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Molecular Theory of Microemulsions

R. Nagarajan*

Department of Chemical Engineering, The Pennsylvania State University,
University Park, Pennsylvania 16802

E. Ruckenstein

Department of Chemical Engineering, State University of New York at Buffalo,
Ambherst, New York 14260

Received December 2, 1999. In Final Form: May 25, 2000

In this paper, a molecular thermodynamic approach is developed to predict the structural and
compositional characteristics of microemulsions. The theory can be applied not only to oil-in-water and
water-in-oil droplet-type microemulsions but also to bicontinuous microemulsions. This treatment constitutes
an extension of our earlier approaches to micelles, mixed micelles, and solubilization but also takes into
account the self-association of alcohol in the oil phase and the excluded-volume interactions among the
droplets. lllustrative results are presented for an anionic surfactant (SDS)—pentanol—cyclohexane—water—
NaCl system. Microstructural features including the droplet radius, the thickness of the surfactant layer
at the interface, the number of molecules of various species in adroplet, the size and composition dispersions
of the droplets, and the distribution of the surfactant, oil, alcohol, and water molecules in the various
microdomains are calculated. Further, the model allows the identification of the transition from a two-
phase droplet-type microemulsion system to a three-phase microemulsion system involving a bicontinuous
microemulsion. The persistence length of the bicontinuous microemulsion is also predicted by the model.
Finally, the model permits the calculation of the interfacial tension between a microemulsion and the

coexisting phase.

1. Introduction

Microemulsions are thermodynamically stable disper-
sions of oil and water stabilized by a surfactant and, in
many cases, also a cosurfactant.x~* The microemulsions
can be of the droplet type, either with spherical oil droplets
dispersed in a continuous medium of water (oil-in-water
microemulsions, O/W) or with spherical water droplets
dispersed in a continuous medium of oil (water-in-oil
microemulsions, W/O). The droplet-type microemulsions
can be either a single-phase system or part of a two-phase
system wherein the microemulsion phase coexists with
an excess dispersed phase (an upper phase of excess oil
in the case of O/W and a lower phase of excess water in
the case of W/O microemulsions). There are also non-
droplet-type microemulsions, referred to as middle-phase
microemulsions. In this case, the microemulsion phase is
partof athree-phase system with the microemulsion phase
in the middle coexisting with an upper phase of excess oil
and a lower phase of excess water. One possible structure
of this middle-phase microemulsion, characterized by
randomly distributed oil and water microdomains and
bicontinuity in both oil and water domains, is known as
the bicontinuous microemulsion. Numerous experimental
studies have shown'?# that one can achieve a transition
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Figure 1. Schematic representation of the transition from a
two-phase system with an oil-in-water droplet microemulsion
to a three phase system with a bicontinuous microemulsion
and to a two-phase system with a water-in-oil droplet micro-
emulsion.

from a two-phase system involving an O/W droplet-type
microemulsion to a two-phase system involving a W/O
droplet-type microemulsion by passing through a three-
phase system containing a bicontinuous microemulsion
(Figure 1). Such phase transitions can be realized in many
different ways, e.g., by increasing the concentration of
added electrolytes when the surfactant employed is ionic,
by increasing the temperature when the surfactant is
nonionic, and by increasing the concentration of alcohol
(typically butanol to hexanol) when the surfactantis ionic,
nonionic, or zwitterionic.

Theoretical studies of microemulsions have focused on
various features of the complex systems mentioned
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above.®° However, currently there exists no model which
can predict the detailed phase behavior and the micro-
structural characteristics of the microemulsion systems
starting from the composition and molecular structures
of the constituent molecules. Such models were formulated
in our earlier work for micelles, vesicles, and mixed
micelles in aqueous media and for the solubilization of oil
inside such aggregates.*'~*> These models are extended
here to microemulsions. On this basis, a predictive
approach for the various characteristics of microemulsions,
such as the droplet radius, the number of molecules of
various species in a droplet, and the size and composition
dispersions of the droplets, is developed. The model also
allows the prediction of the interfacial tension between
the microemulsion and the coexisting phase. Further, the
model allows one to examine the transition from a two-
phase system involving a droplet-type microemulsion to
a three-phase system involving a bicontinuous micro-
emulsion. The persistence length in bicontinuous micro-
emulsions is also predicted.

In developing amolecular treatment for microemulsions,
we take into account the chain packing, which depends
on the curvature of the aggregates, the self-association of
alcohol in the oil, the penetration of the interfacial layer
region of the microemulsion by the oil molecules, their
effects on chain packing and interfacial energies, and the
hard-core interactions among the droplets. Since the
present treatment of microemulsions is an extension of
our approach to micellization and solubilization, many of
the above aspects of the model that were presented in
detail in earlier papers are only briefly summarized here.
Two additional features included in this paper are self-
association of alcohol in oil domains and hard-sphere
repulsive interactions among droplets.

To illustrate the present theory, calculations were
carried out for a system consisting of an anionic surfactant,
oil, water, alcohol, and electrolyte. Obviously, this model
can be readily applied to simpler microemulsions free of
alcohol, wherein the phase transitions are caused by
varying the electrolyte concentration or the temperature.

2. Geometric Characteristics of Microemulsions

Both O/W and W/O droplet structures have a core region
surrounded by an interfacial film, depicted schematically
in Figure 2. The interfacial film excludes the headgroups
of the surfactant and the alcohol. This region is analogous
to the micelle core and, as confirmed by many experiments,
is free of water molecules and is thus hydrophobic in
character. Each droplet contains gk molecules of kind k
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Figure 2. Geometrical variables Ry and Ro characterizing
the size of O/W and W/O droplets in microemulsions.

(with k = S for surfactant, A for alcohol, O for oil, and W
for water), among which g, molecules are present in the
interfacial layer and the remaining ones are present in
the core containing mainly the dispersed phase. For the
reason mentioned above, there are no water molecules in
the interfacial layer (i.e., gwi = 0). The radii Ro and Ry
provide the boundaries of the interfacial layer. The volume
of the aggregate V, can be related to the radii Ro and Ry
via

_4aRS’
Vg = 3 (2.1)
for the water-in-oil droplets and
47R,}
V= 3 1 0siVsp T JaiVar (2.2)

for the oil-in-water droplets, where vsp and vpp are the
volumes of the polar headgroups of the surfactant and
alcohol molecules, respectively. The volume V, of the
interfacial layer per surfactant molecule is given by

Ve T Vpr T V,
Vv, = 4n RS2 — R, = 9s1Vst T Gar¥at T JoiVo 2.3)
34, Osi

where vst, vaT, and v are the volumes of surfactant tail,
alcohol tail, and oil, respectively. The surface area of the
droplet in contact with water, per surfactant molecule, is
given by

47R,°
a=—=" (2.4)
Osi
Combining eqgs 2.3 and 2.4 yields
R 3V 1/2
Ro_ (=% 37 _1 (2.5)
Rw \alRg— Ryl 4 2

For the sake of simplicity, the thickness of the interfacial
layer |Ro — Ry is taken to be the composition average of
the surfactant tail length Is and the alcohol tail length Ia:
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Is + (9a/9s)1a
1+ (9a/9s1)

The determination of this thickness from free energy
minimum considerations require a more detailed treat-
ment of the interfacial film than justified by the available
experimental information.

Consequently, a particular O/W or W/O droplet can be
completely characterized by three geometrical variables.
A set of convenient variables is (i) the surface area of the
droplet in contact with water per surfactant molecule, a,
(ii) the ratio of alcohol-to-surfactant molecules in the
interfacial layer, ga/gs;, and (iii) the ratio of oil-to-
surfactant molecules in the interfacial layer, goi/gs). For
a flat interfacial layer, denoting the layer thickness by
IRo — Rwlr and the area per surfactant molecule of the
flat interface by ar, one can write the following on the
basis of molecular packing considerations:

IRo — Ryl = (2.6)

ar|Ro — Rylg =V, (2.7)

Therefore, for a flat interface, only two geometrical
variables are needed for its complete specification, instead
of the three needed for a spherical droplet.

