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Non-polar oils and water can form thermodynamically stable quasi-homogeneous (colloidal) mixtures (called
microemulsions) in the presence of relatively large amounts (several %) of ionic surfactants. If the surfactant contains a single hydrocarbon chain (e.g. Sodium Dodecyl Sulphate) the presence of a non-ionic cosurfactant (e.g.
hexanol) and electrolyte (concentration of the order 0.1 M) is essential. With a double chain surfactant (e.g.
Aerosol OT) the cosurfactant can be missed. At increasing concentrations of electrolyte and/or cosurfactant the

nature of the microemulsion changes from droplets of oil in water via a presumably bicontinuous pattern to
droplets of water in oil. It should be obvious that thermodynamic stability requires the interfacial tension between
water and oil to be low (order of 0.01 0.1 mN m -1) so that the dispersion entropy can offset the interfacial free
energy. At these low interfacial tensions the influence of curvature on the interfacial tensions becomes important.
It turns out that a given amount of surfactant (and co-surfactant) can only disperse a limited amount of oil in
water or of water in oil or of water and oil into one another and therefore a microemulsion may be in equilibrium

with non colloidal oil and/or water phases. In the bicontinuous microemulsion oil and water may have a
geometrically irregular interface or they may form lamellae of more or less constant thickness or other structures,
such as a "molten cubic phase". These equilibria lead to very interesting, but rather complicated phase diagrams.
It will be discussed by what mechanisms the various components of the mixture influence the interfacial tension
and promote the stability of the microemulsion and how this depends on the chemical nature of the components.

1. Introduction
With the addition of a small amount of a suitable surfactant and a great deal of mechanical work (shaking, stirring)
oil and water can be emulsified to water in oil (W/0) or oil
in water (0/W) emulsions. Such emulsions may exist for a
long time, but in the (sometimes very) long run they phase
separate into a water and oil layer. They are only kinetically, not thermodynamically stable.

With suitable compositions, containing among other
things a fairly large amount of surfactant (several 07o) thermodynamically stable emulsions form (nearly) spontaneously [1]. They are transparent or nearly so, indicating
the absence of structures of the size of the wavelength of
light or larger, and have been called microemulsions [2].
The surfactant may be non-ionic or ionic.
If the surfactant is ionic and contains a single hydrocarbon chain (e.g. sodium dodecylsulphate, SDS) microemulsions are only formed if additionally a cosurfactant (e.g. a
medium size aliphatic alcohol) and electrolyte (e.g. 0.2 M
NaC1) are present. With double chain ionic surfactants (e.g.

Aerosol OT, AOT) the presence of a cosurfactant is not
necessary.

At low concentrations of cosurfactants and electrolyte
0/W microemulsions are formed, which are miscible with
more water, but they can contain only a limited amount of
oil microdroplets and any more oil will be present as a
separate non-colloidal oil phase. At high concentrations of
cosurfactant and/or electrolyte W/0 microemulsions are
formed, miscible with oil but possibly in equilibrium with
excess aqueous phase. In between a continuous transition is
found from 0/W to W/0 microemulsions, presumably via
bicontinuous dispersions of oil and water [3]. In this middle
region the microemulsion may be in equilibrium with both
excess oil and excess water. After the author [4] who clearly
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catalogued them, the three regions (0/W + 0, bicontinuous
0 and W + 0 + W, W/0 + W) are called respectively Winsor I, Winsor III and Winsor II regions. The Winsor I, III,
II phase equilibria are frequently denoted by 2, 3, 2, the bar
below or above the 2 indicating that the microemulsion is

the lower or upper phase respectively. It should be emphasized that the change from 0/W via bicontinuous to
W/0 are not phase transitions with sharp phase boundaries.

The representation of the phase behaviour of ionic
microemulsions is complicated due to the relatively large
number of components (4 or 5) involved, oil-water-surfac-

tant-(cosurfactant)-salt. In the case of 4 components a
tetrahedron is required and in the case of 5 components a
graphical representation in three dimensions is impossible.
For this reason frequently cuts through the phase diagram
are presented, for example at constant water-to-oil ratio or
constant surfactant-to-cosurfactant ratio. Another way to
simplify the phase diagram is to group components together
as a single pseudo component for example water + salt as
the pseudo component brine. One must realize that the salt
concentration in water in different phases is not the same,
due to the negative adsorption of co-ions in the double layer
and therefore the use of brine as pseudo component is strictly speaking not correct.
This paper is organized as follows. In the next section we
first discuss the crucial role of (extremely) low surface ten-

sions in microemulsions. Then in section 3 we present
representative phase diagrams of ionic microemulsions. In

Section 4 we give an elementary theory of stability and
phase behavior of these microemulsions and in section 5 we
study the role of electric double layers associated with the
oil-water interfaces loaded with ionic surfactants in the observed phase behaviour and in section 6 we present our conclusions.
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2. Low Interfacial Tension
The thermodynamic stability of microemulsions requires
the interfacial tension, y, between oil and water to be very
low, so that the interfacial free energy of the droplets can
be compensated by the free energy of dispersion (entropy of

mixing). For droplets of radius, a, with a free energy of
dispersion on the order of a few times k T per droplet
(k Boltzmann constant, T = absolute temperature) this
leads to, say
4ita2y

.

