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1. INTRODUCTION 

A. Definition 

Microemulsions are dispersions of two unmiscible liquids made with 
surfactant molecules.’ Most of the time one of these liquids is water 
although non aqueous microemulsions can be made with polar liquids.2 
Water can eventually contain dissolved salts. The other liquid is of 
apolar character and is generally called “oil,” even when dealing with 
organic solvents like benzene. 

Like emulsions, microemulsions often contain oil or water droplets, 
surrounded by a surfactant layer, and dispersed into a water or an 
oil continuous phase (Figure 1). By analogy with emulsions, they are 
called oil in water (O/W) or water in oil (W/O) microemulsions. The 
droplet size is however much smaller in microemulsions: about 100 A, 
whereas it is about 1 p in emulsions. For this reason microemulsions 
are reasonably optically transparent. In the following we will see that 
they are thermodynamically stable systems, again because of this very 
small characteristic dispersion scale. We will also see that other micro- 
structures can be observed, analogous to distorted smectic phases. 

FIGURE 1 Droplets structure in WIO or in OIW microemulsions. 
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260 D. LANGEVIN 

Oil-water-surfactant mixtures show very complex phase equilibria. 
Liquid crystalline phases are frequent,3 and it is not always obvious 
to distinguish them from microemulsion phases. Lyotropic lamellar 
phases with small optical birefringence and small viscosity are com- 
monly observed close to microemulsions domains in the phase diagram4 
(Figure 2). However, liquid crystalline and microemulsion regions 
seem always disconnected. A more serious difficulty appears when 
molecular mixtures of oil, water and surfactant, have to be distin- 
guished from mixtures where well defined interfaces between oil and 
water exist on a microscopic scale. Apparently, these two kinds of 
mixtures continuously transform one into the other without any sharp 
transition in the phase diagram. For this reason, several authors pro- 
posed to extend the name microemulsion to molecular mixtures. From 
our part we will restrict the term microemulsion to the systems pre- 
senting a well defined microstructure. 

surfactant 

w a t e r  011 

surfact ant 

water  oil 

surfactant 

water  oil 

surfactant 

alcohol u water 

water  oi I 

FIGURE 2 Typical oil-water-surfactant ternary phase diagrams; a)  ionic surfactant; 
b) amphoteric or non ionic. Typical water-alcohol-surlactant ternary phase diagrams; 
c) long chain alcohol; d) short chain alcohol, and their evolution when oil is added: 
pseudo ternary diagrams at fixed surfactantialcohol ratio; e)  long chain alcohol; f)  short 
chain alcohol. B are birefringent domains, B ,  lamellar and BZ hexagonal liquid crys- 
talline phases. M ,  M' are microemulsions domains. Other liquid crystalline or gel 
phases may be present, but do not have been represented. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
12

 1
9 

Fe
br

ua
ry

 2
01

3 



MICROEMULSIONS AND LIQUID CRYSTALS 261 

Finally, there is also a continuity between microemulsion regions 
in the phase diagram and the micellar systems obtained with water- 
surfactant mixtures or oil-surfactant mixtures (reverse micelles). Sev- 
eral authors pointed out that there is a difference between micro- 
emulsions containing small and large amounts of oil (or water). In the 
first case, the microemulsions are dispersions of swollen micelles in 
water (or oil). The oil (or water) molecules are very close to the 
interfacial surfactant layer and behave very differently than bulk oil 
(or water). When the oil (or water) amount in the dispersion in- 
creases, the oil (or water) properties progressively tend toward their 
bulk properties. Several methods were proposed to locate roughly 
this limit in the phase diagram and the name “microemulsion” is 
sometimes restricted to the systems where both oil and water have 
“bulk” properties.6 

In this paper, we will use the following definition for micro- 
emulsions: oil-water-surfactant mixtures, optically transparent and 
thermodynamically stable (excluding emulsions), optically isotropic 
and of small viscosity (excluding liquid crystals), where well defined 
interfaces between oil and water exist at a microscopic scale (ex- 
cluding molecular mixtures). The last point is obviously the most 
difficult to check and is the source of many existing controversies in 
the literature. This point will be discussed in more detail later on. 
Finally, excepted in very few cases, we will not make a difference 
between microemulsions and swollen micellar systems, 

B. Historical background 

Microemulsions have many practical applications in detergency, oil 
recovery, improvement of chemical reactivity including photochem- 
istry and solar energy conversion, drugs delivery, . . . They have been 
used well before their specific properties were recognized. One ex- 
ample is the formulation found by Australian housewives the last 
century to wash the wool: they mixed soap flakes (surfactant) with 
white spirit (cosurfactant), eucalyptus oil and water. The result was 
a transparent fluid with which rinsing was not necessary and where 
the oil acts as a softener. This example illustrates the important fact 
that a cosurfactant is frequently needed to formulate microemulsions. 
Here the cosurfactant is an alcohol, but it can also be an amine, an 
acid, a short chain polyethylene glycol. . . . We will see in the 
following that the role of the cosurfactant is extremely complex, 
and is the source of many difficulties in modelling theoretically 
microemulsions. 
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262 D. LANGEVIN 

The first microemulsion of the commerce was probably made by 
G. Rodawald in the U.S.A. in 1928.l It was a dispersion of Carnauba 
wax in water, made with oleic acid, potassium hydroxide and borax. 
The first two additives react to give potassium oleate which is 
the surfactant. Borax allows to keep some free oleic which is the 
cosurfactant. 

The Carnauba wax emulsions became the basis of self polishing 
floor wax formulas. Upon application, the water evaporates and the 
oil droplets coalesce to form a uniform layer. The product thus re- 
quires no buffing to make it shine. Nowadays polymer (latex) emul- 
sions have replaced the wax emulsions for floor polishing applications. 
They are also widely used in the paint industry. Their drying process 
is basically the same as for wax emulsions. 

The concept of stability of Camauba wax emulsions found rapidly 
imitators in other fields like cutting oils. The first cutting oils were 
mineral oil emulsions: the oil is a lubricant, the water, a coolant, and 
the surfactant is both an emulsion stabilizer and a corrosion inhibitor. 
The emulsion is usually recirculated and after a few cycles, it loses 
progressively stability and efficiency. Microemulsions can be made with 
mineral oil and used as cutting oils. They are stable in the recirculation 
process. These systems were commonly used as early as 1930. 

Microemulsions also became largely used in detergent formula- 
tions. The incorporation of oil in aqueous soap solutions has many 
advantages: oil solubilization and removal after suspension in the 
water are improved, redeposition on the clothes is prevented. The 
first commercial formulations in the late 1920’s were pine oil micro- 
emulsions and were the precursors of modern anti-redeposition prod- 
ucts.’ Microemulsions also allow to achieve the combination of the 
detergent properties of aqueous soap solutions and of dry cleaning 
methods, by incorporating organic solvents in the soap solutions. The 
O/W microemulsions obtained in this way have much better efficien- 
cies than the pure solvents. They allow to reduce considerably not 
only the amount of these solvents but also their vapour pressures. 
This is very important in practice because of the solvent’s toxicity. 

The fundamental research on microemulsions was initiated by 
J .  Schulman and coworkers around 1940.’ Extensive investigations 
using low angle X-ray scattering, ultracentrifuge, electron micros- 
copy, NMR, etc., led them to consider that these systems were a new 
kind of colloidal dispersion. They identified the presence of very small 
droplets of either oil in water (O/W microemulsion) or water in oil 
(W/O microemulsion). These structures were small scale version of 
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MICROEMULSIONS AND LIQUID CRYSTALS 263 

the emulsions ones, and the new dispersions were named micro- 
emulsions for the first time in 1 9 X 8  

Schulman and coworkers also tried to explain the thermodynamic 
stability of microemulsions and the spontaneous emulsification of oil 
and water. They proposed that the surfactant reduced the initial oil- 
water interfacial tension, typically of about 50 dyn/cm, down to very 
small and even negative values. In this way the free energy of the 
dispersed system could be lower than the initial one although the oil- 
water interfacial area had considerably increased. 

It was shown later on by E. Ruckenstein and coworkersg that neg- 
ative surface tensions were not necessary to form microemulsions. 
They introduced the concept of dispersion entropy in the free energy 
and were able to show that small but positive tensions, about 

dydcm, gave reasonable values for the size of the droplets. This 
size is noticeably smaller than in emulsions: typically 100 A instead 
of 1 k. They demonstrated in this way that microemulsions were 
thermodynamically stable systems. 

Another important aspect of microemulsion properties is their in- 
terfacial behaviour. They can be in equilibrium with excess oil or 
excess water or both excess oil and water. The corresponding inter- 
facial tensions are also ultralow, below dyn/cm. The concept of 
ultralow tensions found an interesting application in enhanced oil 
recovery.1° 

The recovery of oil from a reservoir is basically done in three stages. 
In a primary process, oil is forced out through production wells due 
to the pressure of natural gases. When the production is stopped, 
water is injected to force further oil out. After this secondary process, 
the oil recovery is about 30-50% of the oil in place. To recover the 
remaining oil, tertiary or enhanced recovery processes have to be 
used. The remaining oil is trapped in the pores of the reservoir rocks 
by capillary forces. Microemulsions allow to decrease the interfacial 
tension between oil and water by several orders of magnitude and 
thus improve the oil recovery, theoretically up to 100%. 