3. Size Distribution of Droplet-Type
Microemulsions

For a W/O microemulsion, the size and composition
distribution of the aggregates can be written as for
micelles, mixed micelles, and solubilization. However,
whereas the earlier expressions were formulated for dilute
solutions where interaggregate interactions are negligible,
the size and composition distribution for microemulsions
will take into account the hard-sphere repulsions among
the droplets. For a single-phase microemulsion, the mole
fraction Xyo of water-in-oil droplets is given by the following
expression (see Appendix A for the derivation):

XgOVgO — QgSIfWOgW

Augy
Q = (Xawsw) Kaw? aw) "% (X007 00) %! exp(_ k_'lg)
) 1 o o gAl ° go| °
Augy = ——pg — Hdw — —Haw ~ o Hdo  (3.1)
Osi Osi Osi

In the preceding equations, the subscript g refers to a
droplet containing a total of g molecules (g = gs + ga +
Jo + gw), Xqo is the mole fraction of aggregates of size g
in the continuous oil (O) phase, Xsw and Xaw are the mole
fractions of singly dispersed surfactant and alcohol
molecules, respectively, in the dispersed water phase,
udw and ua,y are their standard chemical potentials, and
ysw and yaw are their activity coefficients. Xoo denotes
the mole fraction of oil in the continuous oil phase, udq is
its standard chemical potential, and yoo is its activity
coefficient.

It is important to emphasize that the alcohols used as
cosurfactants have high solubility in the oil phase because
they are present there as both single molecules and
aggregates. Therefore, in calculating Xoo, one must
consider the self-association of alcohol in the oil phase.
The activity coefficients arise because of the hard-sphere
interactions among the droplets. Therefore, in the dis-
persed phase, which is free of droplets, the activity
coefficients are equal to unity, whereas, in the continuous
phase, which contains the droplets, the activity coefficients
differ from unity.
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The fractional saturation of water in the oil phase is
denoted fywo. For asingle-phase microemulsion, fyo is less
than unity. As the amount of water in the phase increases,
fwo progressively increases and reaches the constant value
of unity when an excess aqueous phase coexisting with
the microemulsion phase appears, creating a two-phase
system.

The standard free energy difference Aug, in eq 3.1 is
due to the transfer of one surfactant molecui;e and (gai/gsi)
alcohol molecules from water and (goi/gs) 0il molecules
from pure oil to the interfacial layer of the microemulsion
droplet. Expressions for Aug, are provided in section 7 of
the paper.

When eq 3.1 is used to calculate the size and composition
distributions of droplets in a single-phase O/W micro-
emulsion, Xgo0 and y4o should be replaced by Xyw and ygw
and the factor f %, should be replaced by f &, where fow
denotes the fractional saturation of oil in the water phase.
As before, fow is less than unity for a single-phase
microemulsion and reaches the constant value of unity
when a two-phase system comes into existence with an
excess oil phase coexisting with the microemulsion phase.

To predict the characteristics of a microemulsion on
the basis of the size distribution relation (3.1), only two
control variables, Xsyw and Xaw, must be specified. This is
equivalent to fixing the total amounts of surfactant and
alcohol in the microemulsion. Detailed calculations of the
size and composition distributions involved in eq 3.1 are
not required. Instead, as shown in the following section
and Appendix C, the size and composition dispersions can
be obtained from calculations involving only the maximum
term of the size distribution. By calculating how the size
and composition corresponding to the most populous
aggregates (i.e., the maximum in Xg) vary when the
surfactant concentration is slightly perturbed, one can
obtain the variance in the size and composition of
aggregates with respect to their average values.

In eq 3.1, the activity coefficients appear as a result of
the hard-sphere repulsions among the droplets. Since the
calculations focus on the most populous aggregates, the
hard-sphere repulsions will be expressed in terms of a
single droplet size corresponding to the most populous
aggregates. One can derive expressions for the activity
coefficients yyo of a component k in the continuous phase
O starting from an equation for the osmotic pressure of
a hard-sphere fluid,3* such as that based on the Carna-
han—Starling equation of state (see Appendix B for the
derivation):

Vi 14 @+ D7 — D°

Inyo=—-——o
kO VgO go (1 _ (Dgo)g;

(3.2)

where Vo is the volume of adroplet and @4 is the volume
fraction of the droplets in the microemulsion. Combining
eq 3.2 with the Gibbs—Duhem equation, we obtain the
following expression for the activity coefficient y4o of the
droplet (Appendix B):

Do/Vyo 70, — 307 — Dy’
Iny,o=1In + .
k=g

(3.3)

where @y is the volume fraction of component k in the
continuous phase O.

Equation 3.1 isan implicit relation because the activity
coefficients yq4o and yqw depend on the volume fractions
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of the droplets and hence on the mole fractions X,0 and
Xgw, respectively. The volume fractions of the droplets
can be related to the mole fractions of various components
and their respective volumes through the relations

_ XgwVow

w XgWVgW + XawVs + XowwVw T XawVa
X40Vg0

Xy0Vgo T szjAOVA + XooVo

In the first expression, Xww can be replaced by (1 — Xgw
— Xaw — Xsw) because the sum of all mole fractions should
be unity. In the second expression, the total mole fraction
> JXjao of alcohol in the oil phase accounts for the alcohol
present as both monomers and aggregates in the oil phase
and is calculated on the basis of the continuous-association
model*® as described in Appendix D.

For given values of the control variables Xsyw and Xaw,
the maximum in Xyo (or Xqw) was found, using the IMSL
subroutine ZXMWD, by solving the implicit eq 3.1 in
combination with eq 3.4. As mentioned in section 2, the
area per surfactant molecule a, the alcohol-to-surfactant
ratio gai/gs;, and the oil-to-surfactant ratio goi/gs; in the
interfacial layer were selected as the three independent
variables with respect to which the maximization was
carried out. The total volume fraction ®g of surfactant
present in the microemulsion is given by

D

Dy =

(3.4)

V, V
D, = @QO% (for WIO) &g = q>gw% (for O/W)
O

¢ o (3.5)

because the amount of singly dispersed surfactant mol-
ecules is relatively small and can be neglected. The total
volume fraction of alcohol in the microemulsion, ®4, can
be obtained from a species balance, since the concentra-
tions of alcohol in the water domain, the oil domain, and
the interfacial layer are known.

4. Size and Composition Dispersions of Droplets

The size and composition dispersions of droplets can be
estimated by using the maximum-term method, without
performing detailed distribution calculations. This is
accomplished by adapting the approach used for micellar
systems,”18 as described in Appendix C. The aggregate
corresponding to the maximum of Xyo or Xqw is considered
to provide the number-average size and composition of
the equilibrium droplets. For each component k (=S, A,
O, or W) present in the microemulsion, the mean-square
deviation 0,2(k) from the number-average number of
molecules gn(K) can be shown to be

on(k) ( A Ing;,(k) )1’2
gn(K)  \A In(g,(K)Xgm)

where Xgm (=Xgo 0r Xqw) is the mole fraction of the droplet

corresponding to the maximum in the distribution, gn(k)

are the numbers of molecules of kind k in that droplet,
and A denotes the difference between two values. Con-

(4.1)
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sequently, by calculating the maximum Xg and the
corresponding numbers of molecules gn(K) for two slightly
different conditions (for example, through marginal
variations in Xsy), one can estimate o,(k) for each of the
four components k and thus provide information about
the size and composition dispersions of the droplet.

The root-mean-square deviation in the droplet radius
orisobtained from purely geometric considerations using
the calculated values of 0,,(k). Equating the volume of the
droplet to the volumes contributed by all the component
molecules yields

47R®
= Y 0k Vi
AR+ 0g)®  47R3
s g =MV (42)

By rearranging eq 4.2, we obtain the following expression
for the dispersion in the droplet radius:

1/3
%=(1+M) ~1 4.3)
R\ Tamv

5. Calculation of Interfacial Tension

The interfacial tension vy refers to that at the flat
interface (denoted by subscript F) that separates the
microemulsion from the coexisting excess dispersed phase.
The flat interface can be treated as a planar infinite
aggregate. The chemical potentials of the molecules in
this interfacial layer should be equal to the chemical
potentials of the molecules in the bulk phases and hence

(i) (ug)e  Vele _ tsw n (gAI) Haw | (%l) Moo

Jsi

KT

OsJc KT KT~ KT ' \gg /e KT
SI/F F (5.1)

Jsi

In the preceding equation, the first term on the left-hand
side is the reference state chemical potential per surfactant
molecule of an infinite-size aggregate and the second term
involving yr accounts for the interfacial tension to which
this infinite aggregate is subjected. The termson the right-
hand side represent the chemical potentials of the
surfactant, alcohol, and oil in the bulk phase in equilibrium
with the molecules at the interface. Using eq 3.1, the above
equation can be rewritten as

vedr  (Aug)e Oai
KT k'?' = [N yswXsw + Oa /e IN gawXaw +

(?) In yOOXOO] =—-In Q¢ (5.2)
SI/F

where (Aug)e is the standard free energy difference
associated with the transfer of one surfactant molecule
and (gai/gsi)r alcohol molecules from their infinitely dilute
states in water and (goi/gsi)e 0il molecules from a pure oil
phase to the flat interfacial layer. For given chemical
potentials of various components in the system, the
composition of the flat interfacial film (namely, ar, (ga/
Os)rF, and (goi/gsi)F) is obviously different from the com-
position of the interfacial film of droplets in the micro-
emulsion phase (namely, a, gai/gsi, and goi/gsi).

