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Abstract: The interpretation of intramicellar solubilization data obtained from
semi-equilibrium dialysis (SED) experiments is described, and methods are
presented for determining equilibrium constants for the sclubilization of
organic species by aqueous surfactant solutions as well as activity coefficients of
both the organic solute and the surfactant within the micelle. The solubilization
equilibrium constant of an organic solute in an aqueous micellar solution (K) is
defined as the ratio of the mole fraction of organic solute in the micellar
“pseudophase” (X) to the concentration of the unsolubilized monomeric or-
ganic solute in the aqueous phase (cy). Expressions compatible with the
Gibbs-Duhem equation are used to represent the concentration dependence of
activity coefficients of both the sclubilizate and surfactant in the micellar
pseudophase; the analysis leads to calculated values of the concentrations of
free and intramicellar surfactant and organic solute in both compartments of
the equilibrium dialysis cell. Solubilization equilibrium constants for many
amphiphiles are well correlated by the simple expression K = Ko(1 — BX)?,
where B is an empirical constant and K, is the limiting value of K as X ap-
proaches 0.
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Introduction

Equilibrium dialysis has been used for many
decades in binding studies [1-3], including invest-
igations of the solubilization of organic solutes by
aqueous surfactant micelles. The technique and
principles underlying the method are quite simple:
a solution containing a macromolecule (e.g.,
a protein or other soluble polymer) and a solute
that binds to the polymer is placed in one com-
partment of the dialysis cell and the pure solvent
(including added electrolytes, if required) is placed
in the other. A membrane having a molecular
weight cut-off (MWCO) value small enough to
prevent transfer of the macromolecule separates
the two compartments. After a suitable equilibra-
tion period, both the permeate (in solution not
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containing the added macromolecular species)
and the retentate (the solution containing the
macromolecule) are analyzed to determine the
equilibrium concentrations of the small molecular
solute. If necessary, the retentate is analyzed to
determine the final concentration of the large mo-
lecular species (which may differ from the initial
concentration owing to influx of solvent into the
retentate or leakage of the macromolecule into the
permeate). Assuming that the small molecule
reaches equilibrium, and neglecting the presence
of any of the macromolecular species in the per-
meate compartment, one ordinarily equates the
concentration of organic in the permeate com-
partment to that of the “free” organic species in
the retentate, and thereby infers the concentration
of “bound” organic solute by difference.
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Precisely the technique described in the preced-
ing paragraph has been used to estimate the
extent of binding or solubilization of organic sol-
utes by surfactant micelles, neglecting complica-
tions caused by leakage of the surfactant into the
permeate compartment [4-8]. Unfortunately, in
such experiments, the concentration of surfactant
in the permeate compartment (after equilibration
periods of 20 to 24 h) usually somewhat exceeds
the critical micelle concentration (CMC) [9], in-
dicating that micelles are -able to form in the
permeate, and suggesting that some of the organic
solute in the permeate compartment will be
bound to or solubilized by the micelles. Thus, the
simple interpretation of equilibrium dialysis data
— in which the total concentration of the organic
solute in the permeate is equated to the concentra-
tion of free molecules of the solute — is subject to
considerable error. The presence of bound organic
molecules in the permeate must be accounted for
in order to infer reliable values of solubilization
partition or binding coefficients.

Work from our laboratories has led to the de-
velopment of a modified equilibrium dialysis
method, which we refer to as “semi-equilibrium
dialysis” (SED), and which differs from conven-
tional equilibrium dialysis primarily in the math-
ematical analysis of data [9-23]. Studies of
numerous organic solute/surfactant micelle sys-
tems indicate that corrections for the presence of
micellar surfactant and solubilized organic solute
in the permeate compartment are particularly im-
portant when binding constants between the
micelles and the organic solute are large or when
the surfactant has large values of the CMC. It is
the purpose of the present article to indicate how
data are obtained and analyzed to infer solubiliz-
ation equilibrium constants under a wide range of
conditions.