The first processes using surfactants were patented around 1960. 
They did not use yet microemulsions, and the low tensions, below 
lo-* dyn/cm, were obtained with small amounts of surfactant. The 
recovery efficiency was greatly reduced by surfactant adsorption on 
the rocks surface. Later on, patents using the microemulsions which 
could be in equilibrium with both excess oil and water were proposed. 
In the following we will see that the origin of the low tensions is not 
different than in the systems with small surfactant concentrations, 
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264 D. LANGEVIN 

but the microemulsions act as a surfactant reservoir. Let us mention 
that although low tensions are a necessary requirement, other micro- 
emulsion properties can favour recovery enhancements: improval of 
rock wetting, small interfacial viscosities encouraging the oil ganglia 
to coalesce and to form an oil bank, partial solubilization of heavy 
oils, which could be effective even in tar sand extraction. . . . It can 
be pointed out at this stage that sometimes a problem in tertiary 
recovery with microemulsions is to avoid the formation of liquid 
crystalline phases very frequent in the oil-water-surfactant mixtures. 
Indeed when these phases have large viscosities they can stop the 
reservoir. 

The applications of microemulsions in oil recovery greatly stimu- 
lated the development of the research in the field. It became rapidly 
clear that the “optimal” microemulsions which could coexist with 
both oil and water in a three phase equilibrium were not dispersions 
of droplets either of the W/O or O/W types. In 1976, S. Fribergl’ 
and L. ScrivenI2 proposed that they could be bicontinuous i.e. both 
water and oil continuous. Friberg’s picture looks like a distorted 
lamellar phase, whereas Scriven’s one was a cubic liquid crystalline 
phase (Figure 3). The exact nature of the structure has not yet been 
satisfactorily elucidated. Another unsolved question is the inversion 
mechanism between W/O and O/W structures that occurs continu- 
ously in some systems (Figure 2f). The intermediate formation of 
bicontinuous structures has been postulated, but not yet proved sat- 
isfactorily. These questions stimulated a number of theoretical and 
experimental works, and the field of research is today extremely 
active. 

The dynamic and in particular the transport properties of micro- 
emulsions are still much less well understood than their structural 

FIGURE 3 Two extreme pictures of a bicontinuous structure: a completely random 
one and a regular one having a cubic symmetry. 
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MICROEMULSIONS AND LIQUID CRYSTALS 265 

properties. For instance, the viscosity of the liquid crystalline like 
bicontinuous media proposed by Scriven and Friberg should be very 
high. Experiments indicate on the contrary that microemulsions are 
small viscosity fluids. The answer to the paradox lies probably on the 
fact that microemulsions structures are transient. Their lifetime is 
governed by exchanges of molecular constituents between different 
structural elements. The characteristic times involved are of the order 
of 10-6-10-7 sec.I3 Entities solubilized in the water or oil micro- 
domains can be exchanged between these domains almost as fast as 
in molecular solutions. This property is of a fundamental importance 
in many practical applications like for instance chemical reactivity: 
microemulsions are extraordinary efficient catalysts, because of the 
very large contact area between oil and waters domains. Reactants 
solubilized in the different domains could only react when ever ex- 
changes take place. 

Microemulsions potential applications in chemistry are numerous. 
They improve by orders of magnitude the yield of reactions involving 
two unmiscible liquids, like for instance esterification of polyalcohols 
(polyglycerol and others) with fatty acids. Beside the enormous in- 
crease in contact area between the constituents, the interfacial sur- 
factant layer probably allows to fix the substrates in specific con- 
figurations and orientations. The micro-environment may resemble 
to active sites of enzymes. This would explain the specific enhance- 
ment of many reactions, much larger than what could be expected 
on the basis of simple partitioning of reactants in oil and in water. 
Microemulsions are good specific catalysers. They can make possible 
new reactions: ionic polymerisation in apolar solvents, organic 
e lectro~ynthesis~~ . . . 

Microemulsions can also be used to prepare very small solid par- 
ticles like metallic catalysts, magnetic colloids, microlatices, . . . Par- 
ticle sizes are less than or of the order of 100 A and are very uniform. 
The preparation involves a chemical reaction in the dispersed 
medium: metallic ions reduction, in situ polymerisation (which can 
be initiated with light owing to the transparency of the medium, 
contrary to the classical emulsion polymerization methods)." In this 
way, platinum particles of 60 A diameter, monodispersed within 10% 
have been prepared.I6 The growth mechanisms of these particles 
during their preparation (their final diameter is generally larger than 
the microemulsion droplets ones) is actively studied but still very 
poorly understood. 

The exchanges of constituents in microemulsions can be sufficiently 
slow in well chosen systems to allow to separate charges during long 
enough periods in photochemistry devices for solar energy conver- 
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266 D. LANGEVIN 

sion.” This new requirement is very different from the reactivity 
enhancements discussed above, where fast constituent exchanges were 
required. In the following we will indicate how these multiple aspects 
can be obtained in practice. They are a good example of the micro- 
emulsions flexibility for practical applications. 

We will finally mention some potential applications of micro- 
emulsions in biotechnology. One of the most interesting is certainly 
the “artificial” blood. It has been known for long that the fluoro- 
carbons compounds solubilize oxygen, like homoglobin. But they are 
water insoluble. Microemulsions can be made with these compounds 
by using appropriated surfactants. These systems are stable and can 
serve as intravascular oxygen and carbon dioxide transport agents. 
Their main disadvantages are their relative toxicity due to the elevated 
surfactant content. They will probably begin to be used as partial 
blood substitutes like the fluorinated emulsions (about 50% in vol- 
ume) were in Japanese hospitals since 1979. 

Microemulsions are also investigated for drugs delivery. It has been 
proposed to use them to administrate drugs which are soluble in oil.’ 
For water soluble drugs they are difficult to use directly because of 
oil toxicity. The difficulty can be avoided by using a polymerizable 
surfactant. After microemulsion formation and polymerization of the 
interfacial film, the oil can be replaced by an appropriated aqueous 
phase. l8 The advantage of microemulsions over vesicles currently 
investigated in this field of research is the very small size of the carrier 
elements; contrary to vesicles they are unlikely to interact with the 
cell constituents. 

This short presentation of microemulsions properties and appli- 
cations explains why they are a very active subject for both funda- 
mental and applied research. In the following we will present in more 
details the state of theoretical knowledge about these systems: phase 
diagrams, thermodynamic stability, structure, phase separation mech- 
anisms, low interfacial tensions, and dynamic properties. 

II. PHASE DIAGRAMS 

A. Microemulsions composition 

Microemulsions are usually quaternary mixtures of oil, water, sur- 
factant and cosurfactant. Model systems have been often studied in 
relation with oil recovery; oils are linear alkanes in the range heptane 
to hexadecane, cyclic or aromatic hydrocarbons like cyclohexane, 
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MICROEMULSIONS AND LIQUID CRYSTALS 267 

benzene or toluene. Water can contain sodium chloride as model salt. 
Salt is not considered as a new component of the mixtures because 
in many cases, the water salinity is roughly the same in the coexisting 
phases obtained from a given mixture.19 

Surfactants are petroleum sulfonates. Several common constituents 
of the commercial mixtures are listed in Figure 4. These long chain 
surfactants are very difficult to purify. For this reason purer shorter 
homologs like sodium octyl benzene sulfonate (OBS) have frequently 
been used in model systems. A commercially available pure surfac- 
tant, the sodium dodecyl sulfate (SDS), has also been extensively 
studied. A large number of data on the micellar and liquid crystalline 
phases was already available for the simpler water-SDS mixtures and 
this was a great advantage in understanding the more complex micro- 
emulsion mixtures. Data on the water-SdS (sodium decyl sulfate)- 
alcohol micellar and liquid crystalline phases also exist .20 

All the above surfactants are of the “anionic” type. “Cationic” 
surfactants like dodecyl ammonium and hexadecyl ammonium chlo- 
rides or bromides have also been extensively studied although they 
are useless for oil recovery purposes, since they adsorb too strongly 
on the reservoir rocks. However they are very interesting model 
surfactants because homolog series of pure compounds can be syn- 
thetized easily. Nonionic surfactants like the polyoxyethylene glycols 
(C, Em) are also currently used to formulate microemulsions. These 
microemulsions are relatively insensitive to salt addition contrary to 

H H H 
I I 

H,5C7-C-C8H17 H9C4 -C-C7H15 0 S 4 N s  CH3@ S03Na 

C12Hz5- SO4“ 

0 
0 

0 H SO Na 0 

CnH,,-(CH2-CH2-Olm H 
\\ I l 3  // 

0 

c - c - c -  c C3H5 C:H5 / I I \ 

0 C4H8-CH-CY-0 H H O-C%-CH-C4H8 

FIGURE 4 Examples of surfactants commonly used to formulate microernulsions: 
a to c are petroleum sulfonates, d is OBS, e is SDS, f and g are cationic surfactants, 
h is AOT, and i a non ionic surfactant. 
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268 D. LANGEVIN 

ionic surfactant microemulsions, but they are much more temperature 
sensitive. Some of these surfactants can be used without cosurfactant. 
Let us recall that the shorter homologs of the series have to be 
considered as cosurfactants rather than surfactants. Among the other 
surfactants that can be used without cosurfactant let us mention the 
extensively used sodium salt of diethylhexyl sulfosuccinate (AOT) 
and several double chain cationic surfactants like the didodecyl di- 
methyl ammonium bromide. 