6. Bicontinuous Microemulsions

No well-defined structural characterization of a bicon-
tinuous microemulsion is currently available. However,
it has been suggested that oil and water domains are
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randomly distributed within the bicontinuous microemul-
sion separated by locally planar interfaces.3~8 A charac-
teristic domain size or persistence length &« has been
defined” such that, for length scales smaller than &, the
interface is essentially flat. Using this concept, one can
establish conditions for the formation of a three-phase
system containing a bicontinuous microemulsion phase
coexisting with excess oil and water phases. One can also
calculate, on the basis of the present molecular theory,
the persistence length and the interfacial tensions between
microemulsion and excess phases.

Considering a planar configuration, the size distribution
of microemulsion domains in a bicontinuous microemul-
sion coexisting with two excess phases can be written, in
a form similar to eq 3.1, as

1
Xg — RQFQSI
Atg)
Q= XSWXAW(QAl/gs|)Fxoo(90|/gs|)F exp(— k__lg)':
o 1 o o 9A| ° gOI °
(A/’tgl)F = (_) (Augl)F ~ Usw T (_) Upw — (_) Hoo
Osi/e Osi/F Osi/e

6.1

In these equations, the standard free energy terms are
approximated as for a flat interface since the domains are
considered locally flat and the activity coefficients have
been taken as unity since there are no droplets in the
water and oil domains. The factor K accounts for the fact
that some molecules must remain at the corners and edges
of the surfaces separating the oil and the water domains
and not on the flat regions. Thus, K is a measure of the
free energy cost of having molecules in such locations
compared to those in the flat regions. While, for droplet
microemulsions, an optimal value for gs, could be obtained
by maximizing X, in eq 3.1, there is no maximum for X
in eq 6.1, since Qf is independent of gs;. The equilibrium
characteristics of the microemulsion are obtained by
maximizing Qg for given values of the control variables
Xsw and Xaw.

One may note the analogy between the above equa-
tion and the equation Xy = (1/K)Y9, where Y = X;
exp(—Aug,/KT), governing the formation of rodlike mi-
celles. 1118 The equilibrium structural characteristics of
rodlike micelles are obtained from the maximum of Y or,
equivalently, minimum of Awxg,, which is the standard
state free energy difference between a molecule in the
cylindrical part of the micelle and a singly dispersed
molecule. K is the factor that accounts for the free energy
cost of having molecules at the two globular ends of the
cylinder rather than in the cylindrical part of the micelle
and is thus analogous to the K of eq 6.1. Since Y is
independent of g, the size distribution Xy does not have
a maximum and rodlike micelles of all aggregation
numbers are present in appreciable concentrations. Y is
the analogue of Qf in eq 6.1.

The maximum of Qf is determined with respect to the
two independent variables, the area per surfactant
molecule of the interface, ag, and the alcohol-to-surfactant
ratio in the interfacial layer, (gai/gs))e. In contrast to that
in the droplet-type microemulsion, the oil-to-surfactant
ratio in the interfacial layer, (goi/9si)F, IS Not an inde-
pendent variable but is determined by the packing
constraint (eq 2.7) for flat layers.

The maximum value of Q¢ will be close to but smaller
than unity, since otherwise the domain size distribution
would diverge. Since the domain size gs; can assume all
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possible values, the average domain size of the bicon-
tinuous microemulsion is given by

ZgSIX _ 1
ngg =i o, (6.2)

where the last equality is obtained by performing the
analytic summation of the two factors in the above ex-
pression on the basis of eq 6.1. The equilibrium area per
surfactant molecule being ar, the total surface area of the
average domain is ar(gsi)avg, Which can be used to obtain
the following expression for the persistence length &x:

(gSI)avg =

2 _ _ ar
6§K - (gSI)avgaF - 1_—9': (63)

The numerical constant 6 in the preceding equation
implies the cubic domain assumed by de Gennes and
Taupin,” and the surface area ar(gsi)avg is that of a cube
of characteristic size &«. For other domain geometries,
such as the polyhedra considered by Talmon and Prager,®
this numerical coefficient will be different. The relative
proportions of the oil and water domains are related to
the persistence length &£« and the volume fraction ®g of
the surfactant present through the species balance relation

_ 60(1 — D)vs

6.4

K (I)Sa': ( )
In this equation, ® stands for the volume fraction of the
oil domain and includes the hydrophobic tails of the
surfactant and alcohol in the interfacial layer, while (1 —
@) stands for the volume fraction of the water domain and
includes the headgroups of the surfactant and alcohol in
the interfacial layer.

For given values of the control variables Xsyw and Xaw,
the maximum of Qf (eq 6.1) and the equilibrium char-
acteristics of the flat layer can be calculated by employing
the IMSL optimization subroutine ZXMWD. The concen-
tration Xsy does not affect the equilibrium characteristics
ar, (ga/gs1)F, and (goi/gsi)r of the interfacial layer but does
influence the magnitude of Qr and the total amount of
surfactant in the bicontinuous microemulsion. The per-
sistence length can be calculated from eq 6.3 using the
optimized value of Q. For a specified total volume fraction
®s of surfactant in the microemulsion, the proportions of
the oil and the water domains in the microemulsion can
then be determined from eq 6.4. Finally, the volume
fraction of the total alcohol ®, in the microemulsion can
be calculated from a species balance, since the concentra-
tions of alcohol in the water and the oil domains and in
the interfacial layer are known.

To determine whether a droplet-type microemulsion
coexists in equilibrium with an excess dispersed phase or
a bicontinuous microemulsion coexists with both excess
phases, one has to carry out the maximizations of Xq (eq
3.1) and Q¢ (eq 6.1) for given values of Xaw and Xsw. For
low values of Xaw as well as for sufficiently large values
of Xaw, @a maximum in X, occurs, indicating the formation
of a two-phase droplet-type microemulsion system. How-
ever, for intermediate values of Xaw, N0 maximum of X
exists and the radius of the equilibrium droplet diverges
to infinity. In this region, a three-phase system involving
a bicontinuous microemulsion is favored.

The interfacial tension at the flat interface is calculated
using eq 5.2, but with the activity coefficients equated to
unity. Hence
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VESe (Aug)e 9ai
KT —? InXSW+ g_S,FInXAW+
(@) In xoo] =-InQ; (6.5)
sifF

Since for physical reasons Qg is close to unity, the
logarithmic term in the above equation can be expanded
in series, and after taking into account eq 6.3, one obtains

_kT _KT1 _ay= KT
VF_aF( In Q) aF(l Q) 6E.2

K

(6.6)

This expression was suggested previously by de Gennes
and Taupin’ on the basis of scaling arguments. Experi-
mentally, one can measure three different interfacial
tensions in the three-phase system, namely, at the
microemulsion—excess water phase boundary (ymw), at
the microemulsion—excess oil phase boundary (ywmo), and
between the excess oil and excess water phases (yow). On
the basis of intuitive arguments, it has been suggested®
that
Ve=Yow  Ymw=PYow  Ymo =1~ ®)yow (6.7)
7. Free Energy of Formation of the Interfacial
Layer

The equations developed in previous sections can be
used to calculate the structural features of microemulsions,
provided explicit expressions for the standard free energies
of transfer of surfactant and alcohol molecules from their
infinitely dilute states in water and of oil molecules from
the pure oil phase to the interfacial layer of the micro-
emulsion droplets are available. Such expressions are
given below for spherical layers of O/W droplets and W/O
droplets and also for flat layers. The difference in the
standard state free energy consists of a number of
contributions:

Aﬂ& = (A#§|)tr + (Aﬂgl)def + (AﬂSI)int + (Aﬂsl)steric +
(A/ugl)dipole + (A/’tSI)ionic + (A:uSI)mix (71)

which account respectively for the transfer of surfactant
and alcohol tails from water to the interfacial film, the
deformation of the tails to satisfy packing constraints,
the free energy of formation of the oil—water interface,
the steric, dipolar, and ionic interactions among the
headgroups, and the free energy of mixing of surfactant,
alcohol, and oil in the film region. These contributions
were previously examined in our treatments for micelles,
mixed micelles, and solubilization in micelles.1118 Con-
sequently, only the modifications required for the treat-
ment of microemulsions are emphasized below.