Description of the method

Figure 1 indicates the arrangement of the two
compartments of an equilibrium dialysis cell. In
our studies of surfactant solutions, we have uti-
lized cells having compartments containing app-
roximately 5ml of solution, and employing
regenerated cellulose membranes (MWCO =
6000 dalton). Initially, a solution containing sur-
factant and organic solute (e.g., 0.100 M hexa-
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Fig 1. Representation of the Semi-Equilibrium Dialysis
(SEDj) Cell

decylpyridinium chloride (CPC) and 0.025M
p-chlorophenol) is placed in the retentate com-
partment, and pure water is placed in the per-
meate. If replicate cells are assembled and loaded
with the same retentate solution, results can be
obtained corresponding to arbitrary periods vary-
ing from a few hours to several days. Typically,
plots of the concentration of CPC and organic
solute in the permeate vs. time will resemble those
shown in Fig. 2. The total concentration of CPC
in the permeate, [CPC], reaches a value near the
CMC at approximately 6 to 10 h, and increases
slowly thereafter; it would literally require years
for the concentrations of CPC to reach the same
value in both compartments. Similarly, the con-
centration of organic solute in the permeate, [O],
rises rapidly at first and then less rapidly after
810 h. When careful measurements of the or-
ganic concentration are made, it is determined
that [O] continues to increase in proportion to
the increase in total concentration of CPC [9, 24].
Strictly speaking, neither component reaches
thermodynamic equilibrium, because the presence
of more and more CPC micelles in the permeate
causes an increasing concentration of the organic
solute to be extracted into that compartment. But
it seems appropriate to describe the situation ob-
taining in the cell, after equilibration time of
at least 16 h, as being that of semi-equilibrium,
in which the organic solute is present at any

-instant in both compartments at the same thermo-

dynamic activity (or monomer concentration). In
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Fig. 2a. Transfer of n-hexadecylpyridinium chloride through
membrane for an initial concentration of 0.2265 mol/l1 in the
retentate solution
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Fig. 2b. Transfer of phenol through membrane for an in-

itial concentration of 0.0122ml/l in the retentate solu-
tion. :

the following section, we describe methods used to
analyze data (collections of [O],.,, [CPC],.,
[Oliet, and [CPC],.,) to infer values of equi-
hibrium extent of solubilization of the organic
component in the micelles present in either com-
partment. In these symbols, brackets [ ] denote
total or analytical concentrations and the sub-
scripts per and ret indicate permeate and retentate
compartments.

Mathematical analysis of data

The total concentration of surfactant in either
compariment may be expressed as

[CPCY = ccpc, monomer + [CPClamic » (1)

Where cepc, monomer a0d [CPC],;;. denote concen-
trations of surfactant in monomer and micellar
forms, respectively. Similarly, the total concentra-
tion of organic solute in either the permeate or the
retentate solution can be written

[O] =Cp + [O]mic > (2)

where ¢, is the concentration of monomeric or-
ganic solute and [O],,;. is the concentration of
organic solute associated with surfactant micelles.
Now the assumptions made in the SED method
imply that ¢, will be the same in both compart-
ments (neglecting medium effects on the activity
coefficient of the organic solute in monomeric
form in the two compartments). By applying
Eq. (2) to both the retentate and permeate, we can
write:

[Olret/[OJper = {0 + [Olmic, et} /{0
+ [O0Jic, per}
= [1 3 [OJmic, rer/ 0]/ [1
+ [OJumic, per/Col - G)

Next, we assume that the ratios [O] e ret/Co and
[Oluic,per/co In Eq.(3) are both equal  to
k[ CPCJ ., where [CPC] ;. is the micellar con-
centration of CPC in the corresponding com-
artment (either retentate or permeate) and the
proportionality constant k is a partition coeffic-
ient for the organic species between the “bulk”
aqueous solution and the intramicellar
“pseudophase”. (The reasonable assumption is
made that x is the same on both sides of the
membrane.) By making the substitution
[Olmic/co = K[CPClmio, we can rearrange Eq. (3)
to obtain:

