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Solubilization and Phase Equilibria of Water-in-Oil Microemulsions
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The solubilization and phase equilibria of water-in-oil (w/0) microemulsions have been studied to
elucidate how the molecular structure of various components of microemulsions and salinity influence
two interfacial parameters of the system, namely the spontaneous curvature and elasticity of interfacial
films. Most solubilization and phase equilibria data presented are explained by the change of these two
parameters. It is indicated that oil can influence the property of an interfacial film by a solvation effect.
0il molecules with small molecular volume or high aromaticity produce a strong solvation effect and
consequently lead to a greater penetration of oil molecules into the surfactant chain layer, thus increasing
the rigidity and curvature of the interface. The addition of alcohol exhibits strong effects on the elasticity
and spontaneous curvature of an interface. Decreasing alcohol chain length can increase the fluidity of
the interfacial film and hence increase the attractive interdroplet interaction. On the other hand, increasing
alcohol chain length often increases the rigidity and curvature of an interface. For alcohols which increase
the interfacial fluidity, increasing alcohol partitioning at the interface will increase the fluidity and natural
radius of the interface. The addition of electrolytes results in tighter molecular packing at the interface
and a decrease in the natural radius and interfacial fluidity. There often exists an optimal salinity for a
given w/o microemulsion system at which a maximum brine solubilization occurs. The maximum sol-
ubilization is interpreted as a result of counteracting effects of attractive interdroplet interaction of fluid
interfaces and the bending stress of rigid interfaces. As a result of this study, phenomenological guidelines
for the formulation of microemulsions have been proposed. It is inferred that the addition of a small
amount of alcohol at optimal salinity together with the condition of chain length compatibility can result

in the largest possible brine solubilization in a given w/o microemulsion. © 1987 Academic Press, Inc.

INTRODUCTION

In the previous part of this series, basic con-
cepts and theory about solubilization and
phase equilibria of water-in-oil microemul-
sions were presented. It was shown that the
solubilization and phase equilibria of w/o mi-
croemulsions can be basically accounted for
by two phenomenological parameters of the
system, namely the spontaneous curvature and
elasticity of interfacial films. In this paper, we
present some experimental results to verify
and elucidate the proposed theory, and to fur-
ther delineate the influence of the molecular
structure of various components of micro-
emulsions on the spontaneous curvature and
elasticity of interfaces. We shall further discuss
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the observation of a chain length compatibility
effect in w/o microemulsions (1, 2). As a result
of this study, some phenomenological guide-
lines for the formulation of microemulsions
will be proposed.

MATERIALS AND METHODS

Sodium stearate (LOT-CC-6581) was used
as supplied by ICN Pharmaceuticals. Sodium
dodecyl sulfate (SDS) was purchased from
BDH (purity ~ 99%). All alcohols and oils
with purity above 99% were used directly
without further purification.

The solubilization limit of microemulsions
was determined by titration of microemulsions
with water or brine under ambient conditions
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until opaqueness occurred. The onset of
opaqueness was defined as the turbid, milky
appearance of a system such that nothing can
be seen through it. The bluish, translucent ap-
pearance of a system (Rayleigh scattering) was
not considered as the onset of opaqueness.
However, for the transition of isotropic mi-
croemulsions to a birefringent phase, the
boundary was determined as the onset of
cloudiness due to a lack of strong turbidity.
The reproducibility of titration was within
+0.1 ml. Birefringence was detected by view-
ing the sample through two cross-polarized
plates.

The results of phase equilibria of samples
were recorded after 48 h equilibration under
ambient conditions. This equilibration period
was found to be sufficient for qualitative de-
termination of the type of phase equilibria,
although true thermodynamic equilibrium
may require a longer time. The type of phase
equilibrium of a sample is represented by a
letter beside each data point in all figures as
follows.

i. Phase equilibria of microemulsions with
excess water (referred as type 1 phase equilib-
ria) are labeled “w.” Phase separation of this
type is due to the interfacial bending stress of
rigid interfaces.

ii. Phase equilibria of microemulsions with
excess oil containing a low density of micro-
emulsion droplets are labeled “o” (referred as
type 2 phase equilibria). A critical point at
which two equal-volume, isotropic phases are
in equilibrium is labeled “o..” Phase separa-
tion of this type is associated with attractive
interactions of fluid interfaces.

iii. A transition from an isotropic micro-
emulsion to a birefringent phase is labeled “b.”

iv. The existence of ‘“‘gel-like” or solid sur-
factant precipitates swollen by water is la-
beled “p.”

v. A special symbol “6” has been used to
designate the phase equilibria of microemul-
sions with excess oil in the second isotropic
region (see text in Section I. 2) where the mi-
croemulsion structure is uncertain.
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RESULTS AND DISCUSSIONS
1. Effect of Oil Chain Length