7.1. Transfer Free Energy of Surfactant and
Alcohol Tails. For the interfacial layer that contains gs,
surfactant and ga; alcohol molecules, the transfer free
energy per surfactant molecule is obtained by adding the
contributions of the surfactant and alcohol molecules:

(Aﬂ§|)tr _ (Aﬂ&)tr,s
kT kT

%\ (Aﬂ&)tr,A
Jsi } KT

(7.2)

The expressions for the transfer free energy of methyl
and methylene groups obtained previously*! are used to
calculate the transfer free energies of the surfactant and
alcohol tails. The expression for a methylene group of an
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aliphatic tail at temperature T (in kelvins) has the form

(Aug)y/KT =5.85In T + 896/T — 36.15 — 0.005(6T3)
7.

while that for a methyl group in the aliphatic chain has
the form

(Aug)y/KT = 3.38 In T + 4064/T — 44.13 + 0.025(95T)
7.4

For the short-chain alcohols considered here, the meth-
ylene group adjacent to the hydroxyl group is considered
to make no contribution to the transfer free energy because
it is located close to the hydrophilic domain of the
aggregate.

High concentrations of electrolyte affect the transfer
free energy, and the extra contribution due to the presence
of NaCl at 25 °C is given by'®

(Aug)IKT = (—0.322 — 0.064n.)C,yy  (7.5)

where Cqqq is the molarity of NaCl in the aqueous domain
of the microemulsion and n¢ is the number of methyl and
methylene groups of the surfactant or alcohol tails. Since
no direct information on this extra contribution at other
temperatures is available, the temperature dependence
of the methyl and methylene group contributions in the
presence of added electrolyte in the above equation will
be taken as equal to that in salt-free systems.

7.2. Deformation Free Energy of Surfactant and
Alcohol Tails. As in the treatment of mixed micelles,1218
this free energy contribution is calculated by adding the
contributions from both surfactant and alcohol tails. Since
the thickness of the interfacial layer |Ro — Rw]| is larger
than the extended length I, of the alcohol tail, a part of
the interfacial film is not accessible to the alcohol tails.
Such a packing problem for molecules of differing tail
lengths was treated in an earlier paper,'? giving

(Aug))get . 107[2{ IRy — Ro|2 n )N IA2

KT 80" N2 OsiN,L

-| 7.6)

where Ns (=ls/L) and Na (=la/L) are the number of
segments of the surfactant and alcohol tails, L (=4.6 A)
is the effective segment length (defined such that L?is the
cross-sectional area of the tail), and P is the packing factor
defined as

Vi

p=——1!
alRy — Rol

(7.7)

For flat interfaces, P =1, because of the packing constraint
provided by eq 2.7.

7.3. Interfacial Free Energy of the Layer-Water
Contact. Thisfree energy contribution is calculated using
the expression

(A#SI)int Oagg gAI
———=—la—a,.— —a 7.8
kT kT 0S gSI 0A ( )
where o444 is the macroscopic interfacial tension between
the hydrophobic domain and water, a is the surface area
per surfactant molecule of the interfacial layer, and aqs
and a,a are the areas per molecule shielded from contact

(19) Tanford, C. The Hydrophobic Effect; Wiley: New York, 1973;
2nd ed., 1980.
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with water by the headgroups of surfactant and alcohol
molecules, respectively. For surfactants, a,s is equated to
the smaller between aps and L2, as described in refs 11
and 18, where ays is the cross-sectional area of the polar
headgroup. For alcohols, the cross-sectional area of the
hydroxyl headgroup apa is about 8 A2, which is smaller
than L?; hence, apa = a,n = 8 A2

The interfacial tension o,44 depends on the composition
of the hydrophobic domain of the layer and thus on the
surfactant tail—water, alcohol tail—water, and oil —water
interfacial tensions. Since the surfactant and alcohol tails
considered here are aliphatic chains, their interfacial
tensions against water are practically the same and are
taken to be gsw, for which expressions are provided in refs
11 and 18. If the oil in the interfacial layer is a saturated
hydrocarbon, the oil—water interfacial tension oow is
practically the same as the tail—water interfacial tension.
However, if the oil is an aromatic hydrocarbon, its
interfacial tension against water is appreciably different
from that between the tails and water. Depending upon
the oil—water interfacial tension, a preferential location
of the oil molecules in contact with water will occur, and
this affects the overall interfacial tension o.4g. FOr avolume
fraction o of the oil in the interfacial layer, the interfacial
tension o,y Can be estimated using the approach of
Prigogine,?>2! as in our earlier paper dealing with solu-
bilization.!* In that approach, the interfacial tension of a
solution was obtained by first calculating the composition
of the surface monolayer, thus accounting for the pref-
erential location of any one component at this surface
monolayer. It is not possible to identify a bulk region and
surface monolayer region in the present case, since the
interfacial layer itself consists only of a monolayer.
Nevertheless, the formal application of the Prigogine
approach provides a way to at least approximately take
into account the specificity of the oil. Thus, the interfacial
layer is considered to be a solution with a uniform oil
volume fraction of 7. Corresponding to this composition,
the volume fraction of the oil in the surface monolayer 73
is determined using the equation

(77(33/ UO)VST/VO _ O9sw T %ow o3 i
— (1 - o kT Vs
(1 =)L = 1n0)

Yos| 3@ = 10) = 10| = Zos|3(@ — 1) ~ WD) (7.9

where the parameter yos denotes the interaction param-
eter for the oil and the surfactant and alcohol tails. After
eq 7.9 is solved for 53, the interfacial tension oagy is
calculated using the equation

S
Oagg — Osw. o3 | (l — 1o
=20 =Ry 2B =n

KT +

Vst
o 1- V—O)(ﬁg — o) +

Yos| 3013 — S1o)’| (7.10)

The parameter for the interaction between the oil and the
tails yos is expressed in terms of the solubility parameters
oY, ok, and o of the surfactant tail, the alcohol tail and
the oil, respectively, using the expression

(20) Defay, R.; Prigogine, 1.; Bellemans, A.; Everett, D. H. Surface
Tension and Adsorption; Wiley: New York, 1966.
(21) Siow, K. S.; Patterson, D. J. Phys. Chem. 1973, 77, 356.
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v 6H _ 6H- 2
Xos = w 6:ix = Wség + ’7A‘5;| + 77053
(7.11)

where #5s, na, and 7o are the volume fractions of the
surfactant tail, alcohol tail, and oil, respectively, in the
interfacial layer. The volume fractions are readily cal-
culated from the respective molecular volumes and the
composition of the interfacial layer. The solubility pa-
rameters?2 are estimated to be 16.76 MPa'? for the
surfactant tail, 9.1 MPa'?? for the pentanol tail, and 16.8
MPa*? for cyclohexane (selected as the oil for illustrative
purposes).

7.4. Headgroup Steric Interactions. This contribu-
tion is expressed as that for mixed surfactants. Because,
in the present case, the free energy is expressed per
surfactant molecule (not surfactant + alcohol molecule),
one can write

(A//‘Sl)steric _ _(1 + %) In(l _ % _ % %)
KT Osi Os1 @

where, as mentioned before, ays is the cross-sectional area
of the polar headgroup of the surfactant and apa is the
cross-sectional area of the hydroxyl headgroup.

7.5.Headgroup Dipole Interactions. For zwitterionic
surfactants, the dipole—dipole interactions are evaluated
using the expression

(Aﬂgl)dipole _ 27e’d 1
kT ea kT H

(7.14)

where d is the dipole length, ¢ is the distance from the
oil—water contact surface at which the dipole is located,
a, is the surface area per surfactant molecule evaluated
at the distance d, and H is a curvature correction given
by one of the following expressions

H=1+(d+0)/Ry, a;=a(l+dRy)

for O/W droplets
H=1-(d+0)/Ry, a,=a(l— /Ry)

for W/O droplets

H=1, as;=a foraflatfilm (7.15)

The dielectric constant ¢ is a function of temperature?*
and is evaluated using the relation

€ = 87.74 exp[—0.0046(T — 273)] (7.16)
7.6.Headgroup lonic Interactions. lonicinteractions

arise at the interfacial layer if the surfactant has acharged
headgroup and are calculated using the expression

(-4 -

RISl RN

where

(22) Hildebrand, J. H.; Prausnitz, J. M.; Scott, R. L. Regular and
Related Solutions; Van Nostrand Reinhold: New York, 1970.

(23) Barton, A. F. M. Handbook of Solubility Parameters and Other
Cohesion Parameters; CRC Press: Boca Raton, FL, 1983.

(24) CRC Handbook of Chemistry and Physics, 60th ed.; CRC Press:
Boca Raton, FL, 1980.