K= { [O]ret - [O]per}/{[O]per[CPC]mic,ret
- [O]ret[CPC]mic,_per} . (4)

Of the four concentration terms in Eq. (4), both
[Ol;ec and [O],.. are directly measurable, and
[CPClue,ree is In most experiments practically
equal to the total concentration of CPC in the
retentate. The remaining term, [CPCluyic, per
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causes the major difficulty in the calculation of x.
When x is less than about 1000 M ™!, complica-
tions caused by the presence of micelles of [CPC]
in the permeate are less important, and it is usu-
ally possible to make good estimates of the effects
of total concentrations of the organic solute and
CPC on the relative concentrations of surfactant
monomers and micelles in the permeate compart-
ment. The Appendix to this paper summarizes
methods in which the Gibbs—Duhem equation is
applied to components within the micelle in order
to infer values of the concentrations of monomeric
and micellar species in the permeate. These pro-
cedures also yield values of the activity coefficients
of both the organic solute and the surfactant in
the intramicellar pseudophase.

Solubilization equilibrium constants and solute
activity coefficients

The partition ratio, x, was defined in the pre-
ceding section as [Ol;e/{co [CPCly;c}- This con-
stant may also be thought of as a mass action
equilibrium constant for the reaction O (in bulk
aqueous solution) + CPC (in micellar form)
= O (in micellar form); x has been interpreted in
this way in many studies of the solubilization of
organic solutes by surfactant micelles [25-32].
However, for many purposes it is more convenient
to define an equilibrium constant by the equation

K - [O]mic/{co([cpc]mic + [O]mic)}
= X/co (5)

where X is the mole fraction of the organic solute
in the micelles. Using the logic of the SED
method, X should be the same in the permeate
and retentate solutions, because both K and ¢,
are constant for a given intramicellar composition
(again neglecting any effects of differences in the
media on the activity of the organic species)
[9-12]. K and x are simply related by the equa-
tion K = (1 — X)x. A major research goal in our
laboratory has been to determine how K (or k)
depends on X for given solutes; plots of K vs
X are referred to as “solubilization isotherms”
[33].

One advantage of defining an equilibrium con-
stant, K, by Eq. (5) is that this constant is closely
related to the activity coefficient of the organic

solute in the “intramicellar solution”. A com-
monly used model for micellar solutions is one in
which the monomers and micelles of the surfac-
tant are assumed to form separate pseudophases
that in many ways resemble co-existing liquid and
vapor phases; the micellar phase is treated as
analogous to the liquid phase and the monomer
phase as analogous to the vapor phase. For spar-
ingly soluble compounds, the activity of the solute
in the micellar phase is usually equated to co/c,
where ¢ is the saturation concentration of the
organic solute in water (or in the electrolyte solu-
tion being employed). Thus, knowledge of the
concentration of organic monomers in the bulk
aqueous phase provides a measure of the escaping
tendency of the organic component from the
micellar phase. If the intramicellar solution were
ideal, co/c§ would simply be equal to X, and the
solution would be said to obey Raoult’s law.

One can define an activity coefficient for the
organic solute by the equation

o = solute activity/X = (co/cd)/X , (6)

where values of y, > 1 characterize solutions de-
viating positively from Raoult’s law; values of
yo < 1 imply negative deviations, and yq = 1 de-
fines an ideal solution [19-21]. v, is simply inter-
preted as the relative volatility of the solute O; the
value of y, is a direct measure of the escaping
tendency of the solute from the micelle, compared
to its escaping tendency from a solution obeying
Raoult’s law. For example, the activity coefficient
for cyclohexane in CPC micelles at X = 0.1 is
approximately 3 [24], and this implies that cyclo-
hexane has three times the volatility from the
micellar phase that it would have from an ideal
solution in which X = 0.1 . What is impressive
about the value of the activity coefficient in this
system, however, is not the fact that it is greater
than 1, but that it is so much smaller than the
activity coefficient of cyclohexane in water, a con-
stant having a value on the order of 10°. This
comparison makes it clear that the intramicellar
environment is many orders of magnitude “more
hospitable” to cyclohexane than pure water itself.
By combining Egs. (5) and (6), we obtain the rela-
tion

o = 1/(KcP) , (7)

which relates the relative escaping tendency of
organic solutes from the micelle (on the basis of
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pure component standard states) to both the
solubilization equilibrium constant and the solu-
bility of the solute in water.