Cosurfactants are necessary when the surfactant is too soluble in 
oil or in water, like formost ionic surfactants. Alcohol cosurfactants 
are frequently used. The choice of the alcohol depends on the oil and 
on the surfactant and as we will see later on the type of microemulsion 
that has to be made. Frequently the alcohols are in the range- 
propanol to heptanol. Like surfactants, they have to be located at 
the interface between oil and water to play the role of a cosurfactant. 
For this reason their solubility in oil and water has to be as small as 
possible. Unfortunately these solubilities are always much larger than 
the surfactant ones. This is the source of many difficulties in modelling 
such microemulsions, since the partitioning of the alcohol between 
oil, water and interfacial regions is not easy to determine. 

B. Winsor phase diagrams 

Winsor proposed a very simple representation of oil-water-surfactant 
phase diagrams (Figure 5).2’ He used the triangular representation 
for ternary mixtures. Let us recall briefly the way in which such 
diagrams can be read (Figure 6): 

-for a point M, in a single-phase region, the amount of a given 
constituent A is proportional to the distance M I A  between the point 
M ,  and the triangle apex corresponding to the constituent A ;  

-for a point M 2  in the two-phase region, the two phases com- 
positions correspond to the points P and Q where the “tie line” where 

surfactant surfactant surfactant 

FIGURE 5 Winsor phase diagrams. 
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MICROEMULSIONS AND LIQUID CRYSTALS 269 

C 

FIGURE 6 Three component phase diagram showing multiphase equilibria. 

M, is located cuts the phase boundary. The relative amounts of the 
two phases are proportional to the distances M2P and M 2 Q ;  

-for a point Mj in the three-phase region, the three phases com- 
positions are those of the three-phase triangle RST apexes; the rel- 
ative amounts of the three phases are proportional to M,R, M,S and 
M,T. 

In the Winsor representation, oil and water are considered to be 
unmiscible and one side of the three phase triangle is the oil-water 
axis. The mixture surfactant-cosurfactant is treated as a single com- 
ponent s + c .  Liquid crystalline phases are not taken into consid- 
eration. The tie lines in the two phase regions have a common point: 
the water or oil apex. A single phase microemulsion is encountered 
in the surfactant rich part of the phase diagram. 

For a given mixture containing equal amounts of oil and water 
and a small surfactant concentration, represented by the point M in 
Figure 5, different types of phase equilibria can be obtained: 

a.  a microemulsion in equilibrium with excess oil: Winsor I 
equilibrium 

b. a microemulsion in equilibrium with both excess oil and water: 
Winsor I11 equilibrium 

c. a microemulsion in equilibrium with excess water: Winsor I1 
equilibrium. 

The evolution of type a diagrams towards type c diagrams reflects 
the evolution of the surfactant solubility on water and in oil: type a 
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270 D. LANGEVIN 

diagrams corresponds to a water soluble surfactant and type c dia- 
grams to an oil soluble surfactant. This evolution can be obtained in 
different ways in practice; for ionic surfactants, the addition of salt 
or of an alcohol lower their hydrophylicity. For non ionic surfactants 
an increase in temperature plays the same role. 

Real phase diagrams are of course more c o m p l i ~ a t e d . ~ ~ . ~ ~  First, 
they often exhibit liquid crystalline phases in the surfactant rich re- 
gion.I2 Second, the mixtures surfactant + cosurfactant cannot be 
treated as a single component. The real phase diagram which is a 
tetrahedron can be represented by different triangular cuts for in- 
stance at a fixed surfactantkosurfactant ratio (Figure 7). The tie lines 
and the 3-phase triangles for a given point in one triangular cut 
generally belong to other triangular cuts and the phase diagrams are 
considerably distorted (Figure 7). 

The truly ternary systems with a single pure surfactant like aerosol 
OT,  and non ionic surfactants are closer to the Winsor d e ~ c r i p t i o n . ~ ~ . ~ ~  
However, the three phase triangle does not touch the water-oil axis 
as in the schematic Winsor diagrams. The tie lines of the two-phase 
region do not pass through the oil and the water corners. As a con- 
sequence critical plait points C are observed in these phase diagrams 
(Figure 8). Sometimes these critical points can be close to the three 
phase triangle, one side of which becomes very short. In the limit 
case where the critical point touches the three phase triangle, the 
three phase region disappears and is replaced by a two-phase region. 
This critical point is called critical end point. This situation can also 
be found in a four-component phase diagram where the three-phase 
region is formed of stacked triangles.26 The locus of the apexes of 
these triangles is a curve which can be continuous (Figure 9). In this 
case two critical end points are found in the tetrahedron C ,  and C,. 
In ternary mixtures, the two critical end points can be reached for 
instance by varying the temperature which plays the role of a fourth 
component. AAA 

one phase wu I wlt 1 
, .  

7 w, I W  
water oil water o i l  water oil 

FIGURE 7 Typical pseudo three-component phase diagrams for fixed ionic surfactant 
(S)-cosurfactant (C) ratio. Evolution with increasing water salinity. 
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surfactant surfactant surfactant 

27 1 

water O i l  water oil water oil 

FIGURE 8 Real three-components phase diagrams, to be compared with the ideal 
Winsor diagrams of Figure 4. 

3 

FIGURE 9 Quaternary phase diagram showing a three phase domain, one of the 
three phase triangles (Y f3 y, and the two critical end points c1 and c2. 

The distance of the three phase triangle to the oil-water axis de- 
creases with increasing surfactant chain length, thus resembling pro- 
gressively to the ideal Winsor diagrams. 

C. Other types of phase equilibria 

Winsor type diagrams describe microemulsions in equilibrium with 
excess oil and/or water. The slightly modified diagrams of Figure 8 
describe microemulsions in equilibrium with other microemulsions, 
and the occurrence of critical plait points and critical end points. 
Microemulsions can also be in equilibrium with liquid crystalline phases. 
The corresponding details in the phase diagram are usually very com- 
plex. We will only present here an example which has been studied 
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272 D. LANGEVIN 

in detail in the literature and is associated to large periodicity smectic 
phases. 

These phases were evidenced in anionic surfactant systems con- 
taining no ~ a l t . ~ ’ , ~ ~  They are connected to the liquid crystalline phases 
of the simpler water-surfactant-alcohol mixtures. Let us consider the 
evolution of the phase diagrams when alcohol is added. The ternary 
mixtures oil-water-surfactant show the existence of swollen aqueous 
micelles L,  and swollen hexagonal phases B, (Figure 2a). When a 
long chain alcohol is added the size of the L1 region, increases. More- 
over, a swollen reverse W/O system, connected to the reverse micelles 
region L, in the water-surfactant-alcohol diagram (Figure 2c and e ) ,  
develops. Similarly a lamellar liquid crystalline region B ,  connected 
to the corresponding B,  region in the water-surfactant-alcohol dia- 
gram is also present. In this type of diagram the O/W and the W/O 
microemulsions regions are separated by the liquid crystalline region 
B,  and the inversion of structure is discontinuous. 

When a shorter chain alcohol is used, the micellar region in the 
ternary water-surfactant-alcohol diagram is much more extended, and 
the normal micelles L,  and reverse micelles L, domains are connected 
(Figure 2d). In the quaternary diagram the O/W and the W/O micro- 
emulsions regions are also connected and the inversion is continuous. 
The liquid crystalline region B ,  splits into two parts in several tri- 
angular cuts of the phase diagram. The microemulsion region is also 
split in the same cuts although one of the pieces is extremely small: 
region M’,  Figure 2f. This small region is connected to the whole 
single phase microemulsion region, close to the water apex in the 
water-oil-surfactant face of the tetrahedron. Although the micro- 
emulsions M’ are oil rich systems their electrical conductivities are 
very high indicating that they are water external systems.28 They 
exhibit large streaming birefringence showing that they contain prob- 
ably elongated swollen m i c e l l e ~ . ~ ~  Similar properties have been re- 
ported for several truly ternary systems with double chain cationic 
surf act ant^.^^ 

A smaller region M close to M‘ where microemulsions also exhibit 
streaming birefringence is associated to very complex phase equilibria 
including up to four phases: two ordinary microemulsions, a micro- 
emulsion showing streaming birefringence and a liquid crystalline phase.27 
The four-phase region is extremely small and is the locus of the end 
of a line of critical plait points which are usually found in the oil rich 
part of these short chain alcohol type of diagrams.27 The complicated 
features of these phase diagrams are not completely understood. 
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MICROEMULSIONS AND LIQUID CRYSTALS 273 

In particular the four-phase equilibrium, the properties of flow 
birefringent microemulsions still deserve more work. 