Molecular Theory of Microemulsions

4’ B (Sﬂnoez)llz
 ekagkT ekT

— Clion + Ca

n s UN,, (7.18)

o]

The area per molecule a; which appears in the preceding
equation is evaluated at a distance ¢ from the surface in
contact with water and is curvature dependent. Expres-
sionsfor a;are given by eq 7.15. The distance ¢ is estimated
as the distance from the surface in contact with water to
the surface where the center of the counterion is located.
k is the reciprocal Debye length, n, is the number of
counterions in solution per cubic centimeter, Cyjon is the
molar concentration of the singly dispersed ionic surfactant
molecules in water, C,q4q is the molar concentration of the
saltadded to the surfactant solution, and Ny is Avogadro’s
number. The last term in the right-hand side of eq 7.17
provides a curvature correction to the ionic interaction
energy. For normal droplets, Cy = 2/(Rw + 0); for reverse
droplets, C; = —2/(Rw — 9); and for flat layers, C; = 0.

7.7. Free Energy of Mixing Inside the Layer
Region. This free energy contribution is estimated using
the Flory—Huggins expression?®

(Aug)mix Gal Yo
———=|Innps+—Inn,+—1In +
KT s O Na Je, o
v (6g - 6rl;|1ix)2 + %V (6: - 6r|_r|1ix)2 +
S kT s1 kT
6H _ éH- 2
3_(8):\/0( [©) kTrmx) (7.19)

8. Predictions for Droplet-Type Microemulsions

Calculations were carried out for a system consisting
of the anionic surfactant sodium dodecyl sulfate, 1-pen-
tanol (cosurfactant), cyclohexane, and water containing
0.3 M NacCl. As mentioned at the very beginning, the choice
of this system was dictated by the possibility of identifying
various types of phase behaviors for the same chemical
components by merely changing the amount of added
alcohol. In all calculations, we assumed the coexistence
of an excess dispersed phase. This means that the droplet
microemulsion phase is part of a two-phase system and
that the amount of dispersed phase present in the droplet
is the maximum achievable.

The total surfactant volume fraction ®s in the micro-
emulsion is kept constant at 0.01 and the concentration
Xsw of the singly dispersed surfactant is negligibly small
compared to the total amount of surfactant in the
microemulsion. The alcohol-to-surfactant ratio in the
microemulsion and, correspondingly, the alcohol-to-surf-
actant ratio in the interfacial layer of the droplet increase
with increasing Xaw. The radius Ry of the water—oil
interface (see Figure 2 for the definition of Ry) predicted
by the model is plotted as a function of the alcohol-to-
surfactant volume ratio in the microemulsion in Figure
3. The calculations show that, for Xaw less than 0.00172
and, correspondingly, for ®,/®s less than 2.0 and gai/gs:
less than 1.012, an O/W droplet-type microemulsion
coexists with an excess oil phase. When Xaw is larger than
0.00184 (and, correspondingly, when ®,/®s is larger than
3.15 and gal/gs is larger than 1.13), a W/O droplet-type
microemulsion coexists with an excess water phase. For

(25) Flory, P. J. Principles of Polymer Chemistry; Cornell University
Press: Ithaca, NY, 1953.
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Figure 3. Predicted radii of microemulsion droplets as a
function of the volume ratios of alcohol to surfactant in
microemulsions. The predictions are for a system consisting of
the surfactant SDS, 1-pentanol, 0.3 M NaCl, water, and
cyclohexane. The total volume fraction of the surfactant in the
microemulsions is 0.01. Filled circles denote O/W droplets, and
open circles correspond to W/O droplets.

o

intermediate values of Xaw (corresponding to ®A/®s in
the range 2.0—3.15), no maximum in the aggregate size
distribution occurs because the equilibrium aggregate
radius diverges. For these conditions, a three-phase system
involving a bicontinuous microemulsion comes into exist-
ence. The radius of the droplet increases significantly as
the two-phase system (corresponding to either O/W or
WI/O droplet microemulsions) nears the transition to a
three-phase system.

The number of surfactant molecules in the interfacial
layer of a droplet is plotted in Figure 4 for the systems
described in Figure 3. Detailed information regarding the
composition of the microemulsions is provided by Figure
5. The volume fractions of oil, water, and alcohol plotted
in the figures represent the total amounts in the micro-
emulsion, and the volume fraction of surfactant ®sis 0.01
in all cases. As the alcohol-to-surfactant ratio increases,
the volume fraction of oil increases while that of water
decreases, as has been generally observed in numerous
experiments.’® The total volume fractions of the surfactant
(®s) and alcohol (®,) determine the volume fraction of oil
solubilized or water solubilized in the microemulsion.
Figure 6 displays the predicted interfacial layer thickness
and the area per surfactant molecule at the oil—water
interface of the droplets as functions of the alcohol-to-
surfactant ratio in the microemulsion. The calculations
indicate that the area per surfactant molecule of the
droplet is not a constant but increases with an increasing
amount of alcohol. The extent of penetration of the oil into
the interfacial layer is illustrated in Figure 7. The oil-
to-surfactant ratio in the interfacial layer exhibits a
monotonic increase as the alcohol-to-surfactant ratio in
the microemulsion increases.

The volume fraction of droplets in the microemulsion
phase predicted by the model is plotted in Figure 8, which
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Figure 4. Numbers of surfactant molecules in the interfacial
layers of droplets as a function of the volume ratios of alcohol
to surfactant in microemulsions. All the system characteristics
are identical to those described for Figure 3. Filled circles denote
O/W droplets, and open circles correspond to W/O droplets.
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Figure 5. Volume fractions of oil (squares), water (triangles),
and alcohol (circles) in microemulsions containing O/W and
W/O droplets as a function of the volume ratios of alcohol to
surfactant in the microemulsions. Filled symbols refer to O/W
droplet microemulsions, and open symbols, to W/O droplet
microemulsions. All the system characteristics are identical to
those described for Figure 3. In all cases, the volume fraction
of the surfactant in the microemulsions is 0.01.

shows that the volume fraction increases as one moves
from the two-phase toward the three-phase system. The
interfacial tension at the flat surface between the micro-
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Figure 6. Thicknesses of the interfacial layers of droplets
(circles) and areas per surfactant molecule of the droplets at
an oil—water interface (squares) as functions of the volume
ratios of alcohol to surfactant in microemulsions for systems
containing O/W (filled symbols) and W/O (open symbols)
droplets. All the system characteristics are identical to those
described for Figure 3.
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Figure 7. Alcohol-to-surfactant mole ratios and oil-to-surf-
actantmole ratios in the interfacial layers of O/W (filled symbols)
and W/O (open symbols) droplets as functions of the volume
ratios of alcohol to surfactant in microemulsions. All the system
characteristics are identical to those described for Figure 3.

emulsion phase and the coexisting excess phase calculated
with eq 5.2 is plotted in Figure 9, which reveals that the
interfacial tension decreases as one moves from the two-
phase to the three-phase system.
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Figure 8. Volume fractions of droplets as a function of the
volume ratios of alcohol to surfactant in microemulsions. All
the system characteristics are identical to those described for
Figure 3. Filled symbols are for O/W microemulsions, and open
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Figure 9. Oil—water interfacial tensions at the flat surfaces
between microemulsion phases and excess dispersed phases as
a function of the volume ratios of alcohol to surfactant in
microemulsions. All the system characteristics are identical to
those described for Figure 3. Filled symbols are for O/W
microemulsions, and open symbols refer to W/O microemulsions.

Estimates of the size and composition dispersions of
droplets in O/W and W/O droplet-type microemulsions,
obtained using the maximum-term method described in
Appendix C, are summarized in Table 1. The calculations
for the O/W droplet-type microemulsions were carried out

Langmuir, Vol. 16, No. 16, 2000 6409

Table 1. Predicted Size and Composition Dispersions of
Microemulsion Droplets

variable O/W microemulsion W/O microemulsion
Rw, A 233.9 282
[Gsi0 11 940 16 460
[Ga/gsi] 0.9228 1.152
[doi/gsiO 0.9965 1.226
dg 0.01 0.01
Dp 0.0158 0.0329
(o) 0.0963 0.8206
Dy 0.8779 0.1365
on(S)/gn(S) 0.219 0.266
on(A)gn(A) 0.241 0.278
on(0)/gn(0) 0.274 0.260
In(W)/gn(W) 0.326
or/[RwO 0.0822 0.096
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Figure 10. Volume fraction of oil in a bicontinuous micro-
emulsion as afunction of the volume ratio of alcohol to surfactant
in the microemulsion. The values of Xaw and gal/gsi are
respectively 0.001 72 and 1.036 (filled squares) and 0.001 84
and 1.074 (open squares). In all cases, the volume fraction of
surfactant is 0.01 and the volume fraction of water is found by
subtraction from unity. The system consists of SDS, 1-pentanol,
cyclohexane, water, and 0.3 M NaCl. Also shown are the
corresponding results for O/W droplet microemulsions (filled
circles) and for W/O droplet microemulsions (open circles).

for Xaw = 0.001 62, while the calculations for the W/O
droplet-type microemulsion were for Xaw = 0.00185. In
all cases, the volume fraction of the surfactant in the
microemulsion ®swas kept constantat 0.01. The average
radii of the droplets, the average numbers of surfactant,
alcohol, and oil molecules in the interfacial layers of the
droplets, the overall compositions of the microemulsions,
and their dispersions are listed in Table 1. The values of
onlgn for all components are generally small, implying
relatively narrow composition dispersions of the droplets.
Consequently, the standard deviations or of the droplet
radii are also small.