Analysis of SED data to obtain solubilization
constants

As noted above, at semi-equilibrium the mole
fraction of organic solute in the surfactant micelle
should be the same in the micelllar pseudophase
on either side of the dialysis membrane; this im-
plies that the dependence of y, and ycpc (the acti-
vity coefficient of CPC in the micelle) should also
be the same in the permeate as in the retentate
solution. In the retentate solution, at surfactant
concentrations exceeding a few hundredths molar,
the fraction of CPC in the monomeric form is
almost negligible. One can relate the CMC of the
solution (which is the same as the concentration of
surfactant in monomeric form) to the concentra-
tion of free counterion (Cl7) by the equation [34]

log(CMC) = — 0.6581og[C1 ] —5.02. (8)

This result implies that at total concentrations of
surfactant greater than 0.01 M, less than 4% of
the surfactant is in monomeric form. However, in
the permeate solution, the total concentration of
Cl™ is only on the order of 1 mM, so it is neces-
sary to consider the fraction of the surfactant in
both monomeric (CP*) and micellar forms.

By applying Egs. (1) and (2) to both the per-
meate and retentate solutions, and using the acti-
vity coefficient of the CPC to relate the monomer
and micellar concentrations of the surfactant in
each compartment, one obtains the set of equa-
tions:

[CPClyer = cepe, monomer, per T LCPClmic, per

= Yepc(l — X)CMC,,.; + [CPCliic, per
[CPClret = ¢cpe, monomer, ret + [CPCliic, ret

= Yepc(l — X)CMCot + [CPClinie, ret
[OJper = co + {X/(1 — X)} [CPClimic, per
[Olret = co + {X/(1 = X)}[CPClmic,ra  (9)

which involve the known concentrations
[CPClpers [Olpers [OJrer, and [CPClype rer By
solving the first two of Egs. (9) for [CPClic, per
and [CPCl e, rer, and substituting these expres-

sions into the equations for [O],., and [O],., one
obtains:

[OTper = Co + {X/(1 = X)}{{CPCT,w,
— Ycpc(l — X)CMCper}
and
[Oliet = co + {X/(1 = X)}H{[CPC],t
— vepc(l = X)CMC.o} (10)

Equations (10) involve four known concentrations
{[O]pera [CPC]pera [O]rela and [CPC]ret}and the
two known values of the CMC (CMC,,, and
CMC,, calculated from Eq. (8), as well as the
unknowns c¢g, X, and ycpe. Therefore, it is clear
that one additional equation relation among the
three unknowns must be found if the experimental
results of the SED method are to be analyzed to
obtain all of the required species concentrations
and the intramicellar mole fraction of surfactant
and organic solubilizate. The additional relation-
ship is in fact a form of the Gibbs—Duhem equa-
tion, applied to interrelate the activity coefficients
of CPC and O within the micelle [10-12, 17,
19-21, 35]. Equations analogous to those em-
ployed in treating nonideal solutions of nonelec-
trolytes are employed to represent the dependence
of ycpc and y, on X and hence to analyze collec-
tions of data obtained through ranges of relative
concentrations of organic solute and CPC in SED
experiments. Fortunately, at low values of X, the
activity coefficient of the surfactant in the micelles
remains close to unity (its limiting value as its
mole fraction in the micelle approaches 1), so for
many purposes, ycpc can simply be ignored in
Eqgs. (10), making it possible to solve these equa-
tions to obtain values of ¢cpc, monomer, pers Co» alid
X.

