants have to be evaluated, the utilization of common
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analytical techniques is very limited—-and often impossi- The error in this measurement is
ble—-due to the very low values of the concentrations. :
The specific surface-active property of the surfactant can AK = Yw [(( wo =~ Cw) ( aVy + 8 V“)
be exploited to set up an indirect method for the evaluation Vo Cw Vi Vo (87)
of the concentration of a surfactant solution, based on the + €wo ( _ﬂ + A‘-'W):I
measurement of the surface tension. In fact, by using the Cw \ Cwo Cw
y—--c is.o‘Fhe.rm as a calibration curve, ¢ can be evaluated by where APy, AV, and Acyq are the errors in ¥y, Vg, and
the equilibrium. (- respectively, and the error in ¢y, is given by
Thus, for a surfactant in an immiscible couple—-for ex-
ample water and oil—-K can be measured according to the By
following methodology (172): Acy = e AYeq (88)
1. First, a c—-y isotherm is obtained by measuring the B
equilibrium surface tension of solutions, prepared which can be calculated by the best fit Teg-cw isotherm.
with oil-saturated water, as a function of the surfac- The meaning and the values of the various terms in Eqs
tant concentration. (87) and (88) have been widely discussed in Ref. 172. One

of the points resulting from this discussion is that, in order
to minimize this error, some experimental parameters, such
as the liquid volumes and the concentration range, must be
suitably chosen.

The values of K for some surfactants in a water-hexane
system are reported in Table 1. As shown, it is easy to eval-
uate K with an error of the order of 10%. The surfactants
listed in Table 1 belong to different classes of nonionic sur-
factants, and the values of K show that the patitioning is
never negligible.

To verify achievement of the partition equilibrium, the
ratio between the surfactant concentration in the two phases
can be monitored as a function of the time in which the lig-
K= ﬁ ((_.“ﬂ - I) (86) uids are brought into contact. As shown in Fig. 13, after

V some time this value reaches a plateau, indicating achieve-
ment of the partition equilibrium.

2. A volume V,, of aqueous solution with initial con-
centration cy),,, is brought into contact with a volume
V' of pure oil for a time long enough (days) to war-
rant achievement of the partition equilibrium.

3. The equilibrium surface tension Teq of the aqueous
phase is then measured and its concentration cy, is
evaluated by using the y—c isotherm as a calibration
curve.

4. Finally, from the surfactant mass balance, K can be
calculated as

Table 1 Measured Partition Coefficient K in Water/Hexane System; All

Data at 20°C
Range of ¢,

Surfactant K (mol/cm?)
C;DMPO 0.14 +0.02 2e—T7+4c—-6
C,,DMPO 1.30 £ 0.05 6—-eB+2e—06
C;,DMPO 7.7+£0.3 4e —8+2e -7
C,;DMPO 34.7+0.6 le—8+5—8
Triton X-405 0.098 &+ 0.004 2e—8+2e-7
Triton X-100 0.82 £0.03 2e—8
CoE;s 1.65+0.04 S5e —9+4e -8
CioEsg 0.49 +0.05(15°C) -

0.85 +0.08 de—8+le-7

1.5+0.1 25°C) -

1.7+0.2 (30°C) -

2.3+0.3 (35°C) -
Ci6Exn 0.14 £ 0.02 le—9+2-9

Copyright © 2001 by Marcel Dekker, Inc.
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Figure 13 Dependence of the ratio between the concentration in
hexane and in water on the time of contact of the two phases.

According to Eq. (85) the measurement of K as a func-
tion of the temperature allows the difference of chemical
potential of the surfactant in the two phases and of the trans-
fer enthalpy to be evaluated.

In fact (163), by the reasonable assumption that the ex-
ponential term is much more sensitive to the temperature
change than to the molar volumes, Eq. (85) leads to

dln K 1 a ,u{,-:, - u‘,-:.,
K 73 (71“ "

By basic thermodynamics arguments the chemical potential
and the molar enthalpy are linked by
Awm_ B

TT- T %)

Thus, Eq. (88) can be written:

dln K __Aﬁ? 91
a1/T) " R Oh

=) 1} =
where i = Hia = Hi is the molar standard enthalpy of

transfer.

Equation (91) allows the evaluation of the molar stan-
dard enthalpy of transfer. For example (173), for C1(Eg in
water-hexane (Fig. 14), a linear relationship exists between

—0
In(K) data and 1/T; thus, it is possible to calculate AH;
from the slope of the best-fit straight line, which in this case

—0
gives A =57 10* J/mol.
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Figure 14 Logarithm of the partition coefficients of CyEg in
water/hexane vs. the inverse of temperature. The slope of the
straight line represents the standard enthalpy of transfer.

B. Effect of Partitioning on Dynamic
Adsorption Process

As far as the adsorption dynamics at liquid—Iliquid inter-
faces is considered, the partitioning of the surfactants be-
tween the two phases has an important role.

In spite of the extensive knowledge of adsorption dy-
namics at liquid-vapour surfaces, only a few works have
been devoted to the study of dynamic and equilibrium
propeties of adsorption at liquid-liquid interfaces so that,
today, there is an evident lack of data for these systems, and
the theoretical approaches developed for liquid-vapour sur-
faces need to be specified for liquid-liquid interfaces.

For most surfactants it is possible to assume a local equi-
librium between the interface and the layer just in contact
with it, often called the sublayer. In this case, adsorption is
controlled by diffusion since the adsorption I" varies ac-
cording to the net diffusion flux. Thus, by considering a
plane interface betwen two semi-infinites liquid phases 1
and 2, characterized respectively by the diffusion coeffi-
cients D1 and Dy, it is

»
dr I e

x=l"

where the x unit vector is taken as perpendicular to the in-
terface and directed towards the liquid 1, and the interface
is located in x = 0. Owing to the local equilibrium condi-
tion, for # > 0, the sublayer concentrations ¢1(¢) = (0%, ?)
and ¢cp(#) = c(0 ¢) are always at partition equilibrium:

ca0(1) = Keyp(1) (93)
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The classical problem of adsorption dynamics is the pre-
diction of the evolution of I'(¢) for a “freshly” formed inter-
face—i.e., with I'(0) = 0—between two liquids with initial
surfactant concentrations:

ex,00)=c"forx>0

94
e(x,0)=cforx <0 9

By solving Eq. (92) with the boundary condition (Eq. (93)]
and initial conditions [Eq. (94)], one obtains:

() = Z[r'hﬂ% s (?JI?:!]

VD1 + KyD]

(95)

i
_ 3 cor(x)
Jx [ v,
0

which is a generalization of the Ward-Tordai equation (174,
175) derived for a monophasic system.

Owing to the local equilibrium condition, the equilib-
rium isotherm can be used at any t to describe the relation-
ship beween I" and c(y1, in order to solve Eq. (95).

This straightforward generalization of the mono-phasic
approach to the study of liquid-liquid adsorption dynamics
is only possible by assuming local equilibrium conditions.
In fact, only in that case are we allowed to use the relation-
ship [Eq. (92)] between the two sublayer concentrations.
At present, no theories exist for the description of liquid-
liquid adsorption dynamics when the local equilibrium con-
dition is not satisfied. For liquid-vapor systems, some
models, often called mixed adsorption dynamics, are avail-
able to describe this situation. However, the specification of
these models for liquid-liquid systems poses severe prob-
lems. Luckily, the local equilibrium condition —and then
the diffusion-controlled approach - is suitable for describing
adsorption dynamics for most non-ionic surfactants. A de-
scription of the adsorption dynamics for liquid—Iliquid sys-
tems, considering the presence of energetic adsorption
barriers at the two sides of the interface, has been given in
Ref. 165.

The models of adsorption from semi-infinite bulk phases
predict in any case a monotonic relaxation of the interfacial
tension even in the presence of transfer of matter into the
second phase. In particular, if the initial bulk concentrations
are at partition equilibrium the adsorption asymptotically
reaches its equilibrium value, otherwise the system
achieves a stationary state.
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For some applications, however, the assumption of semi-
infinite bulks is not realistic. This can be, for example, the
case of the bubbling of drops of surfactant solution in a lig-
uid, which requires one to study the adsorption dynamics in
finite volumes.

The effect on adsorption dynamics of the transfer across
the interface is particularly remarkable when systems of
limited volume are considered which are initially far from
the partitioning equilibrium. A first theoretical approach to
this problem has been given in Ref. 169, where stirred bulks
are considered.

More recently (114, 115, 176), the adsorption dynamics
of Cj3 dimethyl phosphine oxide (C{3DMPO),
C1,DMPO, and C;oDMPO at freshly formed water-
hexane interfaces has been investigated as a function of the
initial partition conditions and of the relative volumes be-
tween the two liquids. As shown in Table 1 some of these
surfactants have large values for the partition coefficients,
which enhances the influence of the transfer.