9. Predictions for Bicontinuous Microemulsions

As mentioned previously, for alcohol concentrations Xaw
in the water domain in the range 0.001 72—0.00 184
(corresponding to a ®A/®s in the microemulsion between
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Figure 11. Dependence of the volume fractions of oil (open
symbols) and alcohol (filled symbols) in a bicontinuous micro-
emulsion as a function of the mole fraction of alcohol in the
water phase. The different symbols refer to different volume
fractions of oil and water domains in the microemulsion: ® =
0.25 (circles), 0.45 (squares), 0.55 (triangles), and 0.75 (dia-
monds). The system consists of SDS, 1-pentanol, cyclohexane,
water, and 0.3M NacCl.

2.0 and 3.25), three-phase systems involving a bicontinu-
ous microemulsion are preferred thermodynamically. The
overall composition limits within which a bicontinuous
microemulsion can be generated are presented in Figure
10. The two lines correspond to Xaw = 0.001 72 and
0.001 84. For overall phase compositions between these
two linesand for ®s=0.01, athree-phase system is favored
thermodynamically. As Xaw increases from 0.00172 to
0.00184, the area per surfactant molecule ar increases
from 59.06 to 59.88 A2, while the alcohol-to-surfactant
ratio in the interfacial layer (gai/gsi)r increases from 1.036
to 1.074. All the bicontinuous microemulsions marked by
points on a line are characterized by the same values of
Xaw, ag, and (gai/dsi)r.

One can observe from Figure 10 that, for a given ®A/®s,
there is a unique value of ®¢ for an O/W or W/O droplet
microemulsion, but a range of ®¢ values lying between
the two lines is possible for a bicontinuous microemulsion.
The volume fraction of oil ®¢ in the bicontinuous micro-
emulsion, for a given value of ®,/®s, is determined by the
concentration Xaw of the alcohol in the coexisting water
phase. The volume fractions of oil ®¢ (unfilled symbols)
and alcohol ®, (filled symbols) in the bicontinuous
microemulsion are plotted in Figure 11 as a function of
Xaw, With the volume fraction of surfactant ®g kept
constant at 0.01. Because the sum of all volume fractions
should be unity, the volume fraction of water ®\, can be
determined. Each symbol in Figure 11 corresponds to a
given volume fraction of oil in the bicontinuous micro-
emulsion: ® =0.25 (circle), 0.45 (square), 0.55 (triangle),
and 0.75 (diamond). For a given value of ®q, as Xaw
increases, @ increases, implying a corresponding decrease
in ®\ (because all volume fractions sum to unity). This
predicted increase in the oil-to-water ratio in a bicon-
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Figure 12. Dependence of the droplet radii in two-phase
systems containing O/W (filled circles) or W/O microemulsions
(open circles) and of persistence length/2 of a bicontinuous
microemulsion (filled squares) on the volume fraction of oil in
the microemulsion. In all cases, the volume fraction of the
surfactant is 0.01. The system consists of SDS, 1-pentanol,
cyclohexane, water, and 0.3 M NacCl.

tinuous microemulsion system with increasing alcohol
content constitutes a well-known experimental result.

The persistence length of the bicontinuous microemul-
sion predicted by the model is plotted in Figure 12 as a
function of the volume fraction of oil in the microemulsion
for Xaw=0.001 72. The calculated persistence lengths for
Xaw = 0.001 84 practically coincide with the former,
because the areas per surfactant molecule in the interfacial
layer ar are close to one another for the two values of Xaw.
The persistence length has a maximum when the oil and
water domains have equal volume fractions. The radii of
the O/W droplets increase with an increasing amount of
alcohol in the low alcohol content range, while the radii
of the W/O droplets decrease with an increasing amount
of alcohol in the high alcohol content range. The interfacial
tension calculated using eq 6.6 is plotted in Figure 13 as
afunction of the volume fraction of oil in the bicontinuous
microemulsion. The calculated interfacial tensions for the
two values of Xaw = 0.001 72 and 0.001 84 practically
coincide (as expected, since the persistence lengths also
practically coincide). The interfacial tension has a mini-
mum when the oil and water domains have equal volume
fractions.

10. Conclusions

In this paper, a predictive molecular thermodynamic
approach is developed to calculate the structural and
compositional characteristics of microemulsions. The
theory applies not only to oil-in-water and water-in-oil
droplet-type microemulsions but also to bicontinuous
microemulsions. The treatment is an extension of our
earlier theories for micelles, mixed micelles, and solubil-
ization but also takes into account the self-association of
alcohol in oil and the volume-excluded interactions among
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Figure 13. Interfacial tension at the oil—water interface in a
bicontinuous microemulsion system (filled squares) as a function
of the volume fraction of oil in the microemulsion. In all cases,
the volume fraction of surfactant is 0.01. The system consists
of SDS, 1-pentanol, cyclohexane, water, and 0.3 M NacCl. Also
shown are the interfacial tensions at the flat surface between
the O/W droplet microemulsion phase and the excess oil phase
(filled circles) and between the W/O droplet microemulsion
phase and excess water phase (open circles) in two-phase
systems.

the droplets. lllustrative numerical results are provided
for an anionic surfactant (SDS)—pentanol—cyclohexane—
water—NacCl system. Microstructural features including
the droplet radius, the thickness of the interfacial layer,
the numbers of molecules of various species in a droplet,
the size and composition dispersions of the droplet, and
the distributions of the surfactant, oil, alcohol, and water
molecules in the various microdomains have been calcu-
lated. Further, the model allows the identification of the
transition from a two-phase to a three-phase system. The
characteristic persistence length of the bicontinuous
microemulsion is also predicted. Finally, the model permits
the calculation of the interfacial tension between the
microemulsion and the coexisting phase.

Appendix A: Equilibrium Size Distribution of
Droplets

A.1l. A Water-in-Oil Droplet Microemulsion. (a)
Description of the Phase. The microemulsion system
is composed of Ngo droplets of various sizes g (each
consisting of surfactant, alcohol, oil and water molecules)
and outside the droplets, Noo oil molecules, Nso surfactant
molecules, Nao alcohol molecules, and Nyo water mol-
ecules. The subscript g for a droplet denotes the total
number of molecules of different kinds present in it (i.e.,
g =0s + 0ga+ do + gw). The Nao alcohol molecules outside
the droplets are present both as singly dispersed molecules
and as aggregates. The number of alcohol aggregates
containing j alcohol molecules is denoted by Njao.

(b) Free Energy of the Phase. The total Gibbs energy
G of the microemulsion can be written as
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G = Nooloo T Ngattso + ZNjAO:ujAO + Nwottwo t
> Nyottgo (A1)

where u refers to the chemical potentials of given kinds
of species. The last subscript on N and u stands for the
nature of the continuous phase, with O denoting the oil.
The subscripts O, W, S, A, and jA refer to molecules of oil,
water, surfactant, alcohol, and alcohol aggregates con-
taining j alcohol molecules, respectively. The summations
over j extend from 1 to « in all the equations in this paper.
A summation over g in the last term of eq A.1 accounts
for the size and the composition distribution of droplets.