(1)

For droplets with a radius of 10 nm this requires the interfacial tension to be on the order of y = 0.01 mNm -1.
The interfacial tension between oil and water is of the
order of 50 mNm and it is the role of the surfactants and
cosurfactants to lower this interfacial tension to close to
zero. Because of the amphipolar nature of surfactants (they
I

contain a polar part and a non polar part, often a fairly
long hydrocarbon chain) they are adsorbed spontaneously
at the water/oil interface, and this facilitates the extension
of the interface, by the lowering of the interfacial tension.
Gibbs expressed this quantitatively in the equation (see
Adamson [5])
By

R TO In ci

=fh

(2)

where r, is the amount adsorbed per unit area, c, is the concentration of the surfactant, R is the gas constant and T the
absolute temperature.
In Fig. 1 the interfacial tension, y, (or surface tension) is
plotted against the logarithm of the concentration of a soap
or a similar surfactant. According to Eq. (2) the slope of
that curve is proportional to the adsorption. At low concentrations the adsorption is small and y decreases only slowly.

At intermediate concentrations the adsorption is often
found to be constant, especially in the presence of an excess
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electrolyte. Obviously the interface is full and saturation
adsorption is reached [7]. It is a remarkable fact that in the
steep part of the curve the surface composition remains virtually constant, whereas the surface tension or interfacial

tension changes dramatically. This can be explained by
noticing that it requires less work to bring surfactant
molecules to the surface from a higher bulk concentration
(factor R T In c in the free energy of mixing). The interfacial
tension decreases rapidly with increasing log c until, over a

very small concentration range, y becomes virtually constant. Eq. (2) would require the adsorption to fall back to
zero, which is utterly improbable. The correct explanation
is that Eq. (2) is an approximation. Ln c in the denominator
should be In (activity) and although below the concentration
marked cmc activity and concentration are nearly proportional, above it the activity remains constant although the
concentration continues to grow. This behavior is explained
by the formation of micelles, agglomerates of many (e.g.
50) soap molecules. On account of their amphipolar nature,

surfactants are in a state of high free energy when individually dispersed and at a certain concentration, the crit-

ical micelle forming concentration (cmc), the individual
molecules associate reversibly to particles that are large
enough to hide all the non polar parts from the water with
all polar parts at the surface and in contact with the strongly
polar water molecules. Above the cmc the concentration of
individually dissolved molecules remains constant (or nearly so) and thus the interfacial layer and the interfacial tension remain constant too.

Back to the low and ultralow interfacial tensions now.
Micelle formation usually prevents y from reaching very
low values. But, if a second surfactant, rather different
from the first one, is added, then the effects of the two surfactants enhance one another, and the interfacial tension
may become extremely low, as illustrated in Fig. 2. The
Gibbs Eq. (2) can be extended to the case of the two or more

surfactants. It can be written
dy =

R Td ln c1

F2R Td ln c2 etc.

(3)

showing the effects of the two surfactants to be additive, as
long as there is not too much interference between the two
adsorptions and the concentrations are not spoiled by mixed
micelle formation. With a mainly water soluble ionic surfactant and a mainly oil soluble cosurfactant the interfacial
tension can become so low that further increase in concentration is not possible without making y negative. A
negative y would imply that the interface expands spontaneously, taking up the excess of surfactant and cosurfac-

tant, thus bringing y back to a positive value and in the

cmc LOG C
Fig. 1

Surface tension or interfacial tension, y, plotted against the logarithm
of the concentration, c of a surfactant. cmc = critical micelle forming
concentration. The polar group of the surfactant is represented as a circle, the hydrocarbon tail as a wavy line. Saturation adsorption often
starts at 15 - 25% of the cmc. (From Overbeek [61)

meantime generating a microemulsion spontaneously. The
curve for 20% pentanol in Fig. 2 is a case in point.
It should be mentioned that in a few cases very low interfacial tensions can be reached and microemulsions can be
formed with a single surfactant without cosurfactant. This
occurs in particular with double chain ionic surfactants [8,
9] and with some non-ionic surfactants [10] in the fairly
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there are more drops and a more negative free energy of
mixing.
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3. Phases and Phase Diagrams
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Given the large number of components

complete
water, ionic surfactant, cosurfactant, salt
phase diagrams would be multidimensional and hard to

draw or describe. Therefore one usually gives suitable cuts

through the complete phase diagrams and/or one diminishes the number of components by combining for example
water and salt into one quasi-component, brine.
In Fig. 3 phase equilibria are shown, prepared from equal
volumes of an aqueous phase (water, ionic surfactant, salt)
and an oil phase (oil, cosurfactant). At low salt concentra-

-3 tions 0/W microemulsions are found in equilibrium with
(G/G) excess oil; at high salt concentrations one finds W/0 microSDS
emulsions plus an excess aqueous phase; in between three
Fig. 2
Interfacial tension between solutions of sodium dodecylsulphate (SDS) phase equilibria (W + microemulsion + 0) occur at low
amounts of surfactant (Fig. 3 a) but one phase microemulin aqueous 0.30 M NaCI and solutions of n-pentanol in cyclohexane.