At first, a drop of surfactant aqueous solution was
formed in a cell filled with pure hexane, such that a ratio O
+ 1073 existed between the volume of the drop (supplying
phase) and that of the hexane (recipient phase). The dy-
namic interfacial tension y(#) was monitored by a computer-
enhanced pendant-drop technique. The evolution of y for
some initial concentrations of aqueous solution is shown in
Fig. 15A—C for C{3DMPO, C{,DMPO, and C1(DMPO,
respectively.

Owing to the limited amount of surfactant in the drop,
the interfacial tension passes through a minimum when the
net number of molecules adsorbing at the interface from
the inner phase equates with the net number of molecules
desorbing in the external phase. It is important to notice
that, in these dynamic conditions, the interfacial tension can
reach values which are well below the equilibrium values,
which can be relevant for some technological processes
such as the control of droplet size or emulsification.

Similar experiments have been run by forming a drop of
hexane inside the cell filled with the surfactant aqueous so-
lution, in order to obtain a volume ratio O = 1000 between
the supplying and recipient phases. The measured dynamic
interfacial tensions for this kind of experiment are shown in
Fig 16A—C for C{3DMPO, C1,DMPO, and C1(DMPO,
respectively. In this configuration the interfacial tension
minima disappear since the internal phase is rapidly satu-
rated and a monotonic relaxation behavior is observed.

A diffusion-controlled model can be applied to describe
these experiments, in which a spherical drop of radius R is
considered embedded in a spherical shell of radius Ry rep-
resenting the external phase. The volume ratio Q can be ad-
justed by varying the R{/R; ratio.
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Figure 15 Dynamic interfacial tension for the adsorption with transfer of surfactant of C,,DMPO at a water/hexane interface. The phase
supplying the surfactant is a drop of aqueous solution formed in hexane initially free from surfactant. The water/oil volume ratio is Q =
107. The solid curves are calculated from the model. The given concentrations are the initial values in water; (A) C{3DMPO: C =1 x
10 (a), 2 x 10* (b), 3 x 10¥ (c), 5 x 10 mol/em’ (d); (B) C{,DMPO: C( =2 x 10 (a), 5 x 10* (b), 8 x 10" mol/cm’ (c); (C) C;(DMPO:

Cp=2x107(a),3 x 107 (b), 1 x 10 mol/cm® (c).

The model is characterized by the following set of equa-
tions:

dr J
=—D, é

de
dr or +D;5

r=R; or

on

r= R;

where ¢ = ¢(7; 1) is the surfactant concentration at time ¢ and
at distance r from the origin of the coordinates. This equa-
tion is equivalent to Eq. (92) and has to be used as a bound-
ary condition at the interface » = Ry for the diffusion
problem in the bulk phases described by the Fick equations:

Copyright © 2001 by Marcel Dekker, Inc.

dc Pe  28c
"o " ror

—=D +—~—)f0r0{r<R|

dc #c 22 o)
¢ c
—=Dy|—=+=-= 5
o ‘(Br:+rar) for Ry <r<R,
The initial conditions are:
c(r,0)=cyfor0<r<R
» : (97)

e(r.0)=0for Ry <r<R,

or exactly the opposite, when the surfactant is initially con-
tained in the external phase. Another boundary condition is
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Figure 16 Dynamic surface tension during the adsorption with transfer of surfactant of C,,DMPO at a water/hexane interface. A drop of
hexane initially free from surfactant is formed in the aqueous solution containing the surfactant. The water/oil volume ratio is Q = 1000.
The solid curves are calculated from the model. The given concentrations are the initial values in water; (A) C{3DMPO: C = 1.5 x 10°®
(a),2.3 x 10 (b), 5.3 x 10* mol/cn?’ (¢); (B) C1,DMPO: C(y = 1 10 (a) 2 x 10 (b), 3 x 10* mol/em3 (c), (C) C|()DMPO: C( =3 x 10-

8 (@), 5 x 10% (b), 8 x 10* mol/cm? (c).

needed to express the closure of the system:

de
ar r=R,

=0 (98)

Finally, since the interface is considered at local equilib-
rium with both the adjacent phases, the two boundary con-
centrations are assumed to be at partition equilibrium:

e(Ry, 1) = kpe(RY , 1)) 99)

and the equilibrium relation holds between the boundary
concentration ¢(Ry", ) and the adsorption I':

Copyright © 2001 by Marcel Dekker, Inc.

I = I(c(Ry, 1)) (100)

This set of equations can be solved according to the fi-
nite difference scheme given in Ref. 177, by using the val-
ues of the isotherm parameters obtained by equilibrium
measurements and the values of K reported in Table 1. The
model describes the general features observed for the sys-
tems and predicts the appearance of the minima in y(f)
when O <1.

Moreover, as shown in Figs 15a and 16a, the calculated
(t) agrees well with the measured dynamic inter-facial ten-
sion, in paticular at the lower concentrations. For larger
concentrations, the deviation increases. It is possible that, at
these concentrations, the adoption of a spherical symmetry
for the model is no longer adequate, as the drop deforma-
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tion is no longer negligible owing to the low values reached
by y.

VI. INTERRACIAL DILATIONAL RHEOLOGY

Dilational rheological experiments are based on area
changes by keeping the shape of the interface constant.
Models for the exchange of matter, which sets in after a
compression or expansion of the interface, are generally ap-
plicable to both harmonic and transient types of relaxations
(178). Stress-relaxation experiments may yield results dif-
ferent from those obtained from measurements on small
disturbances as the composition of the surface layer can
vary (179). Overviews on experimental and theoretical as-
pects of dilational rheology were given recently in Refs
180—182.

The damping of capillary waves at interfaces is the clas-
sic version of all dilational relaxation methods at interfaces.
The response of the system is measured in terms of a rela-
tive damping of the propagated wave (183, 184). Recent
work was focused on modifications of the theoretical back-
ground for this technique as well as on experimental im-
provements (185—187). One of the more recently
developed methods to investigate surface relaxations of ad-
sorption layers due to harmonic disturbances is the oscil-
lating-bubble method. The technique involves the
generation of radial oscillations of a gas. The theory of pul-
sating bubbles in surfactant solutions has been further de-
veloped (188, 189). Another group of measurements
suitable for studying the dilational rheology of interfacial
layers are stress-relaxation experiments performed by Joos
and cowor-kers (190—192). All these methods are appli-
cable for studies at liquid/gas interfaces but less suitable for
liquid/liquid interfaces. For example, the capillary wave
technique can be in principle applied to a water/oil inter-
face; however, the experiment is connected with a number
of problems, mainly the huge demand in highly purified oil
(193, 194). Also, the overflowing cylinder, one of the ef-
fective stress-relaxation experiments for the water/air sur-
face (195), has been successfully used for measurements at
the water/oil interface, but again the large amount of sol-
vent needed for an experiment restricts the application of
this method.

A. Pendant-drop Experiments

This technique has been used for relation experiments in
the transient as well as harmonic perturbation mode (196-
199) and is suitable also for liquid/liquid interfaces (200,

Copyright © 2001 by Marcel Dekker, Inc.

Miller et al.

201). The principle set-up of this method has been already
described in detail above as a method to investigate the dy-
namics of adsorption. The computer-controlled motor-dri-
ven dosing system can, however, be used to change the
volume, and hence its interfacial area in different ways. The
most easy area disturbances are step-wise increases or de-
creases, but also trapezoidal or zig-zag area change can be
easily performed. Moreover, the technique allows even har-
monic changes of the interfacial area; however, owing to
the finite time needed for obtaining the video images only
low frequencies can be handled (199, 202).

Due to the changes in the interfacial area a compression
or expansion of the adsorption layers is generated which
induces a relaxation process in order to re-establish its equi-
librium state. By monitoring the evolution of interfacial ten-
sion with time the dilational elasticity and the relaxation
mechanism can be obtained.

In Fig. 17 some typical interfacial tension changes are
shown which have been obtained for a trapezoidal area
change of an aqueous protein solution drop in tetradecane.
The elasticity can be calculated from the initial jump of the
v(?) dependence immediately following an expansion or
compression.

The change in interfacial tension during a sinusoidal sur-
face area change for a sunflower oil drop in a protein solu-
tion at a comparatively low oscillation frequency is shown
in Fig. 18. Due to the time required for image acquisition in
the ADSA experiments faster oscillations are not possible
without the use of VCR (with a frame frequency of 25 Hz
one can perform oscillation experiments at a maximum fre-
quency of 1 Hz).