In numerous applications of the SED method
to study the solubilization of polar solutes in ionic
surfactant micelles, it has been found that the
equation

K =K, (1 — BX) (11)

quite accurately represents the dependence of the
solubilization equilibrium constant on intramicel-
lar composition [19-21, 23]. In the limit as
X goes to zero, K approaches K, the value of the
solubilization constant in the limiting (Henry’s
law) region. The parameter B in equation 11 can
be related to constants in the Langmuir equation,
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fitted to data by assuming that the polar head
group of the solute occupies an “adsorption site”
near the ionic exterior of the micelle. The value of
B uniquely determines the dependence of ycpe On
X. Fortunately, values of B in the range 1 to 2 are
commonly found for polar solutes, and for par-
ticular classes of organic compounds the value of
B can be estimated to predict values of ycpc for use
in Egs. (10) [19, 21, 23]. Thus, the preliminary
evaluation of SED data can be done quite simply,
without performing a Gibbs-Duhem analysis of
complete sets of SED results.

Analysis of SED data to obtain slubilization
constants — a specific example

Qualitative information about the solubiliz-
ation of p-chlorophenol (O) by CPC micelles was
presented in an earlier section. Let us now con-
sider how SED measurements for a specific ex-
periment might be interpreted. We suppose first
that a value of K is sought corresponding to
a value of X (the mole fraction of p-chlorophenol
in the micelles) equal to approximately 0.2. As-
sume that we set up the SED cell with 0.050 M
CPC and 0.013 M p-chlorophenol in the reten-
tate, with the expectation that the major fraction
of each solute will remain in the retentate com-
partment at equilibrium. With such a starting
solution, it might be found that at semi-equilib-
rium (after 20 h) the values of the four measured
concentrations would be:

[CPC],. = 000123 M, [CPCl,,, = 0.0425 M ,
[O7per = 0.000467 M, and [0, = 0.0104 M .

All four concentrations could be obtained by uv
spectrometry, using absorbances measured at
multiple wavelengths and correcting for the over-
lap of the absorption bands of CPC and p-chloro-
phenol. Note that both [CPC],,, and [O],., are
smaller than their starting values and that the
decreases in these concentrations exceed the small
concentration of each compound that transfers
into the permeate compartment. The apparent
loss of these solutes from the retentate occurs
because some water is transferred from the per-
meate into the retentate compartment owing to
osmotic pressure, but the effect does not cause any
experimental problems or complicate the analysis

of data provided analytical determinations of the
two solutes are obtained for both compartments.

In performing preliminary calculations, it is
convenient to utilize Eqgs. (10) assuming: a) that
the activity coefficient of CPC in the micelles is
unity; b) that the term ycpc (1 — X) CMC,,; can be
neglected in comparison with [CPC],.; and c)
that X can be estimated from the known final
concentrations of O and CPC in the retentate
(i.e., neglecting monomer concentrations in the
retentate compartment). With these assump-
tions, X ~ 0.0104/(0.0104 + 0.0425) = 0.19 and
the estimated value of 9ycpc(l — X)CMC,,
is  (1—0.19)0.00078 M = 0.00063 M,  where
0.00078 M is the value of the CMC obtained from
Eq. (8), using the approximate value of the free
chloride  concentration, [CI™] = 0.00123 M.
Therefore, the concentration of CPC in the
micelles in the permeate is calculated to be
501x107*M and the concentration of O in
micelles in the permeate is {X/(1 — X)} x5.01
x107*M = 1.19x 10~* M. Therefore, the es-
timated value of ¢, is 4.67x107*M
—1.19x107*M = 348 x 10™* M.