1. Influence of oil penetration into interfa-
cial films. The water solubilization and phase
equilibria of w/o sodium stearate microemul-
sions as a function of oil chain length are
shown in Fig. 1a. The change of the electrical
resistance of these solutions as a function of
water concentration has been reported in Ref.
(1). The result suggests that the structure of
these samples is likely to be a percolating w/
o microemulsion (3). The amount of solubi-
lized water in the microemulsions increases
with increasing oil chain length up to dode-
cane, and then decreases upon further in-
creasing the oil chain length. The condition of
“chain length compatibility”” would predict a
maximum solubilization at tridecane (1). Fur-
thermore, the phase separation of microemul-
sions exhibits distinct patterns with varying
oil chain length. For oils longer than dodecane,
an isotropic microemulsion phase in equilib-
rium with an excess oil phase (type 2) was ob-
served, indicating an attractive interaction be-
tween droplets for phase separation. For oils
shorter than dodecane, a birefringent liquid
crystalline phase was observed between do-
decane and octane. Figure 7 in Ref. (1) best
depicts the patterns of the observed phase
equilibria. For oils shorter than octane, solid
or gel-like surfactant precipitates were ob-
served. We have calculated the equivalent al-
kane carbon number (EACN) of benzene to
be 2.4 based on an extrapolation of solubili-
zation data of octane, hexane, and pentane in
Fig. la using a second-order equation. Al-
though the EACN of benzene may vary with
the composition of microemulsions, we shall
always report benzene as an oil with a carbon
number of 2.4 throughout this paper for con-
venience.

The decrease in water solubilization in mi-
croemulsions with increasing oil chain length
(Cy; to Cy6) in Fig. 1a can be attributed to the
enhanced interdroplet attraction according to
the theory presented in part I. It has been ex-
perimentally established that the attractive in-
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FIG. 1. Solubilization of water as a function of oil chain length in the microemulsions containing 10 ml
oil, 1 g sodium stearate, and various amounts of 1-pentanol: 8 ml (a) and 4 ml (b). The filled circles stand
for the first boundary, while the open circles represent the second boundary of solubilization. Benzene is
plotted as an oil with a chain length of 2.4 (filled square) and the screened area indicates a clear birefringent
region. Each letter beside the data points represents the type of phase equilibrium of each sample. See text

for other details.

teraction between w/o microemulsion droplets
increases with increasing oil chain length (4-
7). This enhanced attraction is related to the
penetration of oil molecules into the interfacial
film, and the resultant change in interfacial
curvature and fluidity. Many experimental
and theoretical studies of microemulsions (8-
10) and amphiphilic bilayers (11-16) have
suggested that oil penetration into interfacial
films increases with decreasing molecular vol-
ume and the increasing aromaticity of the oil.
This penetration can increase the interfacial
mixing entropy, thus stabilizing the interfacial
film. The oil penetration also swells the ali-
phatic layer of the surfactant film, causing a
higher spreading pressure at the surfactant tail/
oil interface, and consequently resulting in a
more curved interface (smaller droplet size).
Further, the oil penetration straightens the
surfactant chain (favors transconformation of
the chain) and consequently leads to a more
rigid, hardened interfacial film (8, 10, 12, 15-
17). All these factors serve as stabilizing forces
for w/o microemulsion droplets (17). In con-
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trast, less penetration of oil into the surfactant
film with increasing oil chain length results in
a more flexible interface and a greater natural
radius (Ro) than that of short-chain oils. The
attractive interactions between droplets are
thus increased due to ‘“sticky” collisions be-
tween droplets (18, 19) and a decrease in in-
terfacial bending energy upon the formation
of dimers (20). The “stickiness” of collisions
is proportional to the fluidity of the interface,
the thickness and the area of the penetrable
aliphatic layer (21-23), and the ease of oil re-
moval from the interface upon collisions (23).
The last factor is very similar to the case of
steric stabilization in polymeric colloidal sys-
tems (24, 25). One can consider the long-chain
oil as a “poor” solvent for interfacial films,
resulting in attractive steric forces between
microemulsion droplets in analogy to that be-
tween polymer-coated particles (24, 25).

2. Formation of birefringent phases. As
shown in Fig. la, the water solubilization in
the microemulsions diminishes as the oil chain
length decreases from dodecane to octane. An
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unusual phase transition of isotropic — bi-
refringent — isotropic — turbid was observed
when water was continuously added to the so-
lution. A similar phase transition has also been
reported in other w/o microemulsion systems
(26-30). The birefringent phase appears
translucent and consists of a fine liquid crys-
talline dispersion, analogous to a neat phase
in equilibrium with the L, phase in many lyo-
tropic liquid crystalline systems (31). Ekwall
(31) has indicated that a neat phase (lamellae)
often occurs when the solubilization limit of
an isotropic w/o microemulsion phase (L,) is
exceeded. The “second” isotropic phase at a
higher water content appears bluish and
translucent and has a very narrow water sol-
ubilization range as compared to the “first”
isotropic phase or the birefringent phase. We
shall refer to the transition of the second iso-
tropic to turbid phase as the “second bound-
ary” in contrast to the “first boundary” of
transition from the first isotropic to birefrin-
gent phase.

A possible structure of o/w microemulsions
has been suggested for some second isotropic
phases (26). However, a similar second isotro-
pic region observed in AOT systems (30) in-
dicates that the second isotropic region con-
nects with the L, (w/o) phase through a narrow
passage. The exact nature and structure of this
second isotropic phase probably still remains
to be studied. One possibility is that the second
isotropic phase in Fig. 1a represents a gradual
and continuous phase inversion from w/o to
o/w droplets, as moving from dodecane to oc-
tane.