B. Drop-oscillation Experiments

The principle set-up of a drop pressure method has been al-
ready described in detail above as a method to investigate
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Figure 17 Dependence of dynamic surface pressure on time for
periodic trapezoidal deformations of a solution drop surface (5 x
107 M HSA) in tetradecane.
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Figure 18 Harmonic oscillation of the interfacial tension y and drop surface area 4 of a sunflower oil drop immersed into an aqueous [3-
lactoglobulin solution (10 M/1), frequency /= 0.00625 Hz, according to Ref. 201.

the dynamics of adsorption (203, 204). This set-up can es-
sentially be used for transient relaxation experiments (205).

The drop-shape oscillation technique as developed by
Tian et al. (206, 207) is another technique suitable for clos-
ing the gap in the experimental methods for liquid/liquid
interfaces. This method is based on the analysis of drop-
shape oscillation modes and yields again the matter-ex-
change mechanism and the dila-tional interfacial elasticity.
The method is similar to the transient relaxation methods
applicable only for comparatively low oscillation frequen-
cies.

A recently developed method allows harmonic changes
of the drop surface area in a wide range of frequencies. Fig-
ure 19 shows the principle set-up for the oscillating-drop
method (29).

The most important components of this set-up are, in
analogy to the oscillating-bubble instrument, the pressure
sensor, the piezo driver (189), and the capillary. The wetting
behavior of the capillary is the key problem as it can control
the size of the drop significantly. For the present situation,
the capillary inner surface is hydrophobized to be wetted
by the oil while the head and outer surface are hydrophilic
to be wetted by the aqueous solution under study. The piezo
driver and pressure sensor are directly controlled via an in-
terface by the computer. The software allows one to gener-
ate a drop oscillation of definite frequency and amplitude
while the pressure change is continuously read by the pres-
sure sensor and registered on the computer. From the fre-
quency dependence of the pressure amplitude and phase

Copyright © 2001 by Marcel Dekker, Inc.

shift between pressure and drop area change the dilational
elasticity and exchange of matter of the interfacial layer are
calculated. In Fig. 20 the pressure amplitude measured for
a tetradecane drop in water is shown as a function of the
oscillation frequency. Up to a frequency of about 100 Hz
the expected constant pressure difference due to changes in
the radius of curvature of the drop is obtained. At higher
frequencies additional contributions from the hydrodynam-
ics of the two liquids arise and have to be considered in the
data analysis.

Figure 19 Schematic of an oscillating drop set-up.
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Figure 20 Frequency dependence of the capillary pressure ampli-
tude for an oil drop in water, two runs.

C. Emulsion Film Relaxations

In addition to the study of interfacial rheology, studies on
thin-film rheology are of particular practical interest. The
first ideas were proposed by Kim et al. (208). The forma-
tion of a foam film can be arranged at the tip of two coaxial
capillaries via two independent pumps as described in Ref.
209 (see Fig. 21). Such an assembly was used by Wege et
al. (210) to exchange the bulk phase of a drop in order to
perform penetration experiments at the drop surface. The
three stages comprise the formation of an oil drop (dark
gray) in water (light gray) as stage 1, and the subsequent
formation and increase of a water drop inside this oil drop
(stages 2 and 3). The size of the emulsion film and its thick-
ness can be adjusted by actions of the respective pumps.
An oscillation of the foam film can be performed such
that the film thickness changes with the area, or can be even
kept constant by well-adjusted simultaneous oscillations of

Miller et al.

both fluid volumes. The coaxial arrangement of two capil-
laries seems to be an ensemble which allows an easily au-
tomated repeat formation of a foam film after an unwanted
film rupture. This experimental set-up is under develop-
ment now.

D. Exchange of Matter Theory for an
Oscillating Drop

The exchange of matter theory for a harmonic inter facial
area perturbation:

A = Ay(l + §sin 1) (101)

and a diffusional transport of surfactant molecules in the
bulk phases given by Pick’s equation for a drop of radius R
in a second infinite liquid:

v i

ac ac

— = D, — at 0o < x < Ry (outside the drop)
at ax-
(102)
E = D, 82[: at 0 < x < Ry (inside the drop)
ot “ &
(103)

require appropriate initial and boundary conditions. As a
useful initial condition one can assume for both cases an
equilibrium state of the adsorption layer. The boundary con-
ditions for a bubble and a foam film, however, differ from
each other significantly. The boundary condition at the in-
terface reads:
il:-{-(~)r‘:E at x = R (104)
di dx
where ® = d In A/dt is given by Eq. (101). If one assumes
only small oscillation (5 < 0.1) we obtain:

3 4

Figure 21 Steps for the formation of an emulsion film at the tip of a capillary.

Copyright © 2001 by Marcel Dekker, Inc.
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d dsinm

dr 1 + ésinwt bt (105)

The second boundary condition required for the solution of
the transport problem is

de g

S=0atx=0 j (106)

X

To complete the mathematical problem a relationship I'(c),
a so-called adsorption isotherm, is needed. For the simple
case of bubble or drop oscillations (with the surfactant only
outside the drop) a solution was derived in Ref. 189 in anal-
ogy to the capillary wave theory (183, 184).

For the emulsion film case, independent of the type of
the function I'(c) no analytical solution is available and nu-
merical methods have to be applied. To obtain a link to the
experiment, an additional relationship, equivalent to the ad-
sorption isotherm, is required, relating the surface concen-
tration I with the measured capillary pressure P = 2y/r in
the bubble or film pressure of the curved foam film, which
in turn is proportional to the surface pressure n.

Transient as well as harmonic relaxation experiments
give access to the dilational rheology of the studied inter-
face or film (211). The definition of the dilational elasticity
E is given by the relation:

E=—dy/dInT =dll/dInT (107)

From changes of the surface pressure I'T with time the elas-
ticity can be obtained, while the phase shift between the
generation of area oscillations and the pressure oscillation
response is a measure of the exchange of matter [introduced
by Lucassen as dilational viscosity, cf. (180)].

A systematic analysis of the stability of bubble and drop
oscillations in open and closed cells has been performed re-
cently and hydrodynamic limits have been given as a func-
tion of the geometry of the bubble and capillary as well as
of the bulk properties of the two adjacent liquids (212, 213).

E. Summary

An experimental technique dedicated to studies of the dy-
namic and mechanical properties of adsorption layers at the
liquid/liquid interface is described with respect to its impact
on the characterization of emulsions. A recently developed
oscillating-drop technique gives access to the surface rhe-
ology of adsorption layers composed of surfactants and/or
proteins. The same methodology seems to be suitable for
direct investigations of single emulsion-film properties for
which a relevant modification of the experimental set-up is

Copyright © 2001 by Marcel Dekker, Inc.
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proposed.

On the basis of theories for oscillating bubbles, new
models for the exchange of matter for surfactant adsorption
layers will have to be developed, taking into consideration
the effect of surfactant transfer across the interface and the
peculiarities of transport in thin emulsion films.

VII. INTERFACIAL SHEAR RHEOLOGY

The interfacial shear Theological parameters are the
analogs of the three-dimensional equivalents of shear elas-
ticity and viscosity, though there are complications for in-
terfaces where material can be exchanged between the
interface and the bulk phase during the measurement.

The rate of film thinning in emulsions depends on the
interfacial rheology because the flow of fluid is coupled
with the flow of interfacial elements. A high interfacial
shear viscosity can promote emulsion stabi lity by retarding
film thinning and hence the rate of droplet coalescence. The
understanding of interfacial rheology in real emulsions is
very complicated due to the fact that there are usually a
large number of differ ent surface-active components pres-
ent. This makes it difficult to interpret the rheology of such
systems in terms of the respective physicochemical proper-
ties of the interface.

The general framework of interfacial rheology has been
dealt with systematically by several previous authors: Joly
(214), Goodrich (215), Lucassen (216), Edwards et al.
(217), and Noskov and Loglio (218). Reviews on interfacial
rheology in general have been published by Warburton
(219) and Miller and cowor-kers (27, 220). Several re-
searchers have attempted to correlate emulsion stability
with interfacial tension and interfacial rheology. The liter-
ature up to 1988 has been reviewed by Malhotra and Wasan
(221). An introduction to the subject of food emulsions was
published by Lucassen-Reynders (222) and more recently
by Murray and Dickinson (223) and Murray (224).