C. 0

Pentanol (5%) decreases the interfacial tension already to about
13 mNm I. SDS can then bring the interfacial tension to nearly zero
and with 20% pentanol zero interfacial tension is reached before
micelles of SDS in water are formed. The area per SDS molecule,
determined with Eq. (2) increases from 52 A2 in the absence of pentanol to 90 A2 with 20% pentanol in the oil phase. (From Overbeek
[6])

narrow temperature range where their oil solubility becomes comparable to their water solubility.

Since the surfactant concentration used in preparing
microemulsions (several %) is larger than most cmc's
( 1%) the final interfacial area in microemulsions is proportional to the amount of surfactant used, but the nature
of the microemulsion (0/W, W/0 or bicontinuous) does
not depend on the amount of surfactant. So long as not yet
enough interfacial area has been created to accommodate
all available surfactant, some surfactant remains free and
the interfacial tension may be negative, thus explaining
spontaneous formation of the microemulsion, as is often

sions at higher amounts of surfactant (Fig. 3 b). Completely
similar series of phase equilibria are found at constant concentration of salt but increasing concentrations of cosurfactant.
Upon further increase of the surfactant concentration a
first-order transition to a lamellar phase (L a) may occur. A
schematic representation of occurring structures and their
variation with surfactant and salt (or cosurfactant) concentration, modeled after Strey [11] and Van Aken [12] is given
in Fig. 4.

a
LOW SURFACTANT CONCENTRATION

,2

----

3

2

r

--

observed.

With the relatively large surfactant and cosurfactant
molecules adsorbed at the interface and considering the
strong curvature of the interfaces encountered in microemulsions it should not be unexpected that the curvature af-

INTERMEDIATE SURFACTANT CONCENTRATION
L.

fects the interfacial tension significantly and this effect
should be taken into account in all considerations on the
energetics of microemulsions. In section 4 it will be made
clear that the interplay between the hydrocarbon tails of
surfactant and cosurfactant, with the charge of the ionic
group, the electrolyte concentration and the packing density
in the layer, will lead to a preferred radius of curvature,
which usually is of the order of nanometers. In the final
equilibrium state, based on a minimum in the free energy,
to which y gives a positive contribution and the entropy of
mixing a negative one, the interfacial tension will be slightly
positive and the droplet size somewhat smaller than the
preferred radius because at constant interfacial area then

1

_-

2

SALT CONCENTRATION
Fig. 3

Schematic illustration of the progression of microemulsion phase
equilibria prepared from equal volumes of an aqueous phase (water,
ionic surfactant, salt) and an oil phase (oil, cosurfactant) with increasing salinity

H. N. W. Lekkerkerker et al.: Phase Behavior of Ionic Microemulsions

209

The phase behavior for a water-to-oil ratio equal to 1
depicted in Fig. 3 can be interpreted in terms of the underlying progression of the phase behavior as a function of salt
concentration in the Gibbs composition triangle represented
in Fig. 5. The point P represents a system at low surfactant
concentration (as in Fig. 3a) and the point Q a system at intermediate salt concentration (as in Fig. 3 b). Due to the fact

that the two-phase regions 2 and 2 shape a groove at the
topcorner of the three-phase triangle, the point Q lies, for
the salt concentration corresponding to Fig. 5 d, in an one
phase region of the phase diagram. For a detailed discussion of this point see [10].
In reality the phase diagrams for ionic microemulsions
are not as simple as represented in Fig. 5, due to the fact
that we are dealing with more than three components and
therefore the representations in Fig. 5 must be considered as
pseudo ternary Gibbs phase triangles.

We now show some experimental phase diagrams and
first consider microemulsions that contain the double chain
anionic surfactant AOT (sodium-bis-ethylhexylsulfosuc-

---

SALT CONCENTRATION

Fig. 4

Schematic representation of occurring structures and their variation
with surfactant and salt concentration in a microemulsion system at a
water-to-oil ratio of I. Modeled after Strey [11] and Van Aken [12].
The grey regions represent oil and the white regions brine

cinate). This surfactant molecule is one of the most frequently used amphiphiles in model studies of ionic
microemulsions. A significant advantage of AOT is that it
does not require a cosurfactant to form microemulsions, a
feature which considerably simplifies the study and presen-

tation of the phase behaviour of the microemulsions. In
Fig. 6 we present the Gibbs phase triangle of the system
D20 (0.6% NaCI)-n-decane-AOT at T = 40 °C.
This diagram closely resembles Fig. 5d, but we stress that
Fig. 6 is a pseudo ternary phase diagram with D20 + NaC1
as pseudo component. In fact Fig. 6 must be considered as
a cut at constant D20/NaCI ratio through the phase dia-