In an attempt to delineate the relation be-
tween a microemulsion and a lyotropic ne-
matic phase, specific lamellar phases have been
studied (32-37). An unusual labile lamellar
structure with a collective undulation mode
has been observed in the SDS/pentanol/cy-
clohexane/water system (32-34). These la-
mellae occur in the vicinity of a microemul-
sion phase in a phase diagram, but contain
less alcohol than that needed to form isotropic
microemulsions. The results of these studies
emphasized the importance of interfacial flu-
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idity for the formation of microemulsions, and
suggested the role of alcohol (cosurfactant) in
increasing the interfacial fluidity resulting in
a transition from a periodically organized
structure (lamellae) toward random isotropic
microemulsions. We have investigated the
phase behavior of the same system by mixing
0.4 g SDS, 5 ml cyclohexane, 1 ml 1-pentanol,
and various amounts of water together. An
analogous phase transition of isotropic —> bi-
refringent — isotropic —> turbid was observed.
The macroscopic similarity between the so-
dium stearate and the SDS system indicates
that the solubilization and phase transition
observed in Fig. 1a are probably related to the
formation and stability of birefringent lamel-
lae. This argument can be partially substan-
tiated by the result in Fig. 1b. When the
amount of pentanol decreases by one-half, the
pronounced solubilization maximum ob-
served in Fig. 1a vanishes and the birefringent
region enlarges. The height of birefringent re-
gion decreases with increasing oil chain length.
It is clear that the stability of lamellae is influ-
enced by the alcohol concentration and oil
chain length.

The periodic long-range orientational order
of lamellae mainly results from the solute-
solvent as well as the solute-solute interactions
(38). The penetration of solvent (oil) molecules
into the aliphatic layer of the interface (solute-
solvent interaction) results in more rigid sur-
factant chains (7, 10, 13, 15). The cohesive
interactions in the aliphatic layer are thus in-
creased, leading to a long-range ordered and
more rigid interface. This partly accounts for
the observation of the birefringent phase in
the short-chain oil region (Cg to C;,) in Fig.
la. Furthermore, the continuous decrease in
the water solubilization in isotropic micro-
emulsions with decreasing oil chain length
from dodecane to hexane in Fig. 1a can also
be explained by the increasing oil penetration
(solvation effect). The oil penetration increases
the packing ratio v/agl., thus decreasing the
natural radius. This conjecture has been ver-
ified both experimentally (39) and theoretically
(40). It has been estimated that for a surfactant
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film with a v/agl. value close to unity, v/aol.
may increase to about 1.5-2 in the presence
of hexane, while it may remain unchanged
in the presence of tetradecane or hexade-
cane (41).

The above analysis focuses on the influence
of oil on the interfacial rigidity and curvature.
The effect of alcohol can be analyzed in a sim-
ilar way. Since many single-chain ionic sur-
factants have a bulky polar head group (ao)
and a relatively smaller cross-sectional area (v/
1.) in the hydrocarbon chain, the packing ratio
v/aol, is usually smaller than unity favoring
the formation of oil-in-water droplets. It has
been generally observed (31) that a minimum
amount of alcohol is required to form a neat
phase in a binary ionic amphiphile-water sys-
tem. The addition of alcohol is expected to
increase hydrocarbon chain volume v (42, 43),
and may slightly decrease the area per polar
head group ao (31, 42), thus increasing the
packing ratio v/aol. toward unity and leading
to a structural transition from normal micelles
to lamellae. However, at higher alcohol con-
centrations, a large increase in v, and hence
in v/agl., may eventually favor the formation
of an “inverted” (w/o) structure. This can ex-
plain the smaller birefringent region (with
higher water solubilization in the microemul-
sions) in Fig. la containing a higher alcohol
concentration than that in Fig. 1b. Moreover,
the partitioning of alcohol at the interface is
expected to disorder the surfactant film due to
a void formation between the surfactant chains
(44, 45). It has also been found that alcohol
partitioning at the interface increases with in-
creasing oil chain length (1, 4). Thus the di-
minishing of the birefringent region can also
be reasonably explained by the increasing flu-
idity of the interface with increasing oil chain
length and alcohol concentration.

The uptake of water and oil by lamellae is
probably the main factor in determining the
stability of the birefringent phase. Figure 1
shows that increasing oil chain length de-
creases the height (water uptake) of lamellae.
It has been generally observed that a fatty acid
soap forms lamellae of a nonexpanding type
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(31). This means that the incorporation of wa-
ter in lamellae can result in a marked rise in
the interfacial area per polar head group as
well as a reduction in the thickness of bilayers
(double hydrocarbon chain layers) (31). The
intake of water by lamellae is limited to the
point where the interfacial area per polar head
group is about twice as great as the cross sec-
tion of the amphiphilic chain (v/al. = %) be-
yond which a phase transition to a new phase
will occur (31). It appears that a decreasing oil
chain length can increase the water uptake by
lamellae due to a preferential penetration of
short-chain oils (higher value of v) as com-
pared to hexadecane.