A. Methods

Different techniques for the study of shear rheology of in-
terfacial layers have been developed over the years; how-
ever, they are mostly suited for liquid/gas inter faces. The
early instruments were constructed to measure the interfa-
cial shear viscosity under constant shear conditions. In
more complex systems, nonlinear effects, shear-rate de-
pendencies of the viscosity, and viscoelastic properties are
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also evident. For measure ments at liquid/liquid interfaces
two types of rhe-ometers are commonly used-the deep
channel and the biconical bob rheometers (both techniques
will be discussed later). Warburton (225) proposed an oscil-
lat ing ring surface rheometer which exploits the phenom
enon of mechanical resonance. Benjamins and van Voorst
Vader (226) introduced a sensitive method using a concen-
tric ring system which is placed in the interface. The outer
ring is driven at a particular fre quency and small ampli-
tude, while a torque is applied to the inner ring to keep it
stationary.

The oscillatory deep-channel rheometer described by
Nagarajan and Wasan (227) can be used to examine the rhe-
ological behavior of liquid/liquid interfaces. The method is
based on monitoring the motion of tracer particles at an in-
terface contained in a channel formed by two concentric
rings, which is subjected to a well-defined flow field. The
middle liquid/liquid interface and upper gas/liquid interface
are both plane horizon tal layers sandwiched between the
adjacent bulk phase. The walls are stationary while the base
moves. In the instrument described for dynamic studies of
viscoelastic interfaces the base oscillates sinusoidally. This
move ment induces shear stresses in the bottom liquid that
are transmitted to the interface. The interfaces are viewed
from above through a microscope attached to a rotary mi-
crometer stage which is coaxial to the cylinders.

The interfacial motion is determined from the movement
of a small (100 pum) inert particle placed at the interface.
This measurement is sometimes not easy since the particle
must be positioned precisely. The measurement is most ac-
curate if the reference is chosen to be the midpoint of the
oscillation, where the velocity is maximum. The rheologi-
cal parameters are calculated from a hydrodynamic analysis
for two moving adjacent immiscible liquids incorporating
interfacial rheological models. Mechanical considerations
restrict the maximum possible frequency of this instrument
to about 1 Hz.

Many proposed techniques rely on measuring the rota-
tional motion of a knife-edged disk when placed in the
plane of the interface. This arrangement is the two-dimen-
sional equivalent of a Couette viscometer. The biconical
disc is often suspended from a torsion wire and different
constructions have been devised for monitoring and/or con-
trolling the deflection of the disk in response to the rotation
of the disk (228, 229). There is one great advantage of the
Couette-type device: the technique can be easily applied to
liquid/gas and liquid/liquid interfaces. The sensitivity of
this technique is poorer than that of a deep-channel rheome-
ter owing to additional drag on the disk by the bulk phases.
However, the biconical disk technique is more widely used,
probably because of easier experimental handling. For the
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biconical disk technique there are some limitations for the
interpretation of the results. The shear deformation of the
interface can be transferred by a constant low strain-rate
experiment or as a very short and small deflection of the
biconical disk. In the former experiment the deformation is
transferred continuously and sometimes causes the destruc-
tion of the interfacial layer. If such a breakdown of the in-
terfacial structure takes place a completely different
interfacial layer state will be measured. The latter experi-
mental set-up enables one to prevent the destruction of the
interfacial layer. The damped oscillation behavior of the
torsion pendulum provides the information on the surface
shear rheology; however, for highly nonlinear systems it is
difficult to interpret the experimental results.

The biconical bob oscillatory interfacial rheometer of
Nagarajan et al. (230) is designed to measure the dynamic
viscoelastic response of a liquid-liquid interface subjected
to a small-amplitude oscillatory shear stress. This instru-
ment is used to examine the rheological behavior of inter-
faces in the presence of surfactants, in particular of
macromolecules. The rheological parameters are calculated
from a hydro dynamic analysis incorporating a linear vis-
coelastic interfacial rheological model. The general re-
sponse of this instrument has been compared with that of
the oscillatory deep-channel interfacial rheometer, which
is capable of similar measurements. Measurements of in-
terfacial viscoelasticity for the same liquid-liquid system
with the two rheometers are shown to be comparable. This
study demonstrates the intrinsic nature and, therefore, the
instrument independence of these rheological properties.
Accurate measurements of interfacial shear viscoelasticity
can be carried out over a wide range of systems by com-
bining the rheometers. A similar experimental set-up was

proposed by Miller et al. (231) and a schematic is given in
Fig. 22|

This torsion pendulum rheometer developed for studies
of adsorption layers at the water/air interface been modified
in order to allow measurements at the water/oil interface.
Instead of a ring with a sharp edge a biconical disk has been
used. A detailed description of this device has been given
elswhere (232). Basically, a small shear deformation of the
interface of the system under study is produced by a freely
oscillating, hanging titanium disk. The interfacial meniscus
is positioned at the edge of the disk, with the interface con-
tained in a concentric glass vessel. The interfacial shear
field is generated in the gap between the edge of the disk
and the wall of the measuring vessel. Using this device, in-
terfacial shear elasticities and viscosities as a function of
adsorption time can be determined by measuring the am-
plitude ratio and the shift of the eigenfrequency of the pen-
dulum with respect to a surfactant-free interface. A linear
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Figure 22 Schematic view of an interfacial shear rheometer at liquid/liquid interfaces.

viscoelastic model is used to describe the viscoelastic prop-
erties of the interfacial layer. For a tungsten wire of 100 pm
diameter and 30 cm length the eigenfrequency is of the
order of 0.1 Hz. All rheological experments have to be per-
formed with very small deflection angles (=2°) so as to
minimize disruption of the interfacial layers. The pendulum
experiment, which lasts approximately 30 s, can be re-
peated every 10 min over a long perod. Unfortunately, this
method does not allow large changes in the deformation
frequency, as needed for a complete characterization of the
viscoelasticity of an interfacial layer. The lower limitation
of this instrument is determined by the fact that the bulk
phases also exert a drag on the disk. Therefore, the meas-
ured effect induced by the interfacial layer must be high
enough to be detected. The upper limitation is given by
highly nonlinear systems, such as concentrated layers of
macromolecules. For such systems it is often difficult to in-
terpret the data obtained from the damped oscillation.
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B. Experimental Results

Interfacial rheological measurements are made on macro-
scopic interfaces. For the most part, the range of applied
stresses, strains, and shear rates do not mirror the vigorous,
nonequilibrium conditions of the practical process of emul-
sification. Nevertheless, interfacial rheology is an efficient
and powerful detection technique, which may enhance our
knowledge on formation, structure, properties, and behavior
of interfacial layers formed in oil/water systems. Lakatos
and Lakatos-Szabo (233) determined the interfacial shear
rheology of different crude oil/water systems in a wide tem-
perature and shear-rate range in the presence of nonionic
emulsifiers (oxyethylated nonylphenols with EO numbers
between 10 and 40). They observed that the interfacial vis-
cosity, the nonNewtonian flow behavior, and the activation
energy of the viscous flow drastically decrease in the pres-
ence of these surfactants. The modification of the rheolog-
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ical properties increase with decreasing EO number, and
increasing surfactant concentration and temperature.
Opawale and Burgess (234) studied the interfacial shear
rheology of different liophilic nonionic surfactants of the
sorbitan fatty acid ester type with the aim of selecting ap-
propriate emulsifiers for water-in-oil emulsions under dif-
ferent conditions. For these investigations they used an
oscillatory ring surface rheometer. The effects of bulk con-
centration, temperature, and the presence of salt in the aque-
ous phase on the interfacial properties of surfactant films
were determined. The surfactants exhibited mainly vis-
coelastic properties. The authors conclude that interfacial
association of inverse micelles and/or surfactant multilayer
formation are probably responsible for the observed vis-
coelasticity. The addition of sodium chloride to the aqueous
phase and increase in temperature influenced the viscoelas-
tic properties. Mohammed et al. (235) studied the effect of
demulsifiers on the interfacial rheology and emulsion sta-
bility of water-in-crude oil emulsions. The results indicated
that the demulsifier used is poor at displacing the naturally
occurring asphaltene surfactants from the crude oil/water
interface, but if they adsorb at the interface first they pre-
vent the formation of the stable, rigid asphaltene films.

The interaction between polymers and surfactants is one
of the most important problems in enhanced oil recoverry.
Interfacial shear viscosity is sensitive to surface-active
species adsorbed at the oil/water interface. Therefore, in-
terfacial shear viscosity measurements are very useful for
investigating the interfacial layer formation by adsorption
from mixed polymer-surfactant solutions. Cardenas-Valera
and Bailey (236) examined the interfacial rheological prop-
erties of spread films of poly(ethylene oxide)/poly(methyl-
methacrylate) (PEO/ PMMA) graft copolymers at
toluene/water and toluene-n-heptane/water interfaces. The
interfacial shear viscosity was determined from the damped
oscillation of a torsion pendulum. The largest viscosity was
exhibited by a monolayer spread at the toluene-n-
heptane/water interface. Emulsions prepared with this
sytem showed the lowest coalescence rate, indicating that
at this interface the graft copolymer forms a coherent film
which retards interdroplet film drainage. The results show
that films with larger values of the interfacial rheological
parameters produce a more stable emulsion owing to an in-
crease in the mechanical strength of the interfacial film and
its ability to respond to local thickness variations.