The simpler equilibria microemulsion-liquid crystalline phase are 
also under study as well as the liquid crystalline phase properties. 
These phases were identified to be smectic phases of large period- 
icities, up to 150 A." They contain a large number of curved defects 
which probably prefigurates the microemulsion droplets.'O The crit- 
ical plait points in this oil rich region are also close to the liquid 
crystalline domain. They have been extensively studied in the liter- 
ature. The results will be described later on in Chapter VII. The 
connection between the critical behavior and the presence of liquid 
crystalline phases is however far from being understood. 

More generally, the existence of microemulsions in an oil-water- 
surfactant phase diagram is accompanied by the existence of liquid 
crystalline phases. For instance liquid crystalline phases are not en- 
countered in the oil-water-non ionic C, Em diagrams with the shorter 
homologs of the serie which should be considered as cosurfactants.25 
The formation of liquid crystalline phases with the higher homologs 
probably reflects the ability of the system to form interfaces at a 
microscopic scale between oil and water regions. In the next para- 
graph, we will see that the local rigidity of these interfaces probably 
determines whether a microemulsion (small rigidity) or a liquid crystal 
(high rigidity) is formed. 

111. THERMODYNAMIC STABILITY 

A. Structural models 

The starting point of the statistical thermodynamics calculations for 
microemulsions is to work out a satisfactory structural description of 
the medium. The earlier treatments were based on the droplet struc- 
ture proposed by Schulman. It became however necessary to include 
the bicontinuous structures proposed by Friberg and Scriven. 

A very elegant description was then proposed by Y. Talmon and 
S.  Prager, with a random interspersion of Voronoi polyhedra filled 
with either oil or water; the surfactant lies at the interface between 
oil and water domains and is supposed to have a negligible volume33 
(Figure LO). If the water volume fraction +w is less than a certain 
value +pr the oil phase is continuous and the water polygons are 
isolated or form finite size groups; they are surrounded by the oil. 
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274 D. LANGEVIN 

.a. . b. - c. 

FIGURE 10 Voronoi tesselation for increasing water to oil ratio. 

These water polygons represent the microemulsion droplets and the 
whole picture, a water in oil microemulsion. +, in the model is equal 
to 0.185. For higher water volume fractions, part of the water become 
sample-spanning, i.e., there exists a continuous path of water reaching 
from one side of the sample to the other. The transition at +p is 
typical of a “percolation” phenomena. A second transition of the 
same type exists for +w = 1 - + p :  the oil polygons are no longer 
connected on a large scale and the microemulsion turns to the O/W 
type. The medium is bicontinuous between +,, and 1 - +,. 

Later on, P. G. de G e n n e ~ ~ ~  proposed to identify the characteristic 
size of the polyhedra as the persistence length of the interfaces tk: 
consecutive interfacial regions with an area t k  have independent ori- 
entations and the interface is essentially flat at scales smaller than tk .  
He also proposed to simplify the Talmon-Prager description by di- 
viding the whole space into adjacent cubes each of linear size t k  

randomly filled by either oil or water. The essential features of the 
original model are conserved in this way, and the calculations, con- 
siderably simplified. 

8. Statistical thermodynamical treatment 

The thermodynamic stability can now be discussed with the 
Ruckenstein ideas generalized to the Talmon-Prager-De Gennes model, 
which describes O/W W/O and bicontinuous microemulsions as well. 
If N is the total number of cubes, and y the oil water interfacial 
tension, the interfacial free energy of the medium is: 

the entropy of dispersion is: 
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MICROEMULSIONS AND LIQUID CRYSTALS 275 

The total free energy F = Fi - TS, is formally identical to that 
of a lattice gas problem. The result is well known: when the coupling 
energy between adjacent sites is weaker than kT,  or more pre- 
cisely when: 

a stable single phase microemulsion can be formed. y and +w being 
given, the optimum value of &, is obtained by minimizing F. 

The requirement y < yc implies that positive but very small inter- 
facial tensions have to be reached. The oil-water interfacial tension 
yo in the absence of surfactant is of the order of a molecular energy 
kT divided by the square of a molecular distance u2 ( a  - 1 A).  If the 
scale of the oil-water dispersion E k  is about 100 A, then y has to be 
reduced by four orders of magnitude. Typically yo - 50 dynlcm thus 
leading to y 5 lop2 dynlcm. Emulsions are formed typically when 
y - 1 dyn/cm, value easily obtained with usual surfactants. It is less 
easy to reach smaller values unless a cosurfactant is used. This ex- 
plains why microemulsions are less frequently encountered than emul- 
sions. We will discuss the problem of low tensions in more details 
later on (9 IV). 

The phase equilibria generated by the above statistical model is 
very simple: a single phase domain for y < y,, i.e. in the surfactant 
rich region and a two-phase domain for y > y', in the surfactant poor 
region. A critical point is obtained for c $ ~ ,  = 1/2. Oil and water play 
entirely symmetrical roles in the phase diagram. 

We have seen that real phase diagrams are more complicated and 
in particular that three phase equilibria exist. It is possible to generate 
such equilibria by introducing a curvature term in the free energy. 

C. Curvature energy 

Curvature effects contributions F, in the free energy are very small 
compared to interfacial free energies F, in many physical situations. 
Microemulsions are an exception, because F, is unusually small. 

I .  Geometrical considerations 

Baucroft proposed in 192735 a rule for the determination of the 
continuous phase in emulsions: the trend is to have the best solvent 
of the surfactant outside the droplet. 

More quantitative predictions have been made recently by Ninham 
and Mitchell for ionic surfactants on the basis of packing consider- 
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276 D. LANGEVIN 

ations and on the analysis of the stresses on the two sides of the 
surfactant layer.36 If v is the alkyl chain volume, C the area per polar 
head and I ,  the alkyl chain length, they obtained a very simple result: 
when vlZ1, is less than one, oil swollen aggregates will be formed 
and when vlCZ, is larger than one, reverse system, i.e. water swollen 
aggregates will form. If vlCZ, is close to one, the mean curvature 
is about zero and bicontinuous like microemulsions will be formed 
(Figure 11). In this theory unfortunately the role of the cosurfactant 
and of an eventual oil penetration in the surfactant layers is not 
explicitly accounted for. 

Similar considerations were made by Robbins” for nun ionic sur- 
factants and by Cantor for copolymers surfactants.3n 

These theories show the existence of an optimum radius of cur- 
vature R, and lead to expressions for the curvature free energy per 
unit area close to: 

where K is a curvature modulus, R the actual radius of curvature and 
F,, a constant term. For 1 lR,  = 0 Eq. (3) reduces to the splay energy 
of a single layer of a smectic liquid crystal. 

That the free energy F, would consist of terms proportional to the 
first and second powers of the mean curvature besides a constant 
term is as was concluded by De Gennes and T a ~ p i n ’ ~  from Helfrich’s 
earlier phenomenological analysis of the elastic properties of lipid 
b i l a y e r ~ , ~ ~  and as pointed out independently by S. Safran.4” 

v polar head 
tail I 

b 

FIGURE 11 
ture. Possible segregation effects. 

Relation between surfactant molecular shape and spontaneous curva- 
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MICROEMULSIONS AND LIQUID CRYSTALS 277 

2. Consequences for the phase diagrams 

When oil in water droplets are favoured for example, the Winsor I 
type of equilibrium can be easily understood in a phenomenological 
way:40 for small oil concentrations, droplets of radius R less than R,, 
are formed. As oil is added, the droplets grow in radius. When R 
reaches R,, the bending energy (3) is minimized by constraining all 
droplets to have this minimum size and expelling the excess oil into 
a separate phase. Winsor I1 equilibria can be explained in a similar 
way. 

Three-phase equilibria were found slightly artificially in the original 
model by Talmon and Prager. They assumed that interfaces of finite 
curvature t l / R , ,  were equally favoured with respect to the flat 
interface. They obtained three-phase equilibria between three micro- 
emulsion phases of curvature 0, ? l /R(, .  

Real Winsor 111 equilibria correspond rather to a microemulsion 
of zero average curvature with excess oil and water. By further mod- 
ifying the Talmon-Prager-De Gennes model, and by imposing a 
microscopic cell-size cut off, B. Widom was able to demonstrate 
theoretically the existence of these Winsor I11 equilibria.41 

The appearance of liquid crystalline phases are probably strongly 
related to curvature energies. De Gennes and Taupin have shown 
that if 0 is the angle between the two normals, defining the local 
orientation of the interfaces, at two points 0 and r ,  one has:34 

k 7 l 2 v K  

(cos0) = (;) (4) 

law which shows some classical features of two-dimensional fluctua- 
tions and which also hold for two dimensional n e m a t i ~ s . ~ ~  Equation 4 
allows to define the persistence length SK in the following way: 
at distances r smaller than S K  the angle 8 is small on the average 
while at distances r larger than tK it is large. Choosing for instance 
(cos0) = l / e  as the cross-over value,34 one obtains from Eq. (4): 

S K  = a exp[21~K/kT] ( 5 )  

Thus the persistence length is extremely sensitive to the value of the 
curvature modulus K. If for instance K has a value comparable to 
that of thermotropic liquid crystals K - erg, then 2 r K l k T  - 15 
and SK is about one million times larger than a molecular length: the 
interface is stiff, and the structure is ordered leading to a liquid 
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278 D. LANGEVIN 

crystalline phase. If K can be decreased by a factor of 5 ,  for instance 
by adding a short chain alcohol which is known to desorganise the 
interfaces (Figure 12), then S K  - 20 u - 200 A and the interface, 
observed at scales larger r than 200 A is strongly wrinkled. In practice 
the liquid crystalline phases contain indeed less alcohol than the nearby 
microemulsion phases (Figure 2f). 