3. Chain length compatibility in W/O mi-
croemulsions. It may be questioned whether
the pronounced solubilization maximum at
dodecane observed in Fig. 1a, complying with
the condition of chain length compatibility, is
fortuitous. Upon decreasing the hydrocarbon
chain length of the surfactant, chain length
compatibility has also been observed for the
sodium myristate/pentanol system (1). We
have further examined a system of SDS/pen-
tanol as shown in Fig. 2. The result is similar
to that in Fig. 1 and the condition of chain
length compatibility is again observed. How-
ever, when varying the chain length of alcohol,
no solubilization maximum at the point of
chain length compatibility was observed for
the sodium stearate system containing butanol
(curve 1) and hexanol (curve 3) shown in Fig.
3. We could infer that the observation of chain
length compatibility in various systems is not
incidental, but requires specific conditions.
Both alcohol chain length and concentration
appear to be important factors for the chain
length compatibility effect.

It is interesting to note that when the con-
dition of chain length compatibility is obeyed,
the liquid crystalline phase always vanishes at
the preferred oil chain length as shown in Figs.
la and 2a. The following explanation is pos-
tulated. The interfacial fluidity is likely to be
influenced by the degree of oil penetration
(static factor) and the ease of oil removal (dy-
namic factor) from the interface upon the col-
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FIG. 2. Solubilization of water as a function of oil chain length in the microemulsions containing 5 ml
oil, 0.7 g sodium dodecyl sulfate, and various amounts of 1-pentanol: 4 ml (a) and 1.8 ml (b). See Fig. 1

and text for other details.

lisions of droplets. Since the interpenetrable
collision between microemulsion droplets is
accompanied by oil removal (23), the inter-
facial fluidity may increase with the increasing
ease of oil removal. It is likely that the envi-
ronment experienced by the oil molecules re-

Water or Brine(ml)
1

Oil Chain Length

FIG. 3. Solubilization of water or brine as a function of
oil chain length in the microemulsions containing 10 ml
oil, 1 g sodium stearate, and 8 ml of different alcohols: 1-
butanol (curve 1), 1-pentanol (curve 2), 1-hexanol (curve
3), 1-pentanol with 0.2% (w/w) sodium chloride (curve 4),
and 1-pentanol with 0.25% (w/w) sodium chloride (curve
5). The open symbols at an oil chain length of 2.4 represent
benzene.

siding in the aliphatic layer of interfaces is on
average close to a hydrocarbon phase with an
equivalent chain length of [, — /,, where / is
the surfactant chain length, and /, is the alcohol
chain length. Any alkane shorter than /s — /,
will experience a higher average cohesive force
in the aliphatic layer than that in the bulk oil
phase, thus having a tendency to reside in the
aliphatic layer and increasing the packing ratio
as well as the rigidity of the interface. This
concept involving the cohesive forces between
molecules is important in light of our previous
paper (2). It has been found (2) that the effect
of oil on the solubilization of w/o microe-
mulsions is dependent on the collective prop-
erties of the solvent (oil), not on the individual
molecular structure of the oil. A binary alkane
mixture of Cg + C;6 can behave like C); oil at
the interface as far as the bulk cohesive forces
are concerned, and the heterogeneity of oil
chain length at the interface becomes imma-
terial. The result of chain length compatibility
may also imply that the absorption of oil mol-
ecules into the interface (solvation effect) in-
creases significantly for oil shorter than the
preferred oil chain length. Similar absorption
of alkanes in black lipid films has also been
reported (15, 16).

The pronounced maximum of water solu-
bilization in microemulsions with the condi-
tion of chain length compatibility can be con-
sidered a result of counteracting effects of
interdroplet interactions and intradroplet in-
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teractions (46). The intradroplet interaction is
related to the cohesive force between adjacent
hydrocarbon chains at the interface and to the
rigidity of the interface. Starting from a short-
chain oil, increasing the oil chain length will
gradually reduce the cohesive interaction be-
tween the hydrocarbon chains of the interface
and decrease the interfacial rigidity due to de-
creasing oil penetration. The solubilization in
microemulsions thus increases due to a de-
crease in packing ratio v/aol, and a consequent
increase in natural radius (Figs. 1a and 2a). At
longer oil chain lengths, the intradroplet in-
teraction gradually diminishes (thus interfacial
fluidity increases) and the attractive interdro-
plet interaction starts governing the system.
One consequently expects a decrease in the
solubilization in microemulsions with a fur-
ther increase in the oil chain length. At the
point of chain length compatibility, these two
interactions are both minimized, hence re-
sulting in a maximum solubilization. In Fig.
3, the interdroplet interaction dominates all
the microemulsions containing butanol (curve
1), while the intradroplet interaction governs
all the microemulsions containing hexanol
(curve 3); hence we observe no chain length
compatibility effect due to the absence of these
two counteracting effects.

For some short-chain oils (C; or shorter)
and aromatic hydrocarbons in Fig. 1a, phase
separation of surfactant precipitates swollen
by water occurs. In many cases, a “gel-like”
phase with anisotropy was observed. It is gen-
erally known that the gel state is intermediate
between a liquid crystalline state with mod-
erately disordered hydrocarbon chains and a
crystalline state with completely ordered
chains (31). We postulate that the observation
of gel-like precipitates is due to the stiffness of
surfactant chains resulting from the large ab-
sorption of hydrocarbons at the interface. The
specific interaction between aromatic hydro-
carbons and polar head groups of amphiphiles
(8, 10, 47, 48) further enhances the hydrocar-
bon absorption. It was speculated (15-17) that
interfacial tension may consequently increase
due to an increase in area per surfactant head
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group and a possible hydrocarbon-water con-
tact.