Zhang and coworkers (237, 238) studied aqueous solu-
tions of polyacrylamide (PAAM) mixed with three different
surfactants at the hexadecane/water interface, using a rota-
tional torsion viscometer. The structure of the interfacial
films were shown to be dependent on the shear rate. Based
on the experimental results, a mechanism for PAAM-sur-
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factant interactions was proposed. The interfacial viscosity
decreased with ionic surfactant concentration. They sup-
posed that the polymer-surfactant interaction model
changes with surfactant concentration. For nonionic surfac-
tants the interfacial viscosity was relatively higher and in-
dependent of the concentration.

The authors did not find an indication that the interaction
model changes by increased nonionic surfactant concentra-
tion.

In pharmaceutical and food technology, emulsion pro-
teins are often used as stabilizers. The importance of inter-
facial shear rheological properties on protein stabilized
emulsions was reviewed by Murray and Dickinson (223)
and Murray (224). The influence of covalent cross-linking
with transglutaminase on the time-dependent surface shear
viscosity of adsorbed milk protein films at the n-tetrade-
cane/water interface has been investigated by Faergemand
et al. (239). They studied the influence of sodium caseinate,
o (g1)-casein, B-casein, and B-lactoglobulin. Proteins were
adsorbed from 10wt % aqueous solutions at pH 7, and ap-
parent surface viscosities were recorded at 40°C in the pres-
ence of various enzyme concentrations. Results for casein
systems showed a rapid enhancement in surface viscoelas-
ticity due to enzymic cross-linking with a substantially
slower development of surface shear viscosity for o(g1y-
casein than for B-casein. While adsorbed 3-lactoglobulin
showed less relative increase in surface viscosity than the
caseins, the results for f-lactoglobulin showed the presence
of a substantial rate of crosslinking of the globular protein
in the adsorbed state, whereas in bulk solution 3-lactoglob-
ulin was cross linked only after partial unfolding in the
presence of dithiothreitol. A maximum in shear viscosity at
relatively short times following addition of a moderate dose
of enzyme was attributed to formation of a highly cross-
linked protein film followed by its brittle fracture. Enzymic
cross-linking or protein before exposure to the oil-water in-
terface was found to produce a slower increase in surface
viscosity than enzyme addition either immediately after in-
terface formation or to the aged protein film.

Williams and Janssen (20) studied the behavior of
droplets in a simple shear flow in the presence of a protein
emulsifier. The effect of two structurally diverse protein
emulsifiers, B-lactoglobulin and B-casein, upon the break-
up behavior of a single aqueous droplet in a Couette flow
field has been studied over a wide range of protein concen-
trations. It was found that 3-casein and low concentrations
of B-lactoglobulin cause the droplets to be at least as stable
as expected from conventional theories based on the equi-
librium interfacial tension. In such cases the presence of the
emulsifier at the deforming interface is thought to enhance
the interfacial elasticity. This effect can be characterized by
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an effective interfacial tension, which is higher than the
equilibrium value. High concentrations of 3-lactoglobulin,
on the other hand, have been shown to cause droplets to be
less stable than would have been predicted from an equilib-
rium inter-facial tension model. It is thought that an inter-
facial protein network is formed, which limits the droplet
deformation and makes the droplet interface rigid with re-
spect to tangential stresses. As a result, the critical deforma-
tion and capillary number are found to be essentially
independent of the viscosity ratio. It is proposed that the in-
terfacial structure may be probed using a combination of
interfacial shear and dilational rheological measurements.
From this type of analysis it may be possible to predict the
break-up stability of droplets.

Ogden and Rosenthal (240) studied the influence of solid
particles (tristearin crystals) on the stability of protein-sta-
bilized emulsions. A Couette-type torsion-wire surface-
shear viscometer was used to measure the apparent
interfacial shear viscosity of pH 7 (/= 0.05 M) buftered so-
lutions of lysozyme, sodium caseinate, and Tween-40 in
contact with either n-tetra-decane or purified sunflower oil.
When proteins were present in the aqueous phase and tris-
tearin crystals in the oil phase, a synergistic increase in the
interfacial shear viscosity was observed. The magnitude of
the increase appeared to be independent of the type of pro-
tein, but depended on the nature of the oil phase. This in-
crease in the interfacial shear viscosity was not simply due
to the presence of protein reducing the interfacial tension
and thus affecting the adsorption behavior of the fat crys-
tals. When the aqueous phase contained a small-molecule
surfactant (Tween-40) instead of protein, keeping the same
interfacial tension, a significantly smaller increase in the
interfacial shear viscosity was observed. It therefore seems
likely that when proteins are present, hydrophobic peptide
residues interact with the tristearin crystals at the interface.
More recently, Ogden and Rosenthal (241) studied the in-
teraction of tristearin crystals with 3-casein at the sunflower
oil/water interface with the same measuring technique.

An example of shear viscosity measurements on a pro-
tein adsorption layer at a water/hexadecane interface, using
the biconical disc technique (231), is shown in Fig. 23.

At first, step-by-step increases in the protein concentra-
tion results in only rather small increases in the shear vis-
cosity. Above a certain concentration the viscosity increases
very strongly. At the water/air interface, in most cases, a
maximum in the concentration dependence of the shear vis-
cosity is found, which can be discussed on the basis of con-
formational changes in the interfacial layer. At the interface
between two liquids the situation seems to be more compli-
cated and qualitatively different results are obtained. The
differences may be connected with the additional freedom
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Figure 23 Interfacial shear viscosity of ABPI (bean protein) at the
water/hexadecane interface; protein concentrations: 10% ((J), 2
x 104% (A), 3 x 10%% (u), 4 x 10% (I).

of adsorbed protein molecules to entangle into the oil phase.
In this way also, at higher concentration, an unfolding of
adsorbed molecules at the water/oil interface can happen
while at the water/air interface, owing to the restricted
space, adsorbed molecules will have to remain in their na-
tive state as discussed by Wiistneck et al. (242).

VIIl. ELLIPSOMETRIC STUDIES

The properties of adsorbed layers at liquid interfaces can
be determined either indirectly by thermodynamic methods
or directly by means of some particular experimental tech-
niques, such as radiotracer and ellipsometry. For adsorbed
layers of synthetic polymers or biopolymers the advantages
of the ellipsometry technique become evident as it yields
information not only on the adsorbed amount but also on
the thickness and refractive index of the layer. The theoret-
ical background of ellipsometry with regard to layers be-
tween two bulk phases has been described in literature quite
frequently (243). In brief, the principle of the method as-
sumes that the state of polarization of a light beam is char-
acterized by the amplitude ratio |Ep|/|Es| and the phase
difference (5., — &) of the two components of the electric-
field vector £. These two components £, and E are paral-
lel (p) and normal (s) to the plane of incidence of the beam
and given by
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E, = |E, e
£ = R (108)

Changes in the state of polarization upon reflection at an
interface are given by

|Epl/1Ex|
la = 9
IFp1/1E5] e
A= (3 —8)— (8 —8) (110)

where tan W is the change in the amplitude ratio and A is
the relative phase change. The superscripts r and i denote
the reflected and incident beams. These two parameters are
the data usually determined in ellipsometric experiments;
however, under special conditions it is possible to estimate
only one (244, 245). In terms of the overall reflection coef-
ficients of the parallel R, and normal R¢ components of the
beam the total effect caused by the reflection can be written
as

R, _ Ey/E!
p=——=———=1tanVe 111
R, E}/E; (14
This equation is the so-called basic ellipsometric equation.
It contains R,, and R which depend on the optical proper-
ties of the reflecting system, the wavelength of the light A
the angle of incidence @ and the experimentally measurable
parameters Wand A. For the reflection at a clean interface,
the Rp and R are the Fresnel coefficients (246) of the single
uncovered interface. They depend only on the refractive in-
dices of the two adjacent phases and the angle of incidence.
For systems that do not absorb light the optical constants of
the two bulk phases (ambient and substrate media) are usu-
ally obtained from the experimental values of ¥ and A for
the clean interface (denoted by subscript “0” via Eq. (111).
For a layer-covered interface, multiple reflections and re-
fractions take place within the layer (Fig. 24).