SURFACTANT

AOT
BRINE

a

OIL

41

D20/NaCI
c=

SALT CONCENTRATION
Fig. 5

Schematic representation of the progression of phase behavior as a
function of salinity. The critical (end) points are marked with a circle.
The critical end point tie lines are marked as thick lines compared to
the ordinary tie lines

n-decane

wt%

Fig. 6

Gibbs phase triangle D20 (0.6% NaCI)-n-decane-AOT at T = 40°C.
In addition to the microemulsion phase equilibria 2, 3 and 2, other surfactant phases denoted by L. (lamellar phase), 12 (cubic phase), and
H2 (reversed hexagonal phase) are indicated by dotted lines. (From
Chen, Chang and Strey [13])
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gram in the isothermal composition tetrahedron with vertices D20, NaCI, n-decane and AOT. This has as a consequence that tie lines in general do not lie in the plane of
Fig. 6 but cut through it. For example increasing the
amount of AOT will increase the activity of NaC1 even
though the concentration of NaC1 is constant. The evolution of the phase behavior of the system AOT-brine-ndecane as a function of salt concentration and surfactant
concentration at constant temperature (40 °C) and a waterto-oil ratio equal to 1 is presented in Fig. 7.
Note that the three phase region W + microemulsion + 0

spans only a fairly narrow salinity range. Clearly the

2

1.0

a

0.8

0

0.6
0.4
0.2

microemulsion phase behavior depends quite sensitively on
the salt concentration. This is further exemplified in Fig. 8a
where the phase volumes of the system AOT-brine-n-decane
as a function of salt concentration at constant AOT concentration (5 wt.% in the aqueous salt solution), constant temperature (30 °C) and a water-to-oil ratio equal to are

La

0

0 49

0.50

sion +0 spans only a salinity range of approximately
0.01 wt.% NaC1 -a 0.0016 M. This indicates that under
these conditions the three phase region is close to the single
phase microemulsion region. Changing the oil component
from n-decane to n-dodecane (Fig. 8 b) raises both the salt

0 53

0.52
0.51
WT % NACL
.

I

presented. Now the three phase region W + microemul-

2

3

3

2

1.0

0.8

2

0

0.6

concentration and the salinity range of the three phase
region considerably.
We now turn to the phase behaviour of microemulsions
with a single chain (an)ionic surfactant which is explained
in section 2 require a cosurfactant to form microemulsions,
a feature which considerably complicates the study and the
presentation of the phase behaviour. Here we shall concen-

0.4
0.2
0

trate on the microemulsions formed with the surfactant
SDS (sodium dodecyl sulphate) and medium sized alcohols
(butanol, pentanol, hexanol) as cosurfactants. The pioneering work on this system was done by Bellocq and coworkers
[16] and it was later studied extensively by Van Nieuwkoop
and coworkers [17, 18, 19].

08

1.0

1.2
WT

1.4
0/0
.

1.6

1.8

20

NACL

Fig. 8

Volume fractions of the brine (W), oil (0), microemulsion (M) and
lamellar (La) phase as a function of wt.% NaCI at water-to-oil ratio
equal to for (a) the AOT-brine-n-decane system and (b) the AOTI

brine-n-dodecane system at T= 30°C and 5 wt.% AOT in brine.
(From Ghosh and Miller

1151)

In Fig. 9a we present the phase tetrahedron of the system
SDS-1-butanol-water (6.54 wt.% NaCI)-heptane in Fig. 9 b
and 9c we present sections of this phase diagram at constant

10

surfactant-to-alcohol ratio and water-to-oil ratio, respectively. The banana shaped three-phase body arises as a
result of the "collision" of the two phase regions 2 and 2.
The intersection with the water-to-oil ratio equal to 1 plane
shows the extension of the three-phase body. Again we
stress that for the same reason that Fig. 6 is a pseudo ter0.7

0.9

0.8

1.0

/ wt 96

Fig. 7

Three phases body of the quaternary mixture H20-n-decane-A0TNaCI at T= 40°C and weight fraction oil in the mixture oil and brine
a = 50%, as a function of the amphiphile weight fraction in the mixture of all four components, y, and of the weight fraction of salt in
brine, e. (Adapted from Kahlweit, Strey, Schomacker and Haase [14]),
courtesy M. Kahlweit)

nary phase diagram the representation in Fig. 9a is a pseudo

four-component phase diagram. Clearly the situation is
more complex than in the case of AOT based microemulsions.

In Fig. 10 we present a schematic representation of a
three-phase triangle in the pseudo quaternary system brine-

oil-surfactant-alcohol. The tie triangle inside the phase
tetrahedron connects the microemulsion with an aqueous
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SURFACTANT

BRINE
(6.54 % w NaCI)

1 - BUTANOL
2

ALCOHOL
HEPTANE

Ii

SDS

BRINE

05

1 - BUTANOL

OIL
0.8

0.2

0.6

Fig. 10

Schematic representation of a three phase triangle in the pseudo quaternary system brine-oil-surfactant-alcohol

04

0.4

0.6

0.2

BRINE
(6.54 % w NaCI)

0.8

0.8

0.6

04

02

HEPTANE

SoS
0.16

0.84

Fig. 11
0.08

1

- BUTANOL

0.92

0.16

0.08

HEPTANE/BRINE= 1

6.54 % w NaCI

Fig. 9

Schematic representation of an intersection of the water-to-oil ratio
equal to 1 plane with the three-phase region in the pseudo quaternary
phase diagram. The aqueous phases are denoted by a, the oleic phases
by b and the microemulsion phases by c. The three-phase triangles
merge into the degenerate triangles al = co b1 and a7, c7 = b7. The intersections of the sides of the three-phase triangles with the water-to-oil
ratio equal to 1 plane are denoted by a prime. (From Van Nieuwkoop
and Snoei [181)