(c) Equilibrium Condition. The chemical potentials
of the singly dispersed alcohol molecules and alcohol
aggregates are related via the expression

Hipo = JH1po (A.2)
which, combined with eq A.1, yields

G = Ngottoo T Nsotso T Nagttiao T Nwattwo +
ZNgougo (A.3)

where

Nao = ZJ Njao (A.4)
For a given composition of the system

Nyo + ZQKNQO =constant k=0,S,A,W (Ab5)
The condition 6G = 0, subjected to the mass constraints
of eq A.5, leads to

Hgo = 9otoo T Istso T Gattino T Gwttwo  (A.6)

The chemical potentials of the components in the oil
phase other than the droplets are expressed in the form
o = ko T KT IN(roXio) k=S, 1A, W, 0 (A7)
The standard chemical potential x4 corresponds to the
pure oil phase, the standard chemical potential uf,.
refers to the standard state of the monomeric alcohol in
pure alcohol, and the standard chemical potentials ug,
and uy,o of the surfactant and water, respectively, cor-
respond to their infinitely dilute solution states in the oil
phase. For the droplets, the chemical potential is written
as

Hgo = Ugo T KT In(yoXy0) (A.8)

where ugq is the standard chemical potential of the
aggregate defined as that of an isolated aggregate in the
continuous oil phase and yyo is the activity coefficient
arising from the hard-sphere interactions.

The standard chemical potential ug, of the aggregate
can be splitinto a partdue to the interfacial layer (denoted
with the subscript I) and another part due to the dispersed
water phase of the droplet (denoted with the subscript
W). Thus, one can write

Ugo = Ugi T Gowtow T Jswisw T Jawtaw T Gwwlww
(A.9)

where ug, is the standard chemical potential of the
interfacial layer of the droplet, while uw are the chemical
potentials of the components k present in the dispersed
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water phase. The number of molecules gow, 9sw, 9aw, and
gww, Which refer to the oil, surfactant, alcohol, and water
molecules in the dispersed water phase, are related to goy,
Os1, a1, and gwi, the number of molecules in the interfacial
layer of the droplet, via
O = 9k — Gkw k=S,A 0O W (A.10)
(d) Relation between Chemical Potentials. The
chemical potentials uko of all the components k in the oil
phase are equal to the chemical potentials ukw of the same
components in the dispersed water phase. For oil, surf-
actant, and alcohol, one can write

Uoo = oo T KT IN(YooXo0) = tow =
udw T KT In(yowXow) (A.11)

tso = tgo T KT IN(ysoXso) = sy =
ugw T KT In(ysyXsw) (A.12)

U1p0 = Uiao T KT IN(Y1a0X100) = taw =
taw T KT In(yanXaw) (A.13)

where Xsw, Xaw, and Xow are the concentrations of the
singly dispersed surfactant, alcohol, and water, respec-
tively, in the dispersed water phase. ug, uay, and udy
are their standard chemical potentials for infinitely dilute
solutions in water, while ysw, yaw, and yow are the activity
coefficients in the dispersed water phase. For the fourth
component, water, the concentration of singly dispersed
water Xwo will be smaller than the value at saturation
X\S,f,‘g if the microemulsion is a single-phase system and
becomes equal to X7, when an excess water phase is
present. Therefore

Uwo = two T KT In(yyo X\S/Sto fwo) = tww =
pww T KT In(rywXww) (A.14)

where

fuo = Xwo/XWo (A.15)

(e) Size and Composition Distribution. One can now
introduce into the equilibrium relation (A.6) the relations
between the various chemical potentials, eqs A.7—A.15,
to obtain the size and the composition distribution function
of the droplets. For a single-phase microemulsion

XgoVgo = Q%' o™ (A.16)

Ineq A.16

Q= XSW)/SW(XAWVAW)QAI/QSI(Xooyoo)gm/gSI
exp(—Aug/KT) (A.17)

and

g g
Aug = imj,’. — U — aw — o (A18)
Os) Qs Osi
The standard free energy difference Ay, is due to the
transfer of one surfactant molecule and ga)/gs, alcohol
molecules from water and goi/gs oil molecules from pure
oil to the interfacial layer of the droplet. Equations A.16—
A.18 imply that the number of water molecules in the
interfacial layer (gwi) is zero.
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A.2. An Oil-in-Water Droplet Microemulsion. Simi-
larly, for the oil-in-water droplet-type microemulsion, the
size and composition distribution of droplets is given by

XowVow = QIsif %0 (A.19)

where

Q= XSWVSW(XAWVAw)gA'/gSI(Xoo)/oo)go'/gs'
exp(—Aug/KT) (A.20)

and

9 g
Aug = iﬂ;. — e — o — o (A21)
Osi Osi Osi

As in the previous case, fow is less than unity for a single-
phase microemulsion but becomes equal to unity when an
excess oil phase coexists. The activity coefficients yswand
ysa0f the singly dispersed surfactant and alcohol molecules
and the activity coefficient yqw of the aggregates differ
from unity, since the water phase contains the droplets
which contribute to solution nonideality through the hard-
sphere interactions. For the same reason, the activity
coefficient yqo of the oil in the dispersed oil phase is unity
since no droplets are present in the oil phase.

Appendix B: Calculation of Activity Coefficients
for Multicomponent Mixtures Containing Hard
Spheres

Let us consider a solution composed of hard-sphere
droplets of a single size g present in a multicomponent
solvent. The expression for the osmotic pressure due to
the hard spheres allows us to calculate the chemical
potentials of the components in the mixed solvent.
Subsequently, the Gibbs—Duhem equation is used to
calculate the chemical potentials of the hard-sphere
droplets.?® The mole fraction X; of the components and
their volume fraction ®; are related via the expressions

Dilv; o — XV,

= Z(I)i/vi b invi

where v; are the volumes of the various components
including the hard-sphere aggregates. For all components
other than i = g (which refers to the hard spheres),
considering their partial molar volumes equal to the molar
volumes of the pure components, one can write

(s
pJITN, i

where y; is the chemical potential of component i in the
solution, while IT is the osmotic pressure due to the hard-
sphere droplets of volume fraction ®4. The Carnahan—
Starling equation of state leads to

(B.1)

ui(®Pg = 0) — ui(@g) = Ilv; (B.2)

Q1+ D+ DS — P
I = KT 5 (B.3)
9 (1 - cbg)

where V is the volume of a single hard-sphere droplet.
Therefore, the chemical potential of component i is given

by

(26) Reed, T. M.; Gubbins, K. E. Applied Statistical Mechanics;
Butterworth-Heinemann: Boston, MA, 1973. Overbeek, J. Th. G.
Faraday Discuss. Chem. Soc. 1978, 65, 7.
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+ KT In X kTVi1+ T (B.4)
.= ° n . — —_— .
Ui = Wi i Vg (1_Ig)3

The first term on the right-hand side 4 is the standard
chemical potential of component i, the second term is the
ideal mixture contribution, and the third term is the
nonideality caused by the hard-sphere interactions. The
chemical potential of the hard-sphere droplet (component
g) is obtained using the Gibbs—Duhem equation

Xxi du;

=g

ZXi du; =0 dug == — (B.5)
1—- M3 X
% i
and has the form
Ug = ug T KT In X, +
2
(I)QNg 7 — 3<I)g — CI)g
kT|In|———| + CIJQ—2 (B.6)
X, ) D./v; (1- q)g)
g;] ivi

In obtaining the expression for the activity coefficient part
of the chemical potential, we have considered droplets of
a single size represented by the most populous size
(corresponding to the maximum in the size distribution).
A more formal equation allowing for droplets of various
sizes can be written according to the Mansoori—Carna-
han—Starling equation of state for mixtures of hard
spheres.?® The results based on such an expression are
not expected to be essentially different from those obtained
on the basis of a single droplet size.

Appendix C: Approximate Method for Obtaining
Size and Composition Polydispersity of Droplets
Using the Maximum-Term Method

The size and composition distribution of droplets will
be first rewritten in a general form applicable to both
oil-in-water and water-in-oil microemulsions (by deleting
the second subscripts):

Xy = XIXa "X %X Z(9s, 9ar 9or Gw)  (C.1)

where Z represents all the other factors that appear in
the expression for the size distribution. The number- and
weight-average numbers of the various constituents in
the droplet are denoted by gn(k) and gw(K), respectively

and are defined as
2
X
a0 =2%% (oo

X
g,(kK) = EM

> % > 9%
where k stands for the four components presentinadroplet
(S, A, O, and W). In the above equation, as elsewhere in
this paper, we employ the single-sum notation to represent
the summation over all sizes and compositions of the

droplets. One can write the following relations involving
the derivatives by combining egs C.1 and C.2:

aIn Ny Xy HaXy
e Sk, o
aIn Y gX, _ X

=0gu(k) (C.3)
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Further, from the definition of the number average (eq
C.2), one can write the following derivative, which
combined with eq C.3, leads to

dIng,(k) dln ngxg ~ dln ZXQ . g,(K)

d1In ZQKXg 9ln zgkxg dln ngxg gzv(gkz)l)

The root-mean-square deviation of g, from its number-
average value gn(K) is given by

Yok - 9aRPX,

0,2(k) = ZX = 0,(K) 94(K) — [9,(K)T?
’ (C.5)
which, combined with eqs C.4 and C.5, leads to
on(k) 1 dIngy(k) \™* 1 1z dIng,(k) |¥2
9n(K) aIn’y g Xq aIn "y X,
(C.6)

Replacing the derivatives in eq C.6 by difference terms
and restricting ourselves to the maximum term, we obtain
eq 4.1 of section 4.