1I. Effect of Alcohols

1. Effect of alcohol chain length. As men-
tioned earlier, two effects emerge from de-
creasing alcohol chain length in a microemul-
sion system. First, the hard-sphere radius of
droplets decreases (3, 23). Second, the inter-
facial fluidity increases due to a void formation
in the aliphatic layer of the interfacial film (44).
Both effects lead to an increase in attractive
interdroplet interaction. Using fluorescence
methods, Atik and Thomas (49) have indeed
found a faster ion exchange between water
pools of w/o microemulsions as alcohol chain
length decreases, suggesting more inelastic
collisions between droplets. In contrast, in-
creasing alcohol chain length may lead to an
increase in the hard-sphere radius (3, 23) and
a rigid interface (50). The result of phase equi-
libria in Fig. 3 supports the above statement.
It shows that the phase equilibria of microe-
mulsions containing butanol are totally driven
by attractive interdroplet interaction (curve 1),
while for microemulsions containing hexanol,
phase equilibria are all governed by rigid in-
terfaces (curve 3) as seen by the precipitate
formation. The decrease in solubilization in
curve 1 from Cg to C;4 can be explained by
the increasing attractive interdroplet interac-
tion with increasing oil chain length, whereas
the increase in solubilization in curve 3 is due
to the increase in natural radius with increas-
ing oil chain length. It appears that a small
change in alcohol chain length can strongly
influence the interfacial elasticity and hence
the phase behavior of microemulsions.

When salt is added to the water, solubili-
zation in the microemulsions decreases dras-
tically in the short-chain oil region as shown
in curves 4 and 5 of Fig. 3. The phase equilibria
are typically of type 1, indicating that the sys-
tem is governed by interfacial bending stress.
Several facts can be elucidated from this result.
First of all, the addition of salt can reduce the
area per head group (ao), due to the effect of
charge screening. Hence the solubilization (or
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natural radius) of microemulsions decreases
drastically due to a large increase in v/aol..
The birefringent phase also vanishes due to
such an increase in v/ayl,. Furthermore, the
rigidity constant K may also increase upon the
addition of salt (51). As oil chain length in-
creases, the water solubilization increases
abruptly and shows a maximum at undecane
for microemulsions containing pentanol at
0.2% (w/w) salinity in curve 4 of Fig. 3. The
abrupt increase in solubilization implies that
the alcohol partitioning at the interface in-
creases abruptly at the solubilization maxi-
mum, resulting in an increase in the fluidity
and natural radius of the interface. The max-
imum solubilization shifts toward higher oil
chain length when salinity is increased from
0.2 10 0.25% in curve 5 of Fig. 3. This may be
interpreted by a tighter molecular packing at
the interface with higher salinity, which ne-
cessitates longer oil chain length to induce al-
cohol partitioning at the interface (1, 4). The
proportionality between ap and v at fixed /. in
the packing ratio v/aol. also dictates the cri-
terion that smaller a, at higher salinity requires
a smaller v (less oil penetration), and hence
longer oil chain length to attain proper inter-
facial curvature and elasticity.

With regard to how the solubilization
changes with alcohol chain length, Fig. 3 in-
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dicates that for microemulsions with rigid in-
terfaces (oil chain length less than C,q in curves
1, 2, and 3), the water solubilization is on the
order of CsOH (0.2% salinity) < C¢OH
< CsOH < C,OH, which increases in the di-
rection of decreasing alcohol chain length (in-
creasing the interfacial fluidity). In contrast,
for microemulsions with fluid interfaces (oil
chain length longer than C;; in curves 1, 2,
and 4), the water solubilization is on the order
of C,OH < CsOH < CsOH (0.2% salinity),
which increases in the direction of increasing
alcohol chain length (increasing interfacial ri-
gidity). The effect of salinity is obviously
equivalent to increasing alcohol chain length.
All these changes are consistent with the theory
presented in part I of this series. The above
discussion is based on an assumption that total
interfacial area for solubilization does not
change drastically with alcohol chain length;
hence only the effects of natural radius and
interfacial elasticity are considered.

2. Effect of alcohol concentration. The effect
of pentanol concentration on solubilization in
microemulsions containing hexadecane, do-
decane, octane, and benzene is shown in Fig.
4. The solubilization shows a maximum as a
function of pentanol concentration. The
maximum is most pronounced for the dode-
cane system due to the chain length compat-
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FIG. 4. Solubilization of water as a function of 1-pentanol concentration in the microemulsions consisting
of 1 g sodium stearate, 1-pentanol, and 10 ml of different oils: hexadecane (a), dodecane (b), octane (c), and

benzene (d). See Fig. 1 and text for other details.
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ibility effect. We may infer that chain length
compuatibility is probably one of the necessary
conditions for a system to achieve its highest
possible solubilization. Increasing alcohol
concentration can increase the alcohol parti-
tioning at the interface, and consequently in-
crease the total interfacial area for solubiliza-
tion. This will contribute to an increase in sol-
ubilization. However, at sufficiently high
alcohol concentration, the fluidity of the in-
terface increases (33, 34, 45) to the extent that
attractive interdroplet interaction starts dom-
inating the system, and hence the solubiliza-
tion decreases. The attractive interdroplet in-
teraction is evidenced by the existence of a
critical-like behavior (3, 52). We have found
that the dodecane system containing 17 ml
pentanol is close to a critical point based on
the phase equilibrium of two isotropic phases
with equal volumes. The critical point in mi-
croemulsions containing hexadecane was ob-
served at about 16 ml pentanol.