Phase behavior of the system SDS-1-butanol-brine (6.54 wt.%
NaCI)-heptane at 23 °C. a) Pseudo quaternary phase diagram. b) Section at constant surfactant-to-alcohol ratio. c) Section at constant
water-to-oil-ratio. (From Van Nieuwkoop and Snoei 117])

0,4

2 phases
W/O.W

NaCI

((nit)

and oleic phase located close to the respective corners. Note

Winsor II

03

however that the oleic phase may easily contain 10 20%
alcohol.

02

In fact each point inside the three phase body is part of
a three phase triangle. For a thorough discussion of the

topology of the three phase region in the composition
tetrahedron see Widom and Lang [20] and Fox [21]. The
evolution of these composition triangles for the interaction
of the three phase body with the plane with water-to-oil
ratio equal to 1 is schematically represented in Fig. 11.
As noted at the beginning of this section completely
similar series of phase equilibria are found on the one hand
at constant concentration of salt and increasing concentrations of cosurfactant and on the other hand at constant concentration of cosurfactant and increasing concentration of

3 phases
Viii 0.1.LE.W

2 phases

0/w.0
01

Winsor Ifl

Winsor I

0

5

10

15
cpentanol (brut) °/. W/W

20

Fig. 12

Different types of phase equilibria after equilibration of 8 g of a solu-

tion of pentanol in cyclohexane (pentanol concentration on the
horizontal axis) and 10 g of a solution of 1% (w/w) SDS in brine (NaC1

concentration on the vertical axis). (From De Bruyn, Overbeek and
Verhoeckx

1221)
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a

salt. This is illustrated in Fig. 12 for the system aqueous salt
solution
cyclohexane-SDS-pentanol.

We finally turn to the role of the type of cosurfactant

I

5.0-

(15) (15.7)(16.8)(18.2) (19)

4.0-

(15)

(16.8)

(18)

(12)

(16.5)

(18)

(12)

(15)

used [23]. Increasing the chain length of the alcohol used as

cosurfactant has a very significant effect on the phase
diagram. This is exemplified by the phase diagrams
presented in Fig. 13. Here the cosurfactant in the system

A

3.0-

brine-cyclohexane-SDS-cosurfactant is varied from pentanol to hexanol. This small change causes the lamellar

phase to collide with the three phase W + microemulsion + 0 region giving rise to a four phase equilibrium

2.0-

W + lamellar phase + microemulsion + 0. For a discussion
of the conditions under which such a four phase equilibrium
might be observed in microemulsion system with non-ionic
surfactants we refer to [24].

1.0-

6

8
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12

14

16

20

18

E

((8)

22

w/w % PENTANOL IN CYCLOHEXANE

4. Elementary Theory of the Stability
and Phase Behavior of Ionic Microemulsions [6]
As mentioned briefly in section 2 an ultra low interfacial
tension between W and 0 is essential for the thermody-

5.0

1111 LAMELLAR PHASE

tension of the interface, taking up more surfactant and
cosurfactant, until nearly all surfactant (and/or cosurfactant) is in the interface. When the concentration goes down
further the interfacial tension goes up to positive, but low,
values and its positive contribution to the free energy of the
system can be offset by the entropy of mixing of the many
small droplets formed with the continuous medium.
This mechanism, however, would allow the droplets to

take up an infinite amount of liquid, whereas in practice
they show only limited swelling, the remainder of the liquid
staying behind as a separate phase, (emulsification failure

[25]), thus giving rise to the Winsor I and II equilibria,
0/W + 0 and W/O + W. To explain this limited swelling,
we need to take into account the influence of curvature of
the interface on y, which becomes an important effect at the
low interfacial tensions and the strong curvatures of the interfaces of the nanodroplets.
The hydrocarbon chains of surfactant and cosurfactant
repel each other, and this promotes curvature of the interface around the water side. The aqueous part of the electric
double layer also shows lateral repulsion and thus promotes
the formation of oil droplets in water. Addition of an electrolyte, such as NaCI, compresses the double layer (smaller
Debye length), decreases the lateral pressure and promotes
W/O. The combined effect of the hydrocarbon chains and
the electric double layer leads to a preferred radius of the
interface, usually on the order of nanometers. For a given
surfactant, cosurfactant and oil, increase of the concentrations of cosurfactant and/or electrolyte will shift the preferred radius continuously from a value corresponding to a

0 EXCESS BRINE OR OIL PHASE

4.0

namic stability of a microemulsion. This low interfacial ten-

sion is obtained by the adsorption of the ionic surfactant
and the nonionic cosurfactant at the W/O interface. If the
concentration(s) of surfactant (and cosurfactant) are (is)
sufficiently high, this might drive the interfacial tension
temporarily to negative values, which would lead to an ex-