\r{// [ e

'\ TN adsorbed layer (1)

substrate phase (2)

Figure 24 Multiple reflections and refractions in an inter-facial
layer.
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These effects are enclosed in the overall reflection coef-
ficients as

-
Foij + 1z e

7 =P (112)
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Equation (111), in terms of the ellipsometric angles A and
¥, then reads:
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In Eqs (112) and (113),r01j and 12 (j - p, s) denote the
Fresnel reflections coefficients at the 0-1, 1-2 interfaces of
the ambient medium (0), layer (1), and substrate medium
(2) in the reflecting system; 3 is the phase change of the
electromagnetic wave caused by the presence of the inter-
facial layer.

_ 2mdny cos g,

. P

(114)

Here, d is the thickness of the layer, ; is its refractive index,
and ¢ is the angle of refraction in the layer. When a thin
nonadsorbing, plane-parallel, homogeneous, and isotropic
layer, with d <A is present at an interface between two
phases (characterized by A and W Eq (113) yields (246):

_ 2mdny cos g,

. P

(114)

where n(y and n are the refractive indices of ambient and
substrate phases, respectively, ¢ is the angle of incidence,
and . For systems with a nonabsorbing ultrathin layer the
conditions of homogeneity and isotropy of the layer can be
invalid (for instance, for insoluble monolayers in the state
of a two-dimensional phase transition) (247, 248). In such
cases, Eq. (115) can be rearranged to obtain the following
relationship (which is exact up to the first-order terms in
d/n:

P (411:!)( sin ¢y tan g@yn, )
=A-Ag=~-[—
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In this equation the optical axis of the layer is assumed to

be perpendicular to the interface; 7| is the real part of the
refractive index of the layer perpendicular to its optical

(116)
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axis; n | is the real part of the refractive index of the layer
parallell to the optical axis.

The solution of Eq. (113) [or its simplified modification,
Eq. (114)] for the calculation of the reflection coefficients
is a standard task and is described in the literature, for ex-
ample, in Ref. 249. The inverse problem, calculation of the
refractive index and thickness of the adsorbed layer from
the measured ellipsometric angles A, AO, WV, and WV is un-
fortunately not so trivial. An analytical solution of these
equations is not possible, because the theory does not give
explicit expressions for the optical parameters 7] and dof
the layer. Therefore, a numerical evaluation, including iter-
ation procedures, is usually applied. Reasonable starting
values for the optical properties of the layer are inserted in
Eqgs (113) or (115) and the iteration process is continued
until a satisfactory agreement between the calculated and
measured values of A and A has been reached. Modern
computers and suitable software make such numeric calcu-
lations simple. For anisotropic, ultrathin adsorbed layers
even a numerical solution of the basic ellipsometric equa-
tion in the respective form Eq. (115) is impossible. These
layers have a negligible absorption and therefore the corre-
sponding change in one of the two ellipsometric angles is
not measurable (3'¥=0). In this connection the basic ellip-
sometric equation contains only one experimental parame-
ters and three further parameters are to be evaluated.
Therefore, it is clear that an infinite number of evaluated
parameters can agree with the measured value of §A.

To proceed and obtain some physical information, addi-
tional assumptions about some of the optical properties of
the layer are needed (247, 248). These can be derived from
sound theoretical considerations, taking into account the
structure of the layer and peculiarities of the molecules
forming the layer (247, 248).

Although the optical properties of the adsorbed layer by
evaluation of the ellipsometric data obtained are quite inter-
esting for its characterization, for inter-facial science the
information about the amount adsorbed at an interface is
especially important. In the calculation of this quantity,
however, the problem appears to be of a proper proportion-
ality between the layer properties provided by ellipsometry
and the adsorbed amount. Recently, it was shown that for
ultrathin adsorbed layers of conventional soluble surfac-
tants ellipsometry is insufficient and additional experimen-
tal methods are required (245, 250). Relatively thick layers
are also often not homogeneous in the bulk (substrate) nor-
mal to the interface. In this case the refractive index and
the thickness of the layer calculated from the experimental
values of 6 A and 8 A represent mean optical quantities. If,
additionally, the refractive index nq is a linear function of
the solute concentration in the layer:
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where ¢(z) is the solute concentration in the layer as a func-
tion of the distance from the interface (z = 0) to the bulk,
and c(°) is the solute concentration in the solution. The ad-

no=mn+ QE[('[:} — ¢(00)) (117)
de

sorption I' can be unambiguously calculated from the aver-
age layer thickness d,,, and the average refractive index
nay:

these simplifying assumptions are commonly used in the
ellipsometric studies of different layers of synthetic poly-
mers of biopolymers. At the same time it has been accen-

da\ (Myay — 12)

- 118
J dn/dc b

tuated for such applications that the adsorbed amount can
be determined more accurately than the layer thickness and
refractive index, especially at low interfacial coverages
(251).

Ellipsometry is a well-established experimental method
for thin-film investigations and nowadays numerous mod-
ifications of experimental set-ups exist (252). When ultra-
fast measurements for monitoring very rapid processes is
not necessary, a conventional PCSA null-ellipsometer set-
up is often used. The scheme of such an apparatus is shown
in low-capacity laser serves as light source (beam
diameter of about 0.5-1 mm), and the beam passes through
the first quarter-wave plate to produce circularly polarized
light. The light is then linearly polarized by a Glan-Thomp-
son prism mounted in a rotatable divided circle which can
be read with a very high precision. The second quarter-
wave plate and the analyzer (a second Glan-Thompson
prism) are mounted in a similar manner as a polarizer. A
photodiode detector is normally used. Both incidence and
reflection arms are motorized and computer controlled; the
highly precise motors rotating the polarizer and analyzer
are also controlled by the computer.

For ellipsometric investigations of liquid/liquid inter-
faces numerous measuring cells have been developed. One
example is presented schematically ir{ Fig. 26

For such ellipsometric experiments the cett nust be very
carefully positioned to place the interface between the two
liquids exactly in the ellipsometer axis. The angle of inci-
dence and the angle formed by the two side-walls of the
cell must be equal with high accuracy to avoid changes in
the state of light polarized upon passing through the cell.
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Figure 25 Principle of an ellipsometer set-up.

The measuring procedure by means of the PCSA null-el-
lipsometer is an experimental routine and typically com-
puterized (253).

Although ellipsometry is well established as an experi-
mental technique for the investigation of adsorbed layers,
the number of studies at fluid/liquid interfaces is relatively
small. Ellipsometry was used for investigation of the layer
thickness between two immiscible liquids near the critical
point (254, 255). This technique was also quite often used
for in situ studies of the adsorption kinetics at an air/protein
solution surface or polymer monolayers at an air/water in-
terface (251, 256). It was also shown that ellipsometric re-

sults obtained at the same interface for conventional soluble
surfactants or insoluble monolayers cannot be unambigu-
ously interpreted by the standard formalism (244, 245,
247). The application of ellipsometry to the study of coales-
cence phenomena in emulsion systems was recently re-
ported (257). The newly developed technique of
dual-wavelength ellipsometry was used for investigation of
the thinning of liquid films between two droplets in an
emulsion. A comparison with independent methods shows
satisfactory agreement and, hence, ellipsometry can also be
applied to such systems.

first liquid (bulk)

Figure 26 Measuring cell for ellipsometric studies at liquid/liquid interfaces.
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IX. HLB CONCEPT

Surfactants are the compounds at an interface that reduce
the interfacial tension. It follows from thermodynamics,
that this property is due to the ability of these compounds
to undergo the transfer from within an adjacent fluid (liquid
or gas) phase to the interface. In fact, this ability is just the
adsorption phenomenon. Clearly, an accumulation at the in-
terface is possible for substances consisting of two parts,
each of them separately exhibiting the affinity to one of the
contacting phases. Such a property is characteristic of am-
phiphilic molecules possessing polar (hydrophilic) and non-
polar (lipophilic) parts.

With respect to the properties of polar groups, surfac-
tants can be subdivided into ionic (cation- and anion-active,
ampholytic, and zwitterionic) and nonionic surfactants. If
the effect produced by the polar group of the surfactant
molecule is more significant than that of the lipophilic
group, this substance is soluble in water. It is less surface
active as compared to any substance characterized by an
optimum balance between the activities of hydrophilic and
lipophilic groups. Similar conclusions can be drawn also
with respect to the solubility in oil: here, the role of the
lipophilic group is determining. Clearly, the efficiency of a
surfactant is not determined solely by the amphiphilicity,
but depends on the hydrophilic/lipophilic balance (HLB)
characteristic for this compound. Therefore, this balance is
an important characteristic of both the surfactant and the
interface.