Employing the value of ¢q just calculated, it is
possible to refine the calculations illustrated in the
previous paragraph, utilizing an improved value
of X and if necessary accounting for the fact that
vepc is not precisely equal to one. Thus, the molar-
ity of micellar p-chlorophenol in the retentate is
almost exactly equal to 0.0104 M — 0.0003 M, so
that a better estimate of the mole fraction of
p-chlorophenol in the micelle is X =
0.0101/(0.0101 + 0.0424) = 0.192. (A very tiny
correction for the concentration of monomeric
CP™ in the retentate has also been applied.) Now,
utilizing the previous observation that the value
of B (in Eq. (11)isequal to 1.3 + 0.1 for the mono-
and dichlorophenols [197], one can use the value
of X and this estimated value of B to calculate an
approximate value of the activity coefficient of
CPC in the micelle (see Appendix). This leads to
the estimate ycpc = 0.94, so that the improved
estimate of the concentration of CPC in mono-
meric form in the permeate is
0.94 x 0.808 x 0.000964 = 0.000729 M and the
concentration of CPC in micellar form is
0.00123 M — 0.000729 M = 0.000501 M. Finally,
the concentration of O in the micelles is
0.000501 M x 0.192/0.808 = 0.000119 M and
co = 0.000467 M — 0.000119M = 0.000348 M.
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Additional iterations can be performed, but the
derived value of ¢, will not change significantly
unless a revised value of B is employed. An exact
solution Eqgs. (8-11) yields X and ¢, values differ-
ing by less than 0.5% from the values calculated
here.

Using the values of ¢, and X just inferred, one
can calculate

K = X/cq = 0.192/0.000348 M = 552 M !

in reasonable agreement with the value of K re-
ported previously at X ~ 0.2.

When SED measurements covering a range of
X values have been obtained for a given surfac-

tant/solubilizate system, it is possible to use

a nonlinear least squares curve-fitting method to
derive values of K, and B in Eq. (11) and thereby
obtain the best values of these parameters
[19-22]. By using equations derived in the pre-
ceding sections, one can then infer values of ycpc,
70, and K as functions of X. Moreover, as an
additional check on the consistency and scatter of
the experimental results, K values corresponding
to each of the individual SED experiments can be
calculated from Eq. (4) (which is multiplied by
1 — X to convert x into K). This type of calcu-
lation requires using the least squares value of
B (deduced from the entire collection of SED
data) to calculate values of [CPCJ. per and
hence K from the measured concentrations of the
two solutes determined in each separate SED ex-
periment. Figure 3 illustrates data plotted in this
way for the system CPC/p-chlorophenol; the
smooth curve is consistent with Eq. (11), using
B=1254+003 and K,=786449, and the
points denote individual values of K calculated
from Eq. (4), utilizing the procedure described in
the preceding paragraphs. Note that the indi-
vidual K values can be calculated from the sepat-
ate data sets, provided a reasonable estimate of
B is available.

Summary

The semi-equilibrium dialysis method appears
to be one of the most general techniques available
for obtaining complete solubilization isotherms.
In work of the greatest precision, the method
requires determination of the concentrations of
surfactant and organic solubilizate in both com-
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Fig. 3. Dependence of the square root of solubilization equi-
librium constants for p-chlorophenol in hexadecylpyridinium
chloride micelles on intramicellar mole fraction of solute.
Data taken from ref. 23.

partments of the dialysis cell; however, in many
applications it is only necessary to analyze the
permeate, inferring the concentrations of the sol-
ute components in the retentate by difference. For
most systems, a 16- to 20-h equilibration time
seems adequate, and the assumption that organic
solutes can reach equilibrium with respect to the
solutions on both sides of the membrane seems to
be justifiable. Although a variety of surfactants
and organic solubilizates have been investigated
using the method, considerably more research
needs to be done to map out the behavior of
surfactant/organic solute systems. In addition, the
SED method can be used for determining the
extent of binding of monovalent and multivalent
counterions to ionic micelles [37] and for study-
ing the Donnan expulsion of ions having the same
charge as the micelles [16].

Note added in proof: A recent publication de-
scribes a modified SED method, in which sur-
factant concentrations well above the CMC are
added to both compartments of the dialysis cell
[42]. The new technique simplifies calculation of
the relative concentrations of micellar and non-
micellar species in both compartments.