LI MICROEMULSION PHASES
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w/w % HE XANOL IN CYCLOHEXANE

Fig. 13

Phase behaviour of brine (0.2 M NaCI), cyclohexane, SDS and cosurfactant in the SDS-cosurfactant concentration plane with equal
volumes of the brine and oil phases as a function of cosurfactant chair'
length: (a) pentanol; (b) hexanol. The pictograms are on scale representations of the relative volume of the coexisting phases. The cosurfactant concentrations are indicated between parentheses. (From Kegel
and Lekkerkerker 1231)

simple surfactant micelle in water via 0/W droplets, a flat
interface, W/0 droplets to inverse micelles in oil.
The total interfacial area being practically fixed by the
amount of surfactant available, the entropy of mixing can
be increased by having more and smaller droplets. Thus the
droplets in microemulsions will be somewhat smaller than
the preferred radius. The corresponding increase in interfacial free energy will be more than compensated by the extra entropy of mixing. The entropy of the system can be further increased by having a distribution of droplet sizes rather than by having all droplets of the same size. Size distributions can be estimated reasonably well [26 30]. Individual
droplets especially the larger ones may be expected to fluctuate in shape, thus leading to more entropy of the system,
but quantitative estimates are difficult [31].
An interesting aspect of ionic microemulsions is that the
influence of the electric double layer on the interfacial ten-

sion and on the bending stress can be calculated quan-
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titatively and that these effects show the correct order of
magnitude for the droplet sizes present in microemulsions.
More details will be given in section 5.

So, although, finally we understand the phase behavior
of microemulsions reasonably well, there are a few open
questions, such as,

At compositions between the Winsor I and Winsor II
regions microemulsions are formed, in which the oil water
interfaces are nearly flat, with no preference for curving to
the oil or water side, and, in most circumstances, the interfaces are randomly oriented. The most plausible explanation is that we deal here with bicontinuous structures, in
which both water and oil are wall to wall continuous. Incidentally at a preferred radius of curvature close to infinity
01W + 0 and W/0 + W equilibria with a size distribution
of the droplets could be stable and a rapid transition be-
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a) What is the standard free energy of droplet type microemulsions? Widely different suggestions have been made
varying from 0 to minus several times 10 kT [25, 30, 38,
39].

b) How should the fluctuations of the surface of droplets
be taken into account?
c) Which mechanism limits the swelling of random and
ordered bicontinuous microemulsions?

tween the forms of microemulsion might simulate the
bicontinuous behavior [29]. These microemulsions take up
water and oil, but both only to a limited extent, so that in

5. Role of the Electric Double Layer in Microemulsions
with Ionic Surfactants

the Winsor III region three phase equilibria occur, with

As mentioned in the previous section the lateral repulsion
in the electric double layer promotes curvature of the inter-

water, oil and microemulsion. The swelling as such is easily
explained because more water and oil allow more or bigger
fluctuations of the interfaces with relatively large local radii
of curvature. This increases the entropy without undue in-

crease of the interfacial free energy. The question arises
however as to why the surfactant rich phase only occupies
a limited volume. That the swelling is limited may be due to
local Van der Waals attractions where two fluctuating inter-

faces come close together and the relatively weak attractions are reinforced by small separations and a large area.
However, both theoretical [32] and experimental [33] work
indicate that due to undulations of the surfactant layers, the
net interactions are in general repulsive rather than attractive. A rather successful phenomenological theory [34] considers middle phase microemulsions as ensembles of non-interacting monolayers. These monolayers are characterized
by their persistence length [35] which in turn depends exponentially on the bending elastic modulus. The collective
character of a middle phase microemulsion is then taken into account by invoking an "entropy of mixing", roughly in
the same way as in phenomenological theories of droplet
type microemulsions. As a result, the characteristic length
scale in the system (the so-called dispersion size) is predicted

to be somewhat smaller than the persistence length.
Another explanation for the limited swellability of the
middle phase microemulsion may be that the surfactant rich
phase does not consist of a more or less independent collection of surfaces but that the system is multiply connected
[36]. Experimental indications that middle phase microemulsions resemble a "molten cubic phase" rather than a
phase of randomly fluctuating sheets were reported by Strey
et al. [37].
As shown in the phase diagrams (Figs. 4 and 13), microemulsions with a lamellar structure are stable close to zero
preferred curvature. These lamellar structures can be in
equilibrium with random bicontinuous microemulsions and
with hexanol or heptanol as the cosurfactant [23]
simultaneously with excess water and oil. Here it is not clear
what mechanism limits the thickness of the water and oil
layers, since their thickness is so large (several tens of nm)
that Van der Waals attraction seems to be too weak.

face around the oil side, the more so the lower the electrolyte concentration, since this results in a longer Debye
length (1/K) and a thicker double layer. A nice aspect of the
electric double layer is that its effecs can be fairly rigorously
calculated. Three effects will be considered here.
I. The negative adsorption of co ions leads to a lower salt

concentration in the microemulsion phase than in the
coexisting aqueous phase. And even when there is no
coexisting bulk aqueous phase this effect leads to an increase in the salt activity in the microemulsion phase.
2. As mentioned above, the electric double layer contributes to the bending stress of the oil-water interface.
More electrolyte in the aqueous phase promotes change
of the curvature of the interface from convex towards
water to convex towards oil.