Friberg and Burasczenska (46) have dis-
cussed the maximum water solubilization at
a specific alcohol/surfactant ratio in terms of
a diffuse electric double-layer effect in a ternary
surfactant-alcohol-water system. Since the
major effect of an electric double layer is on
the molecular packing and the curvature of
the interface, their analysis is basically in line
with ours. The total alcohol/surfactant molar
ratio at the maximum water solubilization in
Fig. 4 is approximately 23 and is apparently
independent of oil chain length.

The solubilization in microemulsions con-
taining benzene shows no sizable change with
respect to alcohol concentration (Fig. 4d). This
seems to imply that alcohol does not penetrate
into the interfacial film effectively. It has been
generally observed that w/o microemulsions
consisting of aromatic solvents always have
less water solubilization than that of nonpolar
solvents (e.g., alkanes) (8, 39, 47). The specific
surfactant head group-solvent interaction is
considered to be the cause. This specific in-
teraction can result in a large absorption of
solvent molecules into the aliphatic layer of
the interface (solvation effect) and hence a
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greater v/a,l. value. It is also speculated that
the solvation of surfactant polar heads by the
solvent molecules may hinder the partitioning
of alcohol at the interface and may even raise
the interfacial tension due to an increase in
solvent-water contact (12, 47).

Figure 5 shows the water solubilization in
microemulsions containing hexadecane as a
function of surfactant concentration at con-
stant alcohol/surfactant ratios. It has been
suggested that such a plot can provide infor-
mation about solubilization efficiency
(amount of solubilized water per surfactant
molecule) from the slope, and the amount of
surfactant not partitioning at the interface
from the intercept on the surfactant concen-
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FIG. 5. Solubilization of water as a function of sodium
stearate concentration in the microemulsions consisting
of 10 ml hexadecane, 1-pentanol, and sodium stearate.
The alcohol-to-surfactant ratio (A/S) is kept constant in
each plot: 2 ml pentanol/1 g sodium stearate (a), 8 ml
pentanol/1 g sodium stearate (b), and 16 ml pentanol/1 g
sodium stearate (c).
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tration axis (50, 53, 54). The result in Fig. 5
indicates that the solubilization efficiency of
hexadecane microemulsions is maximum at
a ratio of 8 ml pentanol/1 g sodium stearate.
A maximum water solubilization at this ratio
has been reported in Fig. 4a. However, the
maximum solubilization efficiency does not
correspond to a maximum partitioning of sur-
factant at the interface as previously reported
(50, 53, 54). Instead, the result indicates that
the total interfacial area, which is proportional
to both surfactant and alcohol partitioning at
the interface, keeps increasing with increasing
alcohol/surfactant ratio, despite the decrease
in solubilization efficiency. This result suggests
that the solubilization efficiency of micro-
emulsions may not always be proportional to
the total interfacial area in the microemul-
sions. The curvature and elasticity of the in-
terface are probably more decisive factors for
solubilization.

The linearity in the plots of Fig. 5 implies
a constant interfacial composition of micro-
emulsion droplets when the alcohol/surfactant
ratio is kept constant. Thus the droplet size
may not change; only the number density of
microemulsion droplets increases with total
emulsifier concentration. The linearity of the
plots further suggests that the interdroplet at-
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tractive force does not change with the number
density of droplets in the solution, but mainly
depends on interfacial curvature (droplet size)
and elasticity.

III. Effect of Salinity

1. Optimal salinity in single-phase W/O
microemulsions. Figure 6a shows the brine
solubilization as a function of salinity in mi-
croemulsions containing isobutyl alcohol
(IBA), sodium stearate, and" dodecane. A
maximum brine solubilization was observed
at the salinity of 1.5%. We shall refer to this
salinity as an ‘“‘optimal salinity” (55). The
maximum brine solubilization is the result of
counteracting effects of attractive interdroplet
interaction and interfacial bending stress. The
decreasing brine solubilization with increasing
salinity is due to an increase in interfacial ri-
gidity and geometric ratio v/aol. with increas-
ing salinity. A decreasing alcohol partitioning
at the interface with increasing salinity may
also contribute to the decrease in brine solu-
bilization (55, 56) due to a decrease in total
interfacial area. In the low salinity region, the
increase in brine solubilization with increasing
salinity can be explained by the increasing al-
cohol partitioning at the interface (55). This
enhanced alcohol partitioning may be attrib-
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FIG. 6. Solubilization of brine as a function of salinity in the microemulsions consisting of 10 ml dodecane,
1 g sodium stearate, and 4 ml of different alcohols: isobutyl alcohol (a) and 1-pentanol (b). The filled circles
represent the first boundary and the open circles represent the second boundary. The filled squares represent
the boundary of transition from turbid to the second isotropic phase. An imaginary dotted line has been
drawn between the first isotropic and the second isotropic region.
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uted to the salting-out effect (57). The addition
of salt also reduces the attractive interaction
of fluid interfaces (58), and hence increases
the solubilization.