Appendix

In order to interpret results of SED experi-
ments to obtain information about the extent of
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solubilization of organic solutes by surfactant
micelles, Egs. (10) must be solved simultaneously
to infer the values of the unknowns ¢4, X, and
yepe- These variables represent, respectively, the
concentration of monomeric organic solute, the
mole fraction of the organic solute in the micelle,
and the activity coefficient of the surfactant
in the micelle. Values of ¢y, X, and ycpc are
taken to be the same in both compartments of
the dialysis cell, corresponding to the assumed
semi-equilibrium condition. To complete the
analysis of data, it is necessary to assume one or
another mathematical model for expressing the
dependence of ycpc on X. Several possible func-
tional relationships for ycpc(X) are treated ex-
plicitly here, starting with the simplest assump-
tion that ycpc is always equal to unity, and pro-
ceeding to more complicated forms in which the
activity coefficients of surfactant and organic sol-
ute in the micelle vary according to parametric
equations consistent with the Gibbs—Duhem
equation.

A. Ideal solution model

The simplest thermodynamic model for the
mixing of components within a surfactant micelle
is the pseudophase equivalent of Raoult’s law.
When it can be assumed that Raoult’s law is
obeyed, ycpc is set equal to unity, and Egs. (10) are
solved explicitly for X and c,. Such an assump-
tion has been shown to be valid for binary surfac-
tant mixtures containing quite similar surfactants
— for example, mixture of the anionic soaps and
alkylsulfates having similar hydrophobic chain
lengths [36]. Moreover, even in the ordinarily
more complex intramicellar mixtures of surfac-
tant and organic solute, the value of ycpc at small
values of X will not vary much from unity, be-
cause the solvent activity coefficient tends to ap-
proach the value y = 1 tangentially (on a plot of
yvs X}as X — 0 [35].

B. Activity coefficient expansions consistent with
the Gibbs—Duhem equation

Numerous algebraic expressions have been
used to relate activity coefficients of components
in binary nonelectrolyte mixtures to the mole frac-
tion of these components in the liquid phase.
General type relationships applying to a solvent

(component 1) and a solute (component 2) are:
Iny, = X?(4, +B X +C, X*+ ")

and
Iny, =(1— X)Y*(4, + B,X

+ Co X%+ ), (12)

where X refers to the mole fraction of the solute
and the coefficients 4,, B,, C,, .. can be expressed
as known functions of 4,, By, C,,... by applying
the Gibbs~Duhem equation. If all of the constants
except A; and A, can be neglected, it can be
shown that these two parameters must be equal.
Mixed micellar systems for which 4; = A, may
be said to obey the Rubingh model [38] or the
one-parameter Margules model [39]; such sys-
tems have also been termed regular solutions, al-
though this terminology is usually inappropriate
as applied to nonideal mixed micelles [40].
A regular solution model had been applied pre-
viously to describe the concentration dependence
of the activity coeflicient of a polar solute in
a nonionic surfactant micelle [41].

Various specific forms of Eq. (12) have been
applied to fit semi-equilibrium dialysis results for
micellar mixtures and solutions of organic solutes
in micelles, consistent with the assumptions of the
pseudophase equilibrium model [10]. Relations
of the type

Iny, = X*[4A — B2+ (B —2C/3)X + CX?]
and

Iny, =1 —-X)*(4+ BX + CX?) (13)
are obtained in the three-parameter case, where
the Gibbs-Duhem equation has been used to
relate the coefficients in expressions for In y; and
In y,. Equation (13) has been included in a non-
linear least squares analysis of sets of SED data
obtained throughout a range of X values to infer
best values of the parameters Ko, A, B, and C.
(This formulation of course reduces to the one-
parameter Margules model if B and C are both
equal to 0.) Although this type of analysis may be
required if extensive and accurate SED data are
available, for most purposes it is probably ad-
equate to fit data to somewhat simpler mathemat-
ical models. '
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C. Alternative one- and two-parameter models
consistent with the Gibbs—Duhem equation

The SED method and other techniques have
been used to obtain equilibrium isotherms for
numerous polar amphiphiles solubilized by sur-
factant micelles. These solutes. contain a polar
head group and a more or less bulky hydrophobic
“tail”; they tend to solubilize with the head group
localized in the outer polar or polar/ionic region
of the surfactant micelle, and with the hydropho-
bic tails extending toward the micellar interior.
Solutes such as aliphatic alcohols, phenols and
chlorinated phenols, carboxylic acids, and many
other similar species are known (or assumed) to
solubilize in this way.