Safran et coworkers43 also predicted transitions between micro- 
emulsions and lamellar liquid crystalline phases but at fixed K ,  i.e. for 
instance in a single surfactant ternary system, and by varying RIR,. 
They even found the possible existence of microemulsions containing 
elongated aggregates. This picture can be appropriate to describe the 
region M’ in the phase diagram of Figure 2f. The transitions between 
spherical, cylindrical and lamellar phases are first-order. They further 
considered the general Helfrich picture in which the curvature energy 
- also contain a “saddle” term with a corresponding elastic constant 
K :  

where R, and R, are the two local radii of curvature of the interface. 
The saddle splay energy which favours R, = R, (i.e. spheres or 
lamellar) reduces the range of stability of the cylindrical phase and 
for K I K  > 1/3 eliminates it altogether. 

Up to now we have not introduced the interactions between the 
aggregates. We were therefore unable to describe the phase equilibria 
close to the critical points where two almost identical microemulsion 
phases coexist. This point will be treated in the next paragraph. 

3. Role of the cosurfucfant 

We can summarize here the role of the cosurfactant: 

-First, it allow to reduce the oil-water interfacial tensions to much 
lower values than the surfactant alone. 

-Second, it contributes to fix the spontaneous curvature of the 
interfacial layers. It can also migrate towards the regions of strong 
(or normal) curvature. This is qualitatively indicated in Figure 11. 

FIGURE 12 Disordered mixed surfactant layer and organized single surfactant layer. 
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MICROEMULSIONS AND LIQUID CRYSTALS 279 

Let us recall that short chain alcohols allow to invert continuously 
W/O towards O/W structures. This has never been reported in ternary 
mixtures with a single pure surfactant where the spontaneous 
curvature can not be varied. 

-Third, it contributes to lower the elastic moduli by desorganizing 
to some extent the interfacial layers (Figure 13). As we have seen, 
this favour microemulsions against liquid crystalline phases. Let us 
point out that the migration effect can also lower the elastic moduli.3y 

D. interaction energy 

Interaction energies, like curvature energies, are small in micro- 
emulsion systems. They arise from van der Waals forces, screened 
electrostatic interactions, steric repulsion, . . . Again because the 
interfacial energies are small, these terms play an important role in 
determining the phase behavior. 

1. Oil continuous systems 

Interactions have been extensively studied in oil rich systems with 
light scattering  technique^.^^-^' The scattered light intensity is given 
by : 

.6 .5 3 

FIGURE 13 Scattered intensity versus droplets volume fraction. The curve is 
theoretical and the points are experimental; cyclohexane-water-pentanol-SDS 
microemulsion. 
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280 D. LANGEVIN 

where Z, is a constant, + the volume fraction of the droplets 
(+ = +w in the Talmon-Prager model where the surfactant volume 
is neglected) and P is the osmotic pressure. 

A very convenient description for P when the attraction between 
droplets is not too large is: 

where PHs is the osmotic pressure for a hard spheres system: 

4 
vHS = -nR&, 

3 

which is the Carnahan-Starling expre~sion.~' The hard sphere radius 
RHs is often smaller than the droplets radius, because two droplets 
can interpenetrate. The supplementary term A 41'12 describe addi- 
tional interactions as perturbations to the hard sphere potential: 

4 
V,(r)$dr v = - a R 3  

4 "  A = - -  
kTv J ~ R ~ ,  3 

Figure 13 represent the fit of experimental data with the theory; A 
is equal to - 15.5 indicating that attractive forces are present. It has 
been shown by D. Roux and coworkers that a model of interpene- 
trating spheres interacting via van der Waals forces lead to theoretical 
values of A in excellent agreement with the  experiment^.^^ In this 
model R - R,, = 1, - lcA where lcA is the cosurfactant chain length. 

When A is sufficiently small, phase separation occurs. The critical 
interaction strength is A ,  = -21, the critical volume fraction is +, = 0.13. This very simple model can thus generate critical points 
as experimentally observed. It must be recalled that the perturbation 
expansion of the osmotic pressure Eq. (9) is no longer appropriate 
to describe the light scattering data close to the critical point.49 Other 
attempts using the expressions of Baxter for soft spheres are certainly 
more appropriate but they do not change very much the critical 
 parameter^.'^ 
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MICROEMULSIONS AND LIQUID CRYSTALS 281 

2. Water rich systems 

Much less experimental work has been done on the interactions in 
water rich systems. Electrostatic repulsive forces are expected to be 
active in ionic surfactant systems. Droplets interpenetration is now 
unlikely although droplets should have to approach to distances d 
smaller than the Debye length K - '  to give rise to sufficiently 
large van der Waals attraction to produce phase separa t i~n .~ '  Very 
often, the observed critical points in this domain are lower consolute 
points, i.e. phase separation occurs, when temperature is raised. 
It can be shown that conventional interactions like electrostatic and 
van der Waals forces are unable to give rise to such phase separation 
when the distance d of minimum approach is fixed: d has to be 
temperature dependent.51 The above requirements (d  < K - '  and 
temperature dependent) are in contradiction with the finding that for 
KR < 1, the repulsive electrostatic potential is close to a hard sphere 
potential with R,, = R + KC'.'' The answer to the problem lies 
may be on the existence of hydration forcesS3 like for non-ionic 
surf act ant^^^ or on the elongation of the aggregates in order to en- 
hance the van der Waals attraction. 

3. Bicontinuous systems 

Interactions are probably also effective in these systems. Corre- 
lation peaks have been observed in neutron and X-rays scattering 
experiments which can not be described by the Talmon-Prager 

They indicate that the oil and water domain have a relatively well 
defined characteristic size, and that the structure is less random than 
predicted by the theory. The proper treatment of the interactions 
between these domains is a still more complicated problem and is far 
from being solved. 

IV. LOW INTERFACIAL TENSIONS 

We have seen that microemulsion forms when the oil-water interfacial 
tension falls below about lo-' dynkm. The phase equilibria gener- 
ated by these systems is very rich and again the interfacial tensions 
between the coexisting phases are also ultralow. The question then 
arises, what is the physical origin of these low tensions? Intuitively 
it may be guessed that in the case of microemulsion formation, the 
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282 D. LANGEVIN 

initial oil-water tension y:w is lowered by the surfactant via the for- 
mation of an interfacial layer having a surface pressure n: 

In other cases, for instance close to critical points, the tensions are 
low because the two coexisting phases become similar. The critical 
scaling theories predict:57 

where yo is a scale factor, E the distance to the critical point in the 
phase diagram expressed in terms of a field variable like the chemical 
potential p of one component: 

and m is a critical exponent. 
Critical points are very frequent in the phase diagrams.58 This has 

led several a ~ t h o r s ~ ~ ~ ” - ~ ~  to attribute the low tensions exclusively to 
critical phenomena, even for the interfaces between oil and water. 
It can be postulated indeed that as soon as low tensions are evidenced, 
the interfacial layer has thickened and form a very thin “middle 
phase” microemulsion. 

A. Experimental data 

A very careful study of a model system showing the successive Winsor 
equilibria was undertaken in our laboratory a few years ago62 and 
allowed to clarify the problem of the origins of the low tensions. The 
system was a mixture of toluene (-47 wt %) water + sodium chloride 
(-47%), sodium dodecyl sulfate (-2%) and butanol (-4%). The 
sequence of phase equilibria produced by changing the water salinity 
S (percentage of NaCl in water by weight) was: 

S < S, = 5.4 Winsor I O/W microemulsion and excess oil 

S > S, = 7.4 Winsor I1 W/O microemulsion and excess water 

S, < S < S2 Winsor 111 middle phase microemulsion, excess 
oil and water 
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MICROEMULSIONS AND LIQUID CRYSTALS 283 

The interfacial tensions were measured with a very accurate tech- 
nique, the spectral analysis of the light scattered by the interface.63 
The results are presented on Figure 14. The aspect of the curves is 
qualitatively the same than for all these type of systems which are 
models for oil recovery.64 The tensions are lower in the Winsor 111 
region, and the point where the tension between the microemulsion 
and the excess oil phase -yo,,, is equal to the tension between the 
microemulsion and the excess water phase -ywm is called “optimal”: 
-yo,,, = -ywm = y*. Here Sa = 6.3 and -y* = 4.5 dynlcm. 