Appendix D: Model for Alcohol Self-Association
in Oil

The partitioning of alcohol into the oil, water, and
interfacial layer domains of a microemulsion controls
whether a two-phase or a three-phase microemulsion
system is formed, as well as the microscopic characteristics
of the microemulsion phases. For the typical alcohols used,
the amount of alcohol present in the oil domain can be
large and comparable to the amount present in the
interfacial layer. This is in contrast to the behavior of the
surfactant, most of which remains at the interfacial layer
and only a negligibly small amount of which are parti-
tioned into the oil and the water domains. Therefore, the
accurate accounting of the partitioning of alcohol into the
oil domain is a necessary part of any quantitative theory
of microemulsions. Such a theory must account for the
facts that the alcohol is present in the oil phase as both
monomers and aggregates and that the self-association of
alcohol in the oil is responsible for its appreciable presence
in the oil domain.

The thermodynamic treatments of the self-association
of alcohols in hydrocarbon solvents'® involve various levels
of complexity and detail, depending on which of the
following physical features are accounted for: (a) The
alcohol molecules exist as self-associated aggregates. (b)
The association can be represented by linear polymers,
cyclic polymers, or aggregates of one or more distinct sizes.
(c) The alcohol molecules can associate with the oil
molecules to form oil—alcohol complexes. (d) The size
differences between the various aggregates are appreciable
and contribute to the solution properties. (e) In addition
to the chemical association phenomenon, physical inter-
actions between the various aggregates and the oil
molecules constituting the solvent medium are also
important. To keep the molecular theory of microemulsions
at the simplest level possible, we treat the alcohol—oil
systems by placing the emphasis on the most important
source of nonideality, namely, the self-association of
alcohol.1®

D.1. Formulation of the Self-Association Model.
Consider a mixture of Ngoo 0il molecules and Nao alcohol
molecules constituting a binary system from the stoichio-
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metric point of view. The alcohol molecules are present
as Njao aggregates of size j (j = 1, for the monomer), making
the mixture a multicomponent system from the viewpoint
of the true chemical species present. The true mole
fractions of the aggregates of size j and of the oil are

Mmoo Noo
00 —
Noo + ZNjAO Noo + zNjAO

while the stoichiometric mole fractions of alcohol and oil
are

Xino = (D.1)

Nao ZJ Njao

X
AT Nao + Noo Noo + XJN

Xo=1-X,
(D.2)

The self-association of alcohol in oil is represented by the
association equilibria

AL+A=AL =123, .. (D.3)

where the association equilibrium constants are consid-
ered to be the same for all association steps. If we denote
the stepwise association equilibrium constant by Ky, the
mole fraction of alcohol aggregates of size j is

XjAo = Kxj71X1Aoj (D.4)

Because KxX1a0 must be less than unity to ensure thatall
mole fractions remain finite

X1r0 XlAO
Xpg=7——"—"— ]
z O 1 = KyXino z 1n0 (1 — Ky Xqn0)
(D.5)
1- Kxxle - Xle

Xoo=1—$Xro= (D.6)
Z : 1- Kxxle

The average aggregation number of alcohol aggregates is
therefore given by

i ZJXJAO 1
o le A0 1= KyXin0

and the ratio of the total number of alcohol molecules to
those in monomeric form is

(D.7)

Nao _ XijAO _ 1
= = 5 (D.8)
Niao X1n0 (1 — KyXia0)
Finally, the stoichiometric mole fraction Xa can be used
to calculate the true mole fraction X;40 of the monomeric
species using the expression
« 14 2K X, — (1 + 4K, X, — 4K, X, %)Y2
A0 2K, XA(1 + Ky)

(D.9)

The alcohol-partitioning calculations allow us to calculate
Xoo, provided the self-association equilibrium constant
Kx is known.

D.2. Determination of Kx from Thermodynamic
Data for Alcohol—Hydrocarbon Mixtures. Using the
available excess Gibbs energy and excess enthalpy data
for alcohol—hydrocarbon mixtures,*¢ the value of Ky can
be estimated as described below. The Gibbs energy of the
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solution is given by

G = Noogloo T zNjAOlujAO Nootoo T Naoiiao
(D.10)

where ujao = juino. The standard chemical potential of oil
udo is taken to correspond to the pure oil, while the
standard chemical potential of the monomeric alcohol
U3ao 1S taken to be that of the monomers in pure alcohol.
One can find u$, by equating the chemical potential u7 g
of the pure alcohol to the chemical potential of the
monomers defined in terms of their standard state and
their concentration X}, in pure alcohol:

Hino = Hino T KT IN Xiao (D.11)

The monomeric mole fraction Xj g in the pure alcohol is
obtained from eq D.9 by setting the stoichiometric alcohol
mole fraction X, equal to unity:

X;IK_AO = TKX (DlZ)

The excess Gibbs energy is thus provided by the expression

G5=G — [Ngo oo T Nao tino +
KT(Ngo In Xg + Npg In X,)] (D.13)

and the molar excess Gibbs energy by

Xia X
X, In ( +x0|n( °°)
Xiro Xo

The excess enthalpy can be related to the number of
alcohol—alcohol hydrogen bonds formed in the alcohol—
hydrocarbon solution compared to those formed in pure
alcohol. Considering the enthalpy of formation of a
hydrogen bond ha to be independent of the degree of
aggregation, the excess enthalpy is given by

F= hA[z(j — DNjpo — z(J

where N*O denotes the number of aggregates with a

degree of association j in pure alcohol. Because ZJNJAO
Nao and YjNjao = Nao, €q D.7 can be written as

GE

2 =kT
NOO + NAO

(D.14)

DNl (D.15)

AO szjAo N ijjAO N 1
= = =T KX (D.16)
zNjAO ZNJAO ZXJ-AO X7 \1A0
Therefore
ZNjAO = Npo(1 = KyX;40)
D Nino = Nao(1 = KyX*,00) (D.17)

and, consequently, the molar excess enthalpy is given by
the relation

HE

————— = h, X, Ky(Xp0 — Xi D.18
Nog + Ny A7A x(X1a0 o) ( )

The thermodynamic models available in the literature®
employed a constant value of —6000 cal/mol for the hy-
drogen-bonding energies ha of various alcohols. Therefore
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dinkK,  h, 510
d/T) R (B.19)

where R is the gas constant.

By fitting the available excess Gibbs energy data to eq
D.14, the excess enthalpy data to eq D.18, the average
aggregation number of the alcohol to eq D.7, and the ratio
between the total and the monomeric alcohol to eq D.8
and incorporating the temperature dependence provided
by eq D.19, we have developed the following expression
for an alcohol with n.a carbon atoms:

_ —0.47 1 1
K, = 92n,, exp[sooo(T 323)] (D.20)

The preceding equation is valid for aliphatic alcohols
ranging from propanol to decanol. For example, at 25 °C,
the association equilibrium constants are 104.6, 94.2, 86.4,
and 80.4, respectively, for butanol, pentanol, hexanol, and
heptanol.

D.3. Use of the Alcohol Self-Association Model. In
performing the computations for microemulsions, one first
estimates Ky using eq D.20 for a given chain length of
alcohol and agiven temperature. By equating the chemical
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potential of the alcohol in the oil phase to the chemical
potential of the alcohol in the water phase, one obtains

XAW — XlAO —

S *
XAW XlAO

(1 + KX a0 (D.21)

where X3, is the saturation concentration of alcohol in
water when the water phase coexists with a pure alcohol
phase. At 25 °C, the solubility of aliphatic alcohols in water
is given® by the expression

In X3, = 1.40 — 1.38n_, (D.22)
To estimate X3, at any other temperature, the temper-
ature dependence of alcohol solubility is assumed com-
parable to that of aliphatic hydrocarbons and the relations
provided for the methyl and methylene groups by egs 7.3
and 7.4, respectively, are used to obtain this temperature
dependence. For a given value of Xaw, the mole fraction
X1a0 0f the monomeric alcohol in the oil phase is calculated
by combining eqs D.21 and D.22. Finally, the true mole
fraction of oil Xo0 is calculated using eq D.6.
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