The first attempt to estimate this hydrophilic/lipophilic
balance quantitatively was made by Griffin, who introduced
a scale of HLB numbers (258). The initial aim for this clas-
sification of surfactants with respect to HLB numbers was
to permit the optimum choice of emulsifiers. Subsequently
the same method was applied to wetting agents, detergents,
etc. The approach proposed by Griffin was further devel-
oped and generalized in a number of review papers (259,
260), presenting methods used to determine and calculate
HLB numbers for various surfactants. Recently, the HLB
concept was analyzed by Rusanov (261) and Kruglyakov

Table 2 HLB Numbers of Tritons X, According to Sigma Chemical
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(262). In this last book one can also find an extensive bib-
liography related to Griffin’s HLB numbers. The Griffin
HLB scale extends from 1 (for extremely lipophilic oleic
acid) to 40 (extremely hydrophilic sodium dodecyl sulfate),
with a mean HLB value taken to be 10. It is assumed that
for the mixture of two or more surfactants, the HLB number
additively depends on the HLB numbers of the individual
surfactants. Therefore, to determine the HLB number for a
surfactant, first the emulsifying ability of this substance is
measured, and then that mixture of two surfactants with
known HLB numbers is determined which possesses the
same emulsifying ability. For the stabilization of oil-in-
water emulsions, surfactants with HLB numbers in the
range 9-12 are optimal, while to stabilize water-in-oil emul-
sions, more lipophilic surfactants, possessing HLB numbers
in the range from 4 to 6 should be used. As an example, the
HLB numbers data are listed below (Table 2) for Tritons X,
the substances with the general chemical formula:

CH; CHs
H3c_+-CH2-i—< >—o(CHQCHzo;-H
CHy; CHs

here N is the mean number of oxyethylene groups, and MW
is the mean molecular weight.

The stability of an emulsion depends not only on the sur-
factant type, but also on the nature of the organic phase. To
characterize the oil phase, the concept of a necessary (re-
quired) HLB number is used. This number is taken to be
equal to the HLB number of the surfactant which ensures
the best possible emulsification of the oil. Tables of neces-
sary HLB numbers for various oils were published in Ref.
258. For example, with respect to oil-in-water emulsions,
the necessary HLB number is 17 for oleic acid, 15 for
toluene, 14 for xylene and cetyl alcohol, 10.5 to 12 for min-
eral oils, 7.5 to 8 for vegetable oils, 5 to 7 for vaseline, and
4 for paraffin. In Refs 263 and 264 the necessary HLB num-
bers for various oils are compared with the relative dielec-
tric permittivity of the oil €. In the series of saturated
hydrocarbons, a weak inverse dependence between the nec-
essary HLB number and e was observed (264); e.g., € =

Triton N MW HLB Triton N MW HLB
X-15 1 250 3.6 X-102 12-13 756 14.6
X-35 3 338 7.8 X-165 16 910 15.8
X-45 5 426 10.4 X-305 30 1526 17.3
X-114 7-8 536 124 X-405 40 1966 17.9
X-100 9-10 625 13.5 X-705 70 3286 18.7
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2.036 and HLB = 8 for tetradecane, while ¢ = 1.8 9 and
HLB = 10.5—11.0 for hexane. On the other hand, for var-
ious oils a slight increase of the necessary HLB number
takes place with increasing dielectric permittivity. All em-
pirical dependence between the necessary HLB number and
surface tension or molar volume of oil were proposed, in
Ref. 262. It should be noted that the necessary HLB values
estimated for the same oil using various methods can differ
from each other: for example, the data present in Refs 263
and 264 exceed those listed in Ref. 258.

The attempts to rationalize Griffin’s HLB scale from a
physicochemical point of view were made in a number of
studies. Various correlations were shown to exist between
the HLB numbers and the chemical structure or molecular
composition of the surfactants. Correlations were also
found between the HLB number and physicochemical
properties of surfactants and their solutions, for example,
surface and interfacial tension, solubility, and heat of solu-
tion, spreading and distribution coefficient, dielectric per-
mittivity of the surfactant, cloud point and phase inversion
point, critical micelle concentration, foaminess, etc. These
studies are reviewed in Ref. 262. However, the correlations
found are not generally applicable; moreover, the concept
of the additivity of HLB numbers as such for mixtures of
surfactants or oils cannot be proven expermentally when
the surfactant characteristics are varied over a wider range
(265).

An important contribution to the HLB concept was made
by Davies (266, 267), where the so-called group numbers
were introduced, that is, HLB numbers which correspond
not to the molecule as a whole entity, but to the constituting
groups (molecular structural units). Once the group num-
bers g; are known, one can calculate the HLB number from
the chemical formula of a surfactant using the equation:

HLB=7+) g (119)

Miller et al.

For hydrophilic groups g; > 0, while for lipophilic groups
g; < 0. The group numbers for some groups calculated by
Davies (266, 267) are listed in Table 3.

From analysis of the destruction rates for oil-in-water
and water-in-oil emulsions, Davies was able to relate the
group numbers with the ratio of coalescence rates for these
two types of emulsion. Another correlation was shown to
exist to this ratio and the two equilibrium concentrations of
the surfactant in the aqueous and oil phases, (¢"/c*—-
distribution coefficient). Finally, the Davies’ theory leads
to the relation:

HLB = 7+ 0.361In(c"/¢°) (120)

Comparing this expression with Eq. (10), which deter-
mines the difference between the standard chemical poten-
tials of surfactants in the aqueous and oil phases (i.e., by
the definition of the free energy of the surfactant transfer
from the oil phase into the aqueous phase):

o — g = RT In K} (121)

where It can be easily seen that the HLB is related to the
free energy (or the work of transfer) of the surfactant (w"°)
from one phase (water) to the other (oil). Therefore,
w"°=RTIn(c"/c’), and, consequently, the energetic interpre-
tation of HLB numbers can be presented as

HLB = 7+ 0.36w"°/RT (122)

It is seen from the comparison of Eqs (119) and (122)
that the additivity of HLB numbers follows from the addi-
tivity of the transfer work, because the group numbers in
Eq. (118) are proportional to the partial values of transfer
work w;*° characteristic to the individual groups which con-
stitute the surfactant molecule:

gi = 0.36w"°/RT (123)

The transfer work can be calculated from the coefficient
K of the surfactant distribution coefficient between the two
phases. The values of transfer work for a number of sub-
stances are tabulated, for example, in Ref. 262. For a ho-

Table 3Group Numbers for Some Chemical Groups Calculated by Davies (266, 267)

SO4Na 38.7 OH 1.9
COOK 21.] % o 1.3
COONa 19.1 (CH,CH,-0) 0.33
N* (tert, amine) 94 CHy—, —CHy—:. -CH —0.475
COOH 2.1 Benzyl —1.66
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mologous series of a surfactant, the transfer work can be
expressed as

wY/RT = a — bn, (124)

where a and b are constants which correspond to the trans-
fer energy of one hydrophilic group and one methylene
group, respectively, and 7. is the number of carbon atoms
in the lipophilic part of the molecule. Similar relations are
valid also for nonionic surfactants where the specific energy
of transfer is calculated per oxyethylene group. If an ener-
getic equilibrium exists between the hydrophilic and
lipophilic parts of the surfactant molecule, i.e., w*°/RT =0,
then it follows from Eq. (122) that the HLB = 7. For exam-
ple, with respect to the series of aliphatic acids, according
to the condition a— bc,, = 0, pentanoic acid is hydrophilic,
while hexanoic acid, the next in the series, is lipophilic.
Similarly, for the Tritons X homologous series, X-35 is hy-
drophilic, while X-15 is lipophilic.

While the HLB number concepts proposed by Griffin
and Davies certainly facilitate the choice of surfactants and
oils with regard to their practical applications, the theoret-
ical deficiencies of these systems are also well known, and
were discussed in a number of publications. For example,
the additivity principle of the Griffin HLB with respect to
mixtures of surfactants is held only within a rather narrow
range of surfactants’ HLB and necessary HLB numbers for
oils (265, 268, 269). No account is taken for the concentra-
tion of surfactants, the temperature, or admixtures of elec-
trolytes and other substances. When HLB numbers for
nonionic surfactants are calculated from the Griffin equa-
tion [see (258)], the hydrophility is estimated only from the
mass portion of oxyethylene groups, regardless of their lo-
cation and the structure of the lyophilic chain. To take ac-
count of these effects and the influence of the medium, both
for nonionic and ionic surfactants, the concept of effective
HLB values was introduced (270, 271). It was shown that
the addition of acetone, urea, dioxane, and other substances
lead to the increase of the effective HLB numbers for non-
ionic surfactants, while the addition of glycerine, on the
contrary, results in a decrease of the HLB value. The addi-
tion of alcohols and polyethylene glycols lead to more com-
plicated changes in the HLB values (270, 271).