1.  Surfactant layers properties 

A dilution procedure was found for the microemulsion phases in 
the WI and WII regions. The interfacial tensions between the excess 
phases and the continuous phases of the microemulsions are repre- 

1 Dyne / cm 

microemulsion 

+\ 

4 6 0 10 w t  % 

FIGURE 14 
face, x water-microemulsion interface. 

Interfacial tensions versus watcr salinity; + oilmicroemulsion inter- 
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284 D. LANGEVIN 

sented on Figure 15. In the WIII region the points correspond to the 
tension between the two excess phases (yaw). An important remark 
can be made. These tensions are equal to the largest ones involving 
the microemulsion phases on Figure 14. The amount of surfactant 
present in the microemulsion continuous phases or in the excess phases 
is very small, close to the critical micellar concentration (c.m.c. about 

by weight) and no droplets are present: the droplets formation 
begin above the c.m.c. Like in simple micellar systems, the tensions 
in the WI and in the WII regions is independent of the droplets 
concentration. By analogy it can be concluded that the low tension 
is only due to the high surface pressure of the surfactant layer at the 
interface. 

Although the middle phase microemulsion in the WIII region is 
not dilutable, the low tensions in Figure 14 are also likely to  be due 

I 1 I I 

lo-: 

I I I S  

LJ  

/+ /+ 

FIGURE 15 Interfacial tensions between excess or continuous phases versus salinity. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

4:
12

 1
9 

Fe
br

ua
ry

 2
01

3 



MICROEMULSIONS AND LIQUID CRYSTALS 285 

to a surfactant layer. The presence of a thin middle phase layer 
responsible for the low tension can be excluded for the following 
reasons: 

-yow is smaller than the sum ymw + ymo; if a thin middle phase 

-The middle phase does not wet the oil-water interface; this would 
layer were present, the measured yow would be equal to the sum. 

not be the case if a thin layer of this phase were already present. 

2. Critical behaviour 

The origin of the tensions smaller than yo was attributed to a 
different origin. Indeed when the salinity S approaches S, the excess 
water phase becomes turbid before it disappears: the microemulsion 
turbidity also increases. When S approaches S2, the excess oil phase 
behaves in a similar way. This resembles to critical behaviour, al- 
though if S, and S ,  where the exact critical points, the interface 
between the microemulsions and the excess phases would disappear 
without moving towards the bottom or the top of the sample tube. 

Detailed investigation of this critical behaviour has been performed 
through bulk light scattering experiments, both static and dynamic. 
Three independent values of the correlation length of the concentra- 
tion fluctuations 5, have been determined close to S,: from the angular 
variations of the scattered intensity and of the diffusion coefficient, 
and from the diffusion coefficient extrapolated at zero scattering 
angle. The three determinations were in satisfactory agreement. Val- 
ues of .$, up to 800 8, were measured close to S,. The largest measured 
6, is only four times the droplet size: this means that S,  is still relatively 
far from the true critical point. The other boundary S,  is still further 
from the other critical point: bulk light scattering experiments can 
not be interpreted with the critical phenomena theories even very 
close to S,, where the largest measured 6 value is only the droplet 
size (-200 A). The data rather indicate that the droplets of the WI 
region become elongated and polydisperse close to S,. In these sys- 
tems we ignored the exact distance to the critical point E since the 
chemical potentials of the different chemical species were unknown. 
In order to test the scaling predictions for the interfacial tensions 
Eq. (12), we used another physical property of the system, experi- 
mentally measurable, and showing critical behaviour. The density 
difference between the two coexisting phases is one of such variable: 

Ap = Ape@ 
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286 D. LANGEVIN 

by eliminating E between Eq. (12) and 13, one obtains: 

A log log plot of y versus Ap is shown on Figure 16. The slope rn lp 
is the same for the two interfaces yom and ywm: 

rn - = 4  
P 

in agreement with the 3d Ising exponent. Let us recall that the mean 
field value of ml p is 3. 

From Figure 16 one sees clearly the change in slope above y* 
indicating that critical behavior is no longer followed. 

FIGURE 16 Interfacial tensions versus density difference between the coexisting 
phases; 0 water-microemulsion. 0 oil-microemulsion. The lines are theoretical, their 
slope is 4. 
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MICROEMULSIONS AND LIQUID CRYSTALS 287 

8. Theoretical predictions 

1.  Surfactant monolayers 

When a surfactant monolayer is present at the oil-water interface, 
we have seen that the interfacial tension is lowered by a quantity 
equal to the surface pressure developed by the monolayer: 

By introducing the surfactant free energy G(C), X being the area 
covered by a surfactant molecule, De  Gennes has written the total 
free energy in the form:34 

= Fbulk + y:wA + nSG(xC> (16) 

where A is the total interfacial area and n, the number of surfactant 
molecules n, = A / X .  Fbulk is the bulk free energy and contains 
the terms discussed in § I11 if one of the coexisting phases is a 
microemulsion. 

y and F a r e  related by y = a F / a A ;  it then follows that: 

aG = =  -- 
aC 

A useful quantity is the surfactant chemical potential: 

this value is equal to the chemical potential of the surfactant in the 
bulk phases which of course depends on the shape of the aggregates 
if any, on their concentration and on the interactions between the 
aggregates. All these properties will then affect the surface tension 
y which depends ultimately on ps. 

2. Spherical droplets without interactions 

Let us first consider the case where one bulk phase contains spher- 
ical droplets without interactions. y has been derived in this case by 
J. Israelachvilib5 in the following way: if N is the aggregation number: 

kT X, 
p, = p$ + -1n- 

N N  
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288 D. LANGEVIN 

where I.: contains the interactions terms between polar and non polar 
parts of the surfactant in the droplet; X,,, is the surfactant concentra- 
tion present in the droplet (volume fraction). 

By using Eqs. (15) to (18) one can show that: 

p$ is the limit of &, for an infinite aggregation number: flat 
monolayer. 

The interfacial tension is then: 

The first term is an entropy contribution y E  arising from mixing. 
If the droplets have a radius R then: 

kT X N  
Y E =  -- In - 

4nR2 N 

This expression is analogous to the one derived by E. Ruckenstein 
on different thermodynamical bases.6h 

It could be noted that the order of magnitude of yE is k T / R 2 ,  to 
be compared to the tension between simple liquids which are of the 
order of kTla2,  a being a molecular length. This means that if R is 
100 times larger than a molecular length, yE. will be lo4 times smaller 
than usual surface tensions. 

The second term of Eq. (21) is a curvature contribution yc since 
it includes difference between surfactant interactions in spherical and 
flat aggregates. This contribution has been explicitly calculated by 
several authors.”J”@ As pointed out recently32 these calculations are 
equivalent to: 

K 
Yc = * 

where K is the curvature modulus. As K is expected to be of the 
order of kT,  yc is expected to be of the same order of magnitude 
than yE.  As both contributions are inversely proportional to R2, 
it will be difficult to distinguish experimentally between the two 
contributions. 
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MICROEMULSIONS AND LIQUID CRYSTALS 289 

The experimental values of y in the SDS system are of the same 
order of magnitude than those calculated from the preceeding theories 
by using the R experimental values of the WI and WII regions. 

It should be noted that y is inversely proportional to R2 even at 
the c.m.c. where the bulk phases contain no droplets. This arises 
because the chemical potential of the surfactant in the monolayer is 
equal to the chemical potential of the surfactant in the droplets which 
depends on R. The properties of the flat monolayer are not inde- 
pendent of the properties of the curved monolayer that it would form 
if it were not constrained to lye at the flat interface. 

3. Bicontinuous models 

The entropic contribution has been calculated by Talmon and 
Prager:69 

where F; is the size of the elementary units (the persistence length in 
the De Gennes model).32 Again one sees that y E  is of the order of 
kT divided by the square of the characteristic size. 

Curvature contributions have not been calculated in this case, but 
they can reasonably be expected to be negligibly small. 

< measurements were recently performed with X-ray techniques in 
a dodecane-water-NaC1-butanol-hexadecyl benzene sulfonate 
(S.H.B.S.)  ~ y s t e m . ~ ' ~ ~ ~ '  At the optimal salinity a value of F; - 386 A 
can be deduced from Guinier Plots, close to the theoretical value of 
< which is:'2 

where +(, and +w are the oil and the water volume fraction and C,s 
the number of surfactant molecules per unit volume (n, = CSNE3 
and Cns = ~+,+,,,LVF;~). At the optimal salinity 4, = +w - 0.5 and: 

with C = 110 A2, as measured from light and X-rays ~cattering. '~ 

system.71 At the optimal salinity y,",, - 8.10-4 dynkm. 
We have performed recently surface tension measurements on this 
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290 D. LANGEVIN 

5 measurements are not available for the SDS systems where the 
experiments deviate seriously from the predictions of the Talmon- 
Prager mode1.ss-57 The calculated value at optimal salinity is 
5* - 220 A smaller than in the S.H.B.S. system. The ratio of the 
two calculated values for the two systems is about 1.6 allowing to 
predict a ratio of y* values of about 2.7. The experimental ratio is 
noticeably larger: 5.6. 