Lee et al. have shown that data for numerous
systems of amphiphiles solubilized by ionic
micelles are well represented by the simple equa-
tion.

K = Ko(l — BX)? (11)

in which K, is the limiting binding constant
for the solute (as X —»0) and B is a para-
meter related to the number of sites occupied by
a molecule of the amphiphile at the micellar sur-
face. The limiting linear form of Eq. (11) that
applies as X — 0 is consistent with the Langmuir
equation, but the equation also predicts that K vs
X plots will be concave upward (as is almost
invariably observed for polar solutes) at larger
values of X. When the simple model equation
K = Ky(1 — BX)?is applied, it can be shown that
the Gibbs—Duhem equation implies that

In Ycpc = 2[Bln(1 — X)
—1n(1 — BX)]/(1 — B). (14)

Thus, only the value of the dimensionless para-
meter B is required to predict values of the activity
coeflicient of the surfactant at any chosen value of
X. The results of extensive solubilization studies
have shown that B is practically constant for
given classes of amphiphilic solutes, so that values
of the surfactant activity coefficient can usually be
predicted quite reliably by Eq. (14).

A more general two-parameter extension of
Eq. (14) has also been used, for cases in which the
dependence of K on X is more complicated than
predicted by Eq. (12). Thus, the equation

K = Ko(l — AX)(1 — BX) (15)

can be fitted to solubilization isotherms (K vs. X)
which are either concave upwards or concave
downward [22, 23]. The equation involves the
two dimensionless parameters, A and B, but these
constants are not simply related to the parameters
in the Langmuir equation. Nonetheless, Eq. (15)
is readily integrated, using the Gibbs—Duhem
equation, to derive a two-parameter equation for
In ycpe, analogous to Eq. (14).

In yepe = [Aln(1 — X) — In(1 — AX)]/(1 — A4)
+ [Bln(l - X) — In(1
— BX)]/(1 — B) (16)

Equation (16) has been used to fit solubilization
isotherms for systems in which K exhibits either
a maximum or a minimum as X is varied in the
range 0 to 0.6.

D. Choice of models for fitting SED results

In the specific example given in the text for
calculating K from SED data, it was indicated
that an initial value of unity could be chosen
for the activity coefficient of the surfactant,
so that Egs.(10) could be solved simultan-
eously to obtain preliminary estimates of c,
and X. If B (in Eq. (11)) can be estimated from
results for similar solutes, the B value and the
provisional value of X can be used to obtain
an improved value of the activity coefficient of
the surfactant (using Eq. (14)). Ordinarily this
procedure will lead to derived values of K and
X that are as accurate as can be justified,
given the inevitable uncertainties in the analyti-
cally determined concentrations of species in
both compartments of the equilibrium dialysis
cell.

In more elaborate studies, K values can be
determined by the procedure outlined in the
previous paragraph, and the parameters in
Eq. (11) can be estimated from the dependence of
K on X. It is convenient to plot \/K vs X,
obtaining , /K, as a limiting value and estima-
ting B from the slope of the plot, which can be
shown to be equal to — B _/K,. If necessary,
a nonlinear least squares method may be em-
ployed to fit all of the SED data for a given system
to models consistent with Eqs. (11) and (13) or
Egs. (15) and (16). It is ordinarily quite useful
to employ the resulting equations for In ycpc to



754

Colloid and Polymer Science, Vol. 272 - No. 6 (1994)

obtain point by point estimates of K and X, so
that the individual points and the fitted curve can
both be represented on the plot of K vs X, indicat-
ing the scatter of experimental results and the
goodness of fit of the model to the entire adsorp-
tion isotherm.
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