In the framework of Davies’ concept, the relation [Eq.
(119)] is empirical. This relation implies the additivity of
group numbers. There is evidence for the fact that the hy-
drophilicity and lyophilicity of various groups depend on
their position in the molecule; this is true, e.g., for isomers.
The location of the benzene ring within the alkyl benzene

Copyright © 2001 by Marcel Dekker, Inc.

37

sulfonates affects the distribution coefficient between water
and oil, that is, the HLB value. Similar effects were ob-
served with respect to the location of the polar group in the
molecules of sodium alkyl sulfates (272). Principal rela-
tions of the Davies theory were derived from the analysis of
the emulsion coalescence rates, where the Smoluchowsky
theory was applied. In this analysis, no account was taken
for the difference, which exists between emulsions of low
stability, described by this theory, and stable emulsions
where the coalescence stage is regulated by the properties
of thin liquid films. The assumption of the Davies’ model
that the repulsive energetic barrier in oil-in-water emulsions
does not depend on the lyophilic chain length, while for
water-in-oil emulsions this barrier does not depend on the
nature of polar groups, contradicts experimental data. Also,
some arbitrariness exists in the relation between the behav-
ior of emulsions and HLB numbers. According to Davies,
values of HLB > 7 correspond to stable O/W emulsions,
while stable W/O emulsions can be obtained for HLB < 7.
It was shown experimentally, however, that the formation
of stable O/W emulsions is possible for HLBs in the range
2-17, while the HLB interval corresponding to stable W/O
emulsions is 2 to 10, see Ref. 262. Also the influence of the
concentration of a surfactant on the type and stability of the
emulsion remains unclear. For example, at low concentra-
tions O/W emulsions are stable, while when the concentra-
tion exceeds 4-6%, a phase inversion takes place, which
results in the formation of stable W/O emulsions (267,
273). A comparison between the HLB numbers of Griffin
and Davies was made in a number of studies, for example,
in Refs 262 and 274). For nonionic surfactants, these num-
bers are mutually inconsistent.

The HLB scale of Davies is based on the difference be-
tween the work of transfer of a surfactant molecule (or its
constituents) from the vacuum into aqueous and oil phases.
It can be expected that, similar to this difference, the ratio
of these values can be used as a measure for the HLB (261).
The work of surfactant transfer into a phase from the vac-
uum can be calculated as w = wj, + w;, where the sub-
scripts “h” and “1” refer to the hydrophilic and lipophilic
parts of the surfactant molecule, respectively. This leads to
the definition of the HLB indices (261):

x =w¥/w® = (wy +w")/(w +w)) (125)

X1 = who /™ = (wh — wp)/(wf — w'), (126)

where wy,"° is the work required for the transfer of the hy-
drophilic group from the aqueous phase into the oil phase,
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and w;°" is the work corresponding to the transfer of the
lipophilic group from the oil phase into water. If a balance
between the hydrophilic and lipophilic group exists, then X
=X1=1 The HLB index X'can be either positive or negative,
with lipophilic substances corresponding to — % < X< 1,
while for hydrophilic substances 1 <.x'< . The index x4
being the ratio of two positive values, is positive. Using Eq.
(117), one obtains from Eqs (125) and (126):

x=1—(RT/w")In(c*/c®) (127)

xi =1 —=(RT/w™)In(c*/c°) (128)

It is seen that, unlike the scale by Davies, where the dis-
tribution coefficient of the surfactant is only necessary to
calculate the HLB, to determine X and X7 one requires
some additional information regarding the work necessary
for the transfer of the surfactant into the oil phase, or the
difference between the works of transfer of lipophilic group
from the oil phase into the aqueous one. Also, the ratio:

X2 = wh /W (129)

is used as HLB index (275). This value is always possible,
being the ratio of two negative values. The disadvantage of
the indices x,x{, and xxy compared with Griffin’s and
Davies’ HLB numbers is that they are not additive.

A number of attempts have been made to estimate the
HLB from the comparison of the work of surfactant-mole-
cule transfer not between the adjacent bulk phases, but from
bulk phases into the surface layer, that is, to use the adsorp-
tion work as basis for such estimates. The adsorption work
from the aqueous phase is w(z) — w", while the adsorption
work from the oil phase is given by the relation w(z) — w.
Here, z is the coordinate of the hydrophilic-lipophilic center
(HLC) of a surfactant molecule, which corresponds usually
to the minimum of w(z) (261). This minimum work of
transfer of a surfactant molecule corresponds to the maxi-
mum at the plot of the concentration distribution in the sur-
face layer. Usually the location of the minimum of u(z)
(i.e., HLC) is displaced from the geometric interface to-
wards the aqueous phase. It is seen from the above relations
that the adsorption work, unlike the work of transfer from
bulk phases, is not a definite and unambiguous characteris-
tic. Usually the local value of the work w{z) is substituted
by the mean (integral) work w?, related to the entire adsorp-
tion layer. Due to the inhomogeneity of the interface region,
the adsorption work cannot be calculated additively from
the work of adsorption for particular groups of the mole-
cule, because these work values depend on the location of
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the group within the surface layer. Clearly, an interrelation
should exist between the adsorption work and HLB charac-
teristics. A trivial approach is based on the comparison of
the adsorption work differences. In this case the difference
between the adsorption works is just the work necessary for
the transfer of the surfactant molecule from one phase into
another; this work is the basic value in Davies’ concept.
The ratio of adsorption works, the so-called hydrophilic-
oleophilic ratio (HOR) is often used (261, 262, 276-278):

HOR = w" /w™ (130)

Various expressions for HOR were proposed, expressed
via the surfactant distribution coefficient between the
phases, and the surfactant’s adsorption activity (5). The ad-
vantage of HOR as compared to the HLB system is that,
for a particular choice of the standard state, this index does
not depend on the surfactant concentration, the type of the
organic phase, or the presence of various additives soluble
in water and oil. Methods were also proposed to determine
the HOR for mixtures of surfactants (262). For these sys-
tems, however, this index is not additive anymore. The
HOR values for mixtures are shifted towards that character-
istic for the component which possesses the higher value
of the distribution coefficient. Another deficiency of the
HOR concept is its suggestiveness: it was mentioned above
that this value depends on the coordinate of the HLC. How-
ever, for the HOR values other than unity, the HLC posi-
tion-dependent work of the introduction of a surfactant
molecule into the surface layer is uniquely determined by
the HOR.

To summarize, among all the proposed characteristics of
the HLB, Davies’ HLB scale is the most substantiated and
most widely used, in spite of the number of deficiencies
noted above. Here, the recent publication (279), which re-
lates the electroacoustophoretic behavior of emulsions with
Davies’ HLB numbers, can be referred to as an example.

X. CONCLUSIONS

The behavior of emulsions as a particular type of disperse
system is controlled by many factors. There is a large num-
ber of properties of the corresponding liquid/ liquid inter-
face which can be determined by well-established methods,
such as dynamic surface tensions, adsorbed amount, ex-
change of matter across the interface, and dilational and
shear rheology. Although first models exist, a general view
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does not exist yet of how important the individual proper-
ties are in respect of emulsion stability or its destabilization.
In practice, personal experience and trial and error proce-
dures are most frequently used so far. The access to quan-
titative methods and extensive studies of model systems
will for sure improve the possibilities of designing emul-
sions with a predefined behavior. This contribution only
summarizes the experimental possibilities at extended lig-
uid interfaces rather than providing a link to particular
emulsion properties. An overall understanding of real emul-
sions will certainly require the study of the entire present
encyclopedia, and then still questions remain open to be an-
swered in future work.
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NOMENCLATURE

A surface area

Ay surface area at equilibrium

¢ concentration

¢, ¢® concentration in the aqueous and oil phases
D diffusion coefficient

d4 change in interfacial area

dW4 mechanical work due to interfacial tension
ffrequency

g gravitational acceleration

HLB hydrophilic/lipophilic balance

k rate constant of transition from state | into state 2
K distribution coefficient

MW molecular weight

N* total interfacial mole number

P pressure

r bubble radius

R gas constant

¥eap capillary radius

S interfacial entropy

t time

T absolute temperature

U4 interfacial internal energy

V volume
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W integral work
x direction normal to the interface
z coordinate normal to the surface

Greek symbols

a a constant

B = (@)1 /)"

v surface tension

Y0 surface tension of the pure solvent
I' =T"1I'; total adsorption

d relative oscillation amplitude

AH; molar standard enthalpy of transfer
Amp density difference

g4 dilational elasticity

n dilational viscosity

N shear viscosity

O relative area change

A=k/w dimensionless rate constant
p? interfacial chemical potential
IT=vq-y surface tension

1,0 partial molar areas

@ — 2nf circular frequency
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