The term “optimal salinity” was originally
defined as the salinity at which a middle-phase
microemulsion solubilizes equal amounts of
oil and brine (59, 60). The existence of middle-
phase microemulsions in equilibrium with
excess oil and brine has been attributed to both
attractive interdroplet interaction and inter-
facial bending stress (38, 61). The reason for
our designation of this terminology to a single-
phase microemulsion system is self-explana-
tory when we examine the result of phase
equilibria shown in Fig. 6a. Upon addition of
excess brine, a microemulsion in equilibrium
with oil (type 2 phase equilibrium) was ob-
served for salinity less than or equal to the
optimal salinity (1.5%), while a microemulsion
in equilibrium with brine (type 1 phase equi-
librium) was observed for a salinity of 2.5%
and higher. Only at the salinities of 1.7 and
2% was a transition of two-phase (type 1) to
three-phase (coexistence of type 1 and type 2)
and then to two-phase (type 2) equilibria ob-
served upon continuous addition of excess
brine. The three-phase equilibrium occurs in
the vicinity of optimal salinity where the driv-
ing force for phase separation changes from
attractive interdroplet interaction to interfacial
bending stress. This corroborates the view that
three-phase equilibria are driven by both in-
terdroplet interaction and interfacial bending
stress.

When IBA was replaced by pentanol, a
strange phase behavior was observed as shown
in Fig. 6b. Only two-phase equilibria were ob-
served in all samples, and a narrow, bluish,
translucent single-phase region was observed
where three-phase equilibria would have been
anticipated according to Fig. 6a. This single
phase is analogous to the second isotropic
phase observed in the AOT system (29, 30).
The reason for this observation is not clear. A
comparison between Figs. 6a and 6b seems to
indicate that it is related to the vanishing of
three-phase equilibria as a result of the increase
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in alcohol chain length. Since increasing al-
cohol chain length can reduce the attractive
interdroplet interaction, a clear isotropic mi-
croemulsion may exist when the interfacial
bending stress has already diminished, but the
interdroplet interaction is not strong enough
to induce phase separation. Further, a possible
continuous phase inversion from w/o to o/w
structure may occur in the second isotropic
region. Similar second isotropic regions are
found in most pentanol microemulsions pre-
sented in Figs. 7 and 8. However, they are not
shown in the figures for clarity and simplicity.

2. Effects of alcohol and oil on optimal sa-
linity. As alcohol chain length increases from
IBA to pentanol, the optimal salinity decreases
as shown in Fig. 6. If we consider that the role
of salinity is to promote the interfacial rigidity
and increase the packing ratio v/aol. (decrease
the natural radius) of w/o microemulsions, the
salinity required by pentanol microemulsions
should be lower than that by IBA microemul-
sions due to higher interfacial rigidity and
packing ratio of microemulsions containing
pentanol.

Brine(ml)

0 T T
0 0.2 0.4 0.6
Salinity (%w/w)

FIG. 7. Solubilization of brine as a function of salinity
in the microemulsions consisting of 1 g sodium stearate,
8 ml 1-pentanol, and 10 ml of different oils: octane (curve
1), dodecane (curve 2), and hexadecane (curve 3). Only
the first isotropic region is reported.
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FIG. 8. (a) Solubilization of brine as a function of salinity in the microemulsions consisting of 10 ml
dodecane, 1 g sodium stearate, and different amounts of 1-pentanol: 4 ml (curve 1), 6 ml (curve 2), 8 ml
(curve 3), 12 ml (curve 4), and 16 ml (curve 5). (b) A plot of the maximum solubilization of each curve in

(a) as a function of 1-pentanol concentration.

Figure 7 shows that, as oil chain length in-
creases, the optimal salinity increases. This can
be explained by the increasing fluidity and the
decreasing v/aol, of the interface with increas-
ing oil chain length. Thus, higher salinity is
required to make a rigid interface and to de-
crease the natural radius.

Figure 8a shows that the optimal salinity
decreases with increasing alcohol concentra-
tion. At very high alcohol concentrations, the
brine solubilization directly decreases upon the
addition of salt (optimal salinity = 0). The ad-
dition of alcohol increases the polarity of the
oil phase, which in turn will increase the sol-
vent (both alcohol and oil molecules) pene-
tration into the aliphatic layer of the interface
and thus decrease the optimal salinity due to
higher packing ratio v/aol.. Huh (17) has also
concluded similarly that alcohol increases the
solubility of surfactant in the oil phase, re-
sulting in a better interaction between surfac-
tant chains and oil molecules.

As plotted in Fig. 8b, the maximum brine
solubilization at optimal salinity for each curve
reported in Fig. 8a decreases with increasing
amounts of alcohol. Each point in Fig. 8b rep-
resents the maximum solubilization achiev-

able for a specific system in Fig. 8a. The result
of Fig. 8b implies that the addition of both
salt and alcohol (cosurfactant) to a micro-
emulsion is essential for achieving its largest
possible solubilization. Though the addition
of alcohol can decrease the interfacial tension
and increase the total interfacial area, only a
small amount of alcohol is desirable due to its
negative influence on interfacial curvature and
elasticity for solubilization at high alcohol
concentrations. The optimal salinity serves to
drive more alcohol to the interface, thus pro-
viding more interfacial area for solubilization,
and to maintain an optimal interfacial rigidity
and curvature in order to minimize the inter-
droplet interaction. It is interesting to point
out that all the above-reported effects of al-
cohol and oil on the optimal salinity in single-
phase w/o microemulsions are in agreement
with those in middle-phase microemulsions
(17, 62).