It must be noted however that the Talmon-Prager theory applies 
to an equilibrium between two microemulsions of symmetrical com- 
positions +,,, and 1 - &,. Moreover, the theory predicts an oil rich 
region close to the oil rich phase (or a water rich region close to the 
water rich phase). Recent experiments with ellipsometric techniques 
on various model systems including the SDS one73.74 indicate rather 
the opposite situation. 

C. Critical behaviour 

Interactions have been incorporated in some droplets models within 
the frame of mean-field  treatment^.^^,^' They led to tensions that 
would obviously depend on the droplets volume fraction. This is also 
true for the entropic term Eq. (21) but as the concentration appears 
in a logarithm, the variation of tension with the concentration is very 
small. Let us recall that this was indeed observed in the WI and 
WII regions far from the WIII region.62 On the contrary, when the 
phase boundaries are approached, the interactions between the drop- 
lets were observed to increase. Sufficiently close the tensions follow 
the scaling law: 

and the product 75:. is a universal constant of order kT.76 Thus again 
y - kT/52,. form similar to what was found for surfactant layers. This 
probably explain the smoothness of the surface tension variation when 
crossing the frontier between the two regimes: surfactant monolayer 
and critical behaviour. As m is not a mean field exponent, the mean 
field  treatment^^^,^^ will obviously not be adequate. 

In conclusion, the quantitative predictions for surface tension in 
microemulsions are still incomplete, specially close to critical points. 
Up to now, the theories are unable to explain the observed features. 
The interaction forces leading to phase separation in O/W systems 
remain mostly unknown. These questions will be further discussed 
in D VII. 
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MICROEMULSIONS AND LlQUID CRYSTALS 29 1 

On another hand, even far more critical points, the relationship 
between surface tension and microemulsion structure still deserves 
more work, specially in the middle phase domain. Some systematic 
trends have however been tested: y is about inversely proportional 
to the square of the characteristic length of the structure (droplets 
radius or persistence length). 

V. PERCOLATION AND INVERSION 

A. Droplets structure 

The droplet structure was introduced by Schulman and coworkers in 
order to explain data from light and X-ray scattering, sedimentation, 
and other techniques. One of the main problems in the interpretation 
of the experiments is the separation between particles shape and 
interactions effects. Sometimes it is possible to dilute the system, 
i.e. to reduce the particles number. For instance by extrapolating the 
light scattering data to zero particle volume fraction +, one has from 
Eq. (7) and from the perfect gas limit P ( +  - 0) = ~ T / v + : ~ ~  

The particle radius R is then easily obtained. 

1. Dilution method 

A dilution method for microemulsions was proposed by SchulmanX 
and refined later on by A. G r a ~ i a a ~ ~  and in our laboratory.'* 

The continuous phase of the droplets has to be determined, and 
the droplet size has to remain constant when this continuous phase 
is added to the microemulsion. 

The essential hypothesis is to assume that the droplet size in the 
microemulsions which are in equilibrium with other phases (liquid 
crystals or excess phases) is constant when the ratio of surfactant to 
water (or oil) amounts in the droplets is fixed. This is equivalent to 
assume that the area per surfactant molecule at the droplet surface 
C is independent of the oil (or water) amounts in the continuous 
phase along the demixing surface (Figure 17). 

Then if a W/O microemulsion has to be diluted a certain amount 
of oil is added in a first step to the microemulsion phase. It usually 
becomes turbid since the mixture has no longer the composition of 
a point of the demixing surface (Figure 17). Then alcohol is added 
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xc1 
alcohol 

X * l  
alcohol 

/ 

x > 1  
alcohol 

/ 1-phase \ 

water oil water oil water oi l  
+ surfactant + surfactant + surfactant 

FIGURE 17 Pseudo ternary oil-water-surfactant-alcohol phase diagrams at fixed 
watedsurfactant ratio X .  Dilution lines for X < 1. Principle of the dilution: M + M ’  
in the 2-phase region when oil is added; M’ + M in the 1-phase region when alcohol 
is added. Critical point C around X - I. Pseudo dilution line for X > 1. 

to restore the transparency. This procedure has to be repeated 
in order to ensure that the ratio of oil and alcohol amounts added 
are constant. Generally for droplets volume fraction + below a few 
percent it is necessary to add small water and surfactant amounts in 
the continuous phase. Similarly the continuous phase of the OiW 
microemulsions contains water and alcohol and small amounts of oil 
and surfactant. The surfactant concentrations are about the c.m.c. in 
the water-alcohol mixtures as it could be expected. 

A theoretical calculation based on a pseudophase model where the 
continuous phase, the interfacial region and the droplets interior are 
treated like phases in thermodynamical equilibrium allows to describe 
satisfactorily the existence of dilution lines and to predict their ex- 
istence even in the single phase domain79 (Figure 17). 

The validity of the dilution procedure has been proved with neutron 
and light scattering  experiment^,^"^^'^^^^^^ in several systems where 
both the droplets volume fraction and the interactions between the 
droplets were not too large. When interactions become strong, they 
can lead to changes in shape like in aqueous micellar solutions when 
they are repulsive and to phase separation when they are attractive. 
The last case is currently observed in microemulsions and the dilution 
lines (Figure 17) become strongly curved although droplet size re- 
mains constant along the line as evidenced from neutron scattering 
experiments ?* 

The dilution method proper is restricted to the case of straight 
dilution lines. Its validity is usually limited to small droplets volume 
fractions 4 5 0.1 and as already said above to weakly interacting 
droplets.82 But surprisingly, fairly concentrated “hard sphere” like 
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MICROEMULSIONS AND LIQUID CRYSTALS 293 

systems, up to volume fractions of 0.30-0.40, can also be diluted. 
These volume fractions are well above the transition towards bicon- 
tinuous structures predicted by Talmon and Prager: +p  - 0.18. The 
explanation of this will be given later on (8 B-1). 

2. Droplets aggregates 

When interactions between droplets are attractive, the probability 
of forming aggregates during a collision is significant. The presence 
of dimers was evidenced at low 4 (a few percents) in a weakly at- 
tractive case with neutron scattering  experiment^.^^ These dimers 
were not present in “hard-sphere” systems. Later on, an electrical 
birefringence study of W/O microemulsions was performed in our 
labor at or^.^^ In this method the aggregates are seen directly because 
single spheres show no electrical birefringence. The amount of ag- 
gregates was observed to increase rapidly with increasing attractive 
interactions. Giant signals where obtained close to the critical points. 
This could of course also be related to the closest presence of the 
liquid crystalline phases (§ 11). 

B. Percolation 

1. Electrical conductivity measurements 

The Talmon-Prager model predicts that for &,, Z 0.18, the water 
domains become interspanned. This can be evidenced for instance 
by a steep increase of the electrical conductivity around +,,. A the- 
oretical treatment of this phenomena has been given by M. Lagiies 
taking into account the transient character of the infinite water do- 
main above 4p.85 A very successful confirmation of these ideas has 
been found in W/O microemulsions containing weakly attracting 
droplets.H6 However we have shown that the variation of electrical 
conductivity around + p  is steeper when interactions are more attrac- 
tive and that the “electrical” percolation on the contrary disappears 
with hard sphere like droplets (Figure 18).x7,84 

Clearly these effects arise because of the presence of the interfacial 
layer which is neglected in the Talmon-Prager model. When the inter- 
facial layer is rigid, two droplets can not interpenetrate (hard sphere 
case) and the conductivity of this layer being small, the conductivity 
of the infinite aggregate of droplets is also small and the percolation 
can not be evidenced at +p  in this way. When the interfacial layer is 
more fluid, two droplets can interpenetrate and the resultingvan der Waals 
attraction increases. The mechanisms of conductivity are not still well 
known: either the water cores become connected during this process, 
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ELECTRICAL CONDUCTIVITY 
5 p ; L  

- 1  

+ S = 8  
A s = 9  

x S=lO 

I 
0 0.40 @ 

FIGURE 18 Electrical conductivity variation versus droplets volume fraction, for 
the W/O microemulsions coexisting with excess water (P IV-a). S = 10 corresponds 
to hard sphere like droplets, S = 8 to strongly attractive droplets. 

either the conductivity of the interfacial layer becomes high enough 
to produce the steep increase of the global electrical conductivity. 

It must also be noted that the experimental value of +p decreases 
with increasingly attractive interactionsR4 as expected theoretically, 
on the basis of interacting sphere models.88 

In summary the hard sphere systems do not become bicontinuous 
at +p.  Individual droplets are probably present up to the inversion 
+ - 0.50. This explains why the dilution method is valid up to large 
+. The weakly attractive systems which can be diluted below + p ,  may 
still contain individual droplets above +p. This point is far from clear 
as well as the strongly attractive systems structure is. It may be guessed 
that the structure progressively evolves towards a bicontinuous struc- 
ture (Figure 19). Indeed the strongly attractive systems are not di- 
lutable even below +p as it could be expected from a bicontinuous 
system. 
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Let us point out that this discussion is only relevant of W/O systems. 
The percolation phenomena for the O/W system can not be evidenced 
with electrical conductivity measurements and the corresponding 
mechanisms are mostly unknown. 