3. The electric double layers of the monolayers interact
with each other. For dilute systems with sufficient elec-

trostatic screening this effect may be assumed to be
small. However, we shall present experimental data,
where that apparently is not the case.
As the starting point for our considerations on the electric
double layer we use the Poisson-Boltzmann (PB) equation
V2

= K2 sinh 9'

,

(4)

where V' is the dimensionless electric potential
=

e
(5)

kT

and K is the inverse Debye length
1/2

K

=

2 e2nsatt

ereokT)

(6)

with w = electric potential, e = elementary charge, n it =

the number of molecules of uni-uni-valent salt per unit
volume, Er = the dielectric constant of the solution and
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co= 8.8542 x 10 -12 F m 1, the permittivity of a vacuum.
For low potentials Eq. (4) simplifies to
V2W=K2W

CO

(4 a)

=

= tanh (W(3)

4

4

e-"

(7)

,

? exp ( T(z))
Csalt

=

2K

1

d T/ dz

=o

For a flat double layer and a 1-1 electrolyte the exact
solution of the PB equation is well-known
tanh

T(z))- 1] dz

rco-ion = Csalt I [exp (

exp (

1 Csalt [1

dT

To/2)]

(13)

.

For high surface potentials this simplifies to
rco-ion

2K

I

Csalt

(14)

.

where z is the coordinate perpendicular to the surface and

Po the dimensionless potential at the layer of surface

This means that in a flat double layer with high surface

charges. For low potentials Eq. (7) simplifies to

potential (say wo>>100 mV) the negative adsorption of co-

ions is equal to the amount of co-ions in a layer with a
T= Toe-Kz

(7 a)

.

When the surface charge density is a, a convenient
dimensionless surface charge density is the quantity

p=27rQic-1a/e= sinh (P0/2)

(8)

.

Here Q is the so-called Bjerrum length, defined as

Q=

e2

(9)

47aTeor

In aqueous solutions at 25 °C the Bjerrum length
Q= 0.713 nm. From Eq. (8) it follows immediately that

To= 2ln(p+q)

(10)

where

q = .62+1 = cosh (P0/2) .

(11)

For low potentials and charge densities Eq. (10) simplifies
to
To = 2p = 47c QK 1 a / e or a = erEoKti/o

.

(10a)

For the typical charge densities in monolayers of ionic surfactants Ia/el m 1 nm -2, leading to p 4 at 0.1 M salt
and hence To -7. 4 which corresponds to about 100 mV.

From Eq. (7) we can easily derive that

dz

=

21c sinh (--(2
2

.

rco-ion =

2K

1-rsalt

(

2
1

Ka

IC 2/6

+

(Ka)2

1

+V

((
\

1

3

Ka
(15)

Comparison with numerical calculations shows that this
expression even for values K a = 3 (i.e. Debye length
K
= Ta) leads to quite accurate results. For a discussion
of the partitioning of salt in Winsor II systems see [45].
5.2 Contribution of the Electric Double layer
to the Bending Stress
The effect of the adsorption layer on the bending stress
coefficient (see Eq. (16)) can be split into at least two contributions.
1. The contribution of the electric double layer, including
the surface charge and the electrical and concentration
(= entropy) effects of all the ions and solvent molecules
in the diffuse part (= solution part) of the double layer.
2. All other contributions of the adsorbed surfactant and
cosurfactant molecules, in particular those of the hydrocarbon chains.
We know qualitatively that I. promotes 0/W and 2. promotes W/O configurations. The double layer contribution
has two aspects:

5.1 Adsorption of Co-Ions in Electric Double Layers

dT(z)

thickness of twice the Debye length.
In the case of microemulsions we are typically dealing
with curved interfaces. There is no analytical solution for
the PB equation for a curved interface, but in case the curvature is weak an expansion in inverse powers of the reduced radius of curvature K a (a = radius of curvature) can be
carried out [40 43]. For the negative adsorption inside a
highly charged spherical surface this leads to [44]:

(12)

Using this expression we calculate the negative adsorption
of the co-ions in a flat electric double layer as

a) When the interface carrying a double layer is bent
around the water side the counter ions are forced
together, thus increasing the free energy. Similarly, bending around the oil side will decrease the free energy.
b) On bending the interface the adsorption remains
saturated, but it is improbable that the surface of cons-
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tant packing coincides with the ionic head groups, since
these are not very closely packed, whereas the hydrocarbon tails are. So we expect the surface of close packing
somewhere up the chains. As a consequence we expect
that the surface charge density (other conditions being
equal) will be higher in W/O and lower in O/W situations. For a treatment of this effect, which will not be
considered here, see [39].
The electrical contribution to the bending stress coefficient
is given as:

cel

=

1

(22)

.

This leads to a bending stress

kTp 2

(23)

.

Cet

4 7L Q

Although there is no analytical solution for the full PB
equation for a curved surface, an expansion in inverse

(16)

[40

Fel

43]

kT

_

[(pin(p+q)-q+1)

7E

a

WO(0-')dcr'

(17)

.