CONCLUSIONS

Both theoretical and experimental aspects
of solubilization and phase equilibria of w/o
microemulsions have been studied. A simple
phenomenological approach has been applied
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to the theory and the interpretation of exper-
imental results by considering two phenom-
enological parameters, namely the sponta-
neous curvature and elasticity of interfaces.
All the experiments presented are designed to
elucidate how the molecular structure of var-
ious components of microemulsions influ-
ences these two parameters and hence the sol-
ubilization and phase equilibria of micro-
emulsions. The results can be recapitulated as
follows.

i. Oil can influence the property of an in-
terface through a surfactant chain-oil inter-
action. Strong interaction leads to a large pen-
etration of oil molecules into the surfactant
chain layer (solvation), thus increasing the ri-
gidity and curvature (or packing ratio v/aol.)
of the interface. Oil molecules with a small
molecular volume or high polarity often pro-
duce strong solvation effects on the interface.

ii. Alcohol (cosurfactant) is essential in
promoting interfacial fluidity for the formation
of microemulsions. Decreasing the alcohol
chain length can increase the interfacial flu-
idity and hence the attractive interdroplet in-
teraction. On the other hand, increasing the
alcohol chain length often increases the rigidity
and curvature of the interface. For alcohols
which promote interfacial fluidity, increasing
alcohol partitioning at the interface can in-
crease the natural radius and fluidity of the
interface.

iii. There exists an optimal salinity for a
given w/o microemulsion at which maximum
brine solubilization occurs. The addition of
salt usually leads to tighter molecular packing
at the interface and a decrease in natural ra-
dius. For salinity lower than the optimal sa-
linity, these effects together with salting-out
effects tend to increase the solubilization.
However, for salinity higher than optimal sa-
linity, it increases the interfacial rigidity and
curvature, thus decreasing the solubilization.

All the above principles constitute the basis
of a self-consistent interpretation of our ex-
perimental results. The implications of this
study are important. Some fundamental
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guidelines for the formulation of w/o micro-
emulsions are proposed as follows.

i. The solubilization of a microemulsion is
determined by the curvature and elasticity of
the interface, as well as the total interfacial
area. At constant total interfacial area, the sol-
ubilization is proportional to the radius of
droplets. At a given surfactant concentration,
the maximum solubilization efficiency of the
system can be achieved by adjusting the in-
terfacial curvature and elasticity to optimal
values at which the bending stress and the at-
tractive force of the interface are both mini-
mized. Hence, one can increase the solubili-
zation of a microemulsion with a rigid inter-
face by increasing its natural radius and
fluidity of the interface. On the other hand,
the solubilization of a microemulsion with a
fluid interface can be increased by increasing
its interfacial rigidity and decreasing the nat-
ural radius.

ii. The study of phase equilibria of micro-
emulsions can serve as a direct measure to as-
sess the property of the interface and the driv-
ing force for phase separation. Knowing the
cause of the instability of microemulsion
droplets is the first step in the formulation of
microemulsions. One often observes a w/o
microemulsion with a highly curved and rel-
atively rigid interfacial film in equilibrium with
excess water at the solubilization limit due to
interfacial bending stress. The solubilization
in this microemulsion is limited by the natural
radius of the interface. On the other hand, a
microemulsion can coexist in equilibrium with
an excess oil phase containing a low density
of microemulsion droplets due to attractive
interdroplet interaction when the interface is
highly fluid. In this case, the solubilization is
determined by the stability of the droplets.
Sometimes a birefringent phase will occur if
the interface is rigid with an intermediate value
of v/ayl, (close to 1).

iii. When phase separation of microemul-
sions is driven by the bending stress of a rigid
interface, increasing the natural radius or flu-
idity of the interface by increasing oil chain
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length, decreasing alcohol chain length, in-
creasing alcohol/surfactant ratio, or decreasing
electrolyte concentration can increase the sol-
ubilization. Among all the factors, alcohol
chain length appears to be the most decisive
factor in determining the basic property of the
interfacial film.

iv. In contrast, when the phase separation
of microemulsions is driven by attractive in-
terdroplet interaction, increasing interfacial
rigidity and decreasing the natural radius by
decreasing oil chain length, increasing alcohol
chain length, decreasing alcohol/surfactant
ratio, or increasing electrolyte concentration
can stabilize the microemulsion droplets and
increase the solubilization.

v. The addition of alcohol (cosurfactant)
can increase the total interfacial area at low
alcohol concentrations, thus increasing the
solubilization. But at high alcohol concentra-
tions, phase separation occurs at a smaller
droplet size due to the increase in attractive
interdroplet interaction. Hence, only an op-
timal amount of alcohol is desired to formulate
a microemulsion with maximum solubiliza-
tion capacity.

vi. For a given w/o microemulsion, there
exists an optimal salinity at which maximum
brine solubilization occurs. The maximum
solubilization results from the counteracting
effect of interfacial bending stress of rigid in-
terfaces and attractive interdroplet interaction
of fluid interfaces. The optimal salinity de-
creases with increasing alcohol chain length
and concentration, but increases with increas-
ing oil chain length.

vii. Addition of an optimal amount of al-
cohol and salinity together with the effect of
chain length compatibility may lead to the
largest possible solubilization of a given w/o
microemulsion.
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