For low charge densities and potentials Eq. (17) simplifies
to

+Ka2In (sq + 1) ... ]
2

(17 a)

2

cci =

kT
Q

The solution of the linearized PB equation

d2w 2 chg

dr' r dr

= K tg

(18)

r sinh (ica),

where r is the radial coordinate and Igo = tg(r = a). The
surface charge density is given by

=

dr

+ 1)

(25)

I

I, 2

I

concentration 0.10 M one finds

a sinh (Kr)

chg

ln

which for p1 and hence q I + p2 reduces to the result
given by Eq. (23). For I aYe = 1 nm -2 and electrolyte

2

for an electric double layer inside a sphere with radius a is
given by
W(r) = Wo

(24)

This leads to a bending stress

1

Fel (low potentials) = -2 woo'

a=

+]
Ka

1

27rk

powers of the reduced radius of curvate Ka leads to

[ 8Fei
8(2/a)] p, T, activities

where
Fel =

kTp 22_ [

Fel =
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r=a

()Er 813K[ coth

Cel

Q

a 2 x 10-12 N

and for the same surface charge density and electrolyte con-

centration of 0.4 M one finds

cei-0.5kT-1x10-12N

.

Q

(K a)-

The difference between the above values for the electrical

1

.

Ka

(19)

contribution to the bending stress of about 1 x 10-12N
typically leads to an inversion of the microemulsion.

For K a> 1 (thin double layer) this reduces to

U= Igo Cr 80K

[

]
-Ka
1

1

(20)

and the electric free energy (per unit area) takes the form
0,2

Fel =

1

e,erar

+

ii
Ka

(21)

In terms of the dimensionless surface charge density p (see
Eq. (8)) this can be written as

5.3 The Interlamellar Spacing as a Function
of the Salt Concentration in a 4 Phase System:
An Unresolved Question
The interaction free energy per unit area between two flat
electric double layers for distances KD> 2 is approximately
given by [46]
F(D) = Fel (D)- Fel ( co )

8kT (p )2 exp (

rcQK

q+1

icD)

.

(26) "'
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In the limit of large KD this is a weak interaction. Over the
last decade or so it has become clear that the thermal undulations of monolayers and bilayers give rise to an enhanced electric double layer interaction [47 51]. In our work
[23, 52] on the brine-cyclohexane-SDS-hexanol system we
observed large lamellar spacings which we attempted to ex-

plain with this enhanced electrostatic repulsion between
fluctuating charged monolayers.
The system in which we studied the spacing in a lamellar
phase coexisting with a brine, oil and microemulsion phase
as a function of the salt concentration consists of SDS, hexanol and equal volumes of brine (with varying salt concen-

tration) and cyclohexane. The salt concentrations were
varied in between 0.10 and 0.40 M, and the hexanol concentrations were adjusted in such a way as to keep the system
in the 4 phase region. Because of the presence of a large excess phase of water, there is only a negligible effect of a

varying effective salt concentration. In Fig. 14 the interlamellar spacings measured by Small Angle X-ray Scattering are plotted as a function of the salt concentration.

It is clear from Fig. 14 that the interlamellar spacing
changes dramatically in between 0.1 and 0.3 M NaCI. We
note that by comparing the interlamellar spacings with the
chemical composition of the lamellar phase, it follows that
the thickness of the water layers is about twice that of the
oil layers. There is a slight decrease of the water volume
fraction in the lamellar phase upon increasing the salt con-

centration (volume fractions of water are 0.699, 0.699,
0.687 and 0.660 at 0.1, 0.15, 0.20 and 0.30 M NaC1, respectively). In the systems corresponding to Fig. 14, the water

spacings (75 nm at 0.2 M) are two orders of magnitude
larger than the Debye lengths (0.7 nm at 0.2 M). Therefore

electric double layer repulsion, even if enhanced by thermal

undulations, appears to be too weak to cause these large
water spacings and hence does not explain their variation
with salt concentration.
6. Conclusion
Ionic microemulsions consist of a relative large number
of components (4 or 5), oil-water-surfactant-(cosurfactant)salt. Great variety of these components leads to great variety of systems, with large differences in detail but with a con-

stant underlying phase behavior pattern. The amount of
surfactant determines the total oil-water interfacial area in
the system whereas the concentrations of salt and cosurfactant (after adsorption) determine the type of microemulsion
(01W, W/O or bicontinuous). This indicates that the electric double layer bending forces are comparable to steric
curvature effects of the hydrocarbon chains.
Although the principles governing ionic microemulsion
phase behaviour are well understood i.e. low interfacial tension, influence of bending forces leading to preferred curvature, there are a number of open questions. In particular
the mechanism which determines the dispersion size/interlamellar spacing and hence the limited swelling in random

and ordered bicontinuous microemulsions

is

still in-

completely understood and requires further work.
We are grateful to Marina Uit de Bulten and Hanneke de Vries for
preparing the typescript, to Ingrid van Rooijen for drawing the figures
and to Manfred Kahlweit for providing Fig. 7. H.N.W.L. has benefited
over the years from the kind and gentle guidance of Reinhard Strey to
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