2. Relation to critical behaviour 

Critical phenomena and onset of phase separation occurs in strongly 
attractive systems at a droplets volume fraction +c. In W/O systems 
+c is always close to + p .  This situation is unusual. For instance phase 
separation can be observed in polymer solutions showing also a sol- 
gel transition which is another example of percolation phenomena. 
The polymer gelation concentration is usually very different from its 
critical c ~ n c e n t r a t i o n . ~ ~  Phase separation in attractive spheres systems 
has been described with a variety of interaction potential, and of 
perturbations methods. The striking result is that the critical concen- 
tration 4c is always about 0.20,54 i.e. very close to the percolation 
thresholds +p. This coincidence explains why percolation and critical 
phenomena are observed simultaneously in W/O systems. 

Let us recall that the close vicinity of a liquid crystalline phase may 
also influence the properties of the system. The interpretation of the 
experiments is therefore extremely complicated. For instance it is not 

I I > 
@ P  0 

FIGURE 19 Possible structural evolution of WIO microemulsions with increasing 
droplets volume fraction for hard sphere like and attractive droplets. 
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296 D. LANGEVIN 

clear whether the strong increase in electrical birefringence (§ A-2) 
is due to critical behavior or to the close presence of a lamellar phase. 

A still completely open problem is the nature of interactions above 
the critical point. Dilution is no longer possible and the existing 
X-ray or neutron structural studies remains ~ c a r c e . ~ ~ ~ ~ '  Although 
theory predicts that above the critical point two phases are obtained, 
a droplets rich phase > &) and a droplets poor phase (& G &, 
due to the assymmetry of the coexistence curve), single phase micro- 
emulsions of intermediate concentration can still be obtained for 
instance by adding a little more alcohol to the mixture. The structure 
and the interactions in these systems are completely unknown despite 
of the fact that they are extremely frequently encountered. Let us 
take for instance the case of oil rich systems. Attraction between 
droplets increases with the volume of interpenetration of two drop- 
lets, which is for a given surfactant-cosurfactant interfacial layer, a 
increasing function of the droplet size.47 As 2 is fixed, this size de- 
pends on the water to surfactant ratio X (by weight). Experimentally 
the critical points are frequently found around X = 1. All the single 
phase mixtures for which X 2 1 will be over-critical (Figure 17). 

C. The inversion domain 

In the Talmon-Prager model, the inversion from W/O towards O/W 
structures is very progressive and is encountered for water volume 
fractions +,,, between about 0.18 and 0.82. The experiments show 
that the model does not apply to all the microemulsion systems. In 
the hard-sphere systems the inversion is certainly much sharper. Elec- 
trical birefringence data show the existence of large and fast interfacial 
orientation fluctuations around +,,, - +o: they could correspond to 
curvature inversion.84 When the interaction between the droplets 
increases, these fluctuations remains and are still only present in a 
sharp volume fraction range. This may indicate that droplets are still 
present above +,, and that percolation and inversion are independent 
processes. 

Very little is known about the over-critical systems. The electrical 
conductivity varies linearly with water volume fraction as expected 
from effective medium theories.84.1n',y' This is not observed even above 
+{, for the sub-critical  system^.^^.^^,^^ This might indicate that the over- 
critical systems are truly bicontinuous and that the inversion domain 
is extended, between +p and 1 - +,,. 
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VI. DYNAMIC PROPERTIES 

Microemulsion structures are transient. The renewal times T are ex- 
tremely short, in the microsecond range or shorter. A quantitative 
difference is found between systems with or without cosurfactant. 
Cosurfactant molecules are small molecules and favour rapid ex- 
changes. For this reason microemulsions containing cosurfactant are 
even sometimes considered as molecular mixtures. A clear distinction 
has to be done on several bases: 

-static measurements like scattering of electromagnetic radiation 
give an instantaneous picture of the medium. For instance, if well 
defined interfaces are present, X-ray or neutron scattering data will 
follow the Porods’ law:9z 

lim q4Z(q) = cte , 
4-2 

q being the scattering wave vector, I the scattered intensity; 
-dynamic measurements with a characteristic time T,, will reveal 

structural features only if T,, G T .  In the case T ,  S T average properties 
will be measured. For instance quasielastic light scattering operates 
in the range I-,, 2 10 ps. For diluted microemulsions, it indicates the 
presence of droplets of small polydispersity when no cosurfactant is 
used. The polydispersity usually disappears when alcohol is present. 
Quasielastic neutron scattering with spin echo methods, which op- 
erates in the 10 ns range, indicates on the contrary an enormous 
polydispersity in the same systems.”’ 

A. Molecular exchanges 

Ultrasonic relaxation studies of a large variety of diluted or concen- 
trated microemulsions, have revealed the existence of two relaxation 
processes in the Megahertz range when alcohol is present.94 These 
two processes were associated to the exchanges of the surfactant and 
of the alcohol between the interfacial film and the oil or water do- 
mains. The characteristic time for the exchange of the alcohol is 
always at least ten times shorter than that for the surfactant. 

Chemical relaxation methods have shown that the response of these 
systems to perturbations involve two kinds of characteristic times: 
fast processes associated to surfactant exchanges like in ultrasonic 
relaxation and a slow process associated to the interfacial film for- 
mation and breakdown, as a whole. A systematic study of the effect 
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of oil addition to mixed alcohol surfactant aqueous micelles showed 
that the formation of microemulsions is accompanied by a rapid in- 
crease of the characteristic time T~ of the slow process: 7, increases 
by factors up to lo4 and reaches values of the order of  second^.'^ The 
interfacial films in microemulsions seem therefore only renewed by 
exchanges of single surfactant molecules. 

The transport of matter between oil and water regions has been 
investigated through chemical reactivity and fluorescence decay 
studies. 

In water in oil microemulsions the transport of matter occur through 
collisions and transient merging of water droplets. B. Robinson and 
coworkers measured by stopped flow techniques the rate of chemical 
reactions involving transfer of water contents. In AOT-heptane-water 
systems they showed that about one collision per thousand is effec- 
tive ." In microemulsions containing alcohol the exchange rate be- 
comes too fast to be measured in this way.97 Atik and Thomas in- 
vestigated this exchange rate with fluorescence decay studies. They 
showed that the nature of the alcohol strongly influence the exchange 
rate.'* The increase in exchange rate reveals the increase of the 
interfacial layer fluidity. As pointed out in $ V-B, droplets fusion is 
favoured with fluid layers. 

In oil in water microemulsions the exchange processes are still less 
known. They cannot occur through collisions owing to the electro- 
static repulsion between droplets. They probably involve a partial 
breakdown, or a f ragmentat i~n. '~  

6. Transport properties 

The transport of electric charges occurs on a time scale much shorter 
than the microemulsion structure lifetimes. The electrical conduc- 
tivity is therefore a probe of the water connectivity of the structure 

On the opposite, viscosity measurements are made on a time scale 
much longer than all the renewal times. Viscosity reflects therefore 
an average behaviour of the systems. Viscosity maxima are currently 
observed around the percolation transitions: +o or +,,, = 0.2.91 They 
are not yet satisfactorily interpreted. 

Sedimentation and quasielastic light scattering have frequently been 
used to measure the droplets hydrodynamic radius R, in diluted 
microemulsions. The friction coefficient fsed, as measured in a sedi- 

( Q  V-B). 
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mentation experiment and the mutual diffusion coefficient D, as 
measured by QELS are:46 

where qo is the viscosity of the continuous phase, 4 the droplets 
volume fraction, P the osmotic pressure and f, a friction coefficient 
related to fsed by: 

The extrapolation of fSed and D,, to zero droplets volume fraction 
leads generally to the same hydrodynamic radius, close to the effective 
radius R of the droplet as deduced from static scattering experiments: 
R, = R for hard sphere droplets, R,  > R for soft or elongated 
droplets. But the concentration variations of f5ed and D, cannot 
be predicted by the hydrodynamic theories for permanent particles 
(Figure 20). Clearly the exchanges play a role in this concentration 
v a r i a t i ~ n . ~ ~ . ~ ~  

D”07 crn2/S t 
hard sphere (theory ) 

2 -  

‘ t  
01 I I I I I > 

0.1 0.2 0.3 0.4 0.5 @ 

FIGURE 20 Diffusion coefficient versus droplets volume fraction. The points are 
experimental. Theoretical lines at small volume fraction are given for comparison. 
Cyclohexane-water-SDS-pentanol microemulsion. 
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300 D. LANGEVIN 

It has to be pointed out that the D, versus + variation is frequently 
significant. The hydrodynamic radius can not therefore be calculated 
directly from D,  by setting a = 0 and using the Stoke-Einstein re- 
lation. A dilution, and an extrapolation to + = 0 has to be performed. 

In the bicontinuous microemulsions, there exists only theoretical 
predictions for D, by Kaler and Prager in the range q [  2 1 where 
q is the scattering wave vector.Yy Unfortunately the experiments cor- 
respond frequently to q( e 1. It can be noted however that D, is 
usually about 10 times lower than the equivalent Stokes-Einstein 
coefficient 0," = kT/67rq 5, q being the microemulsion viscosity. 
This might reflect again the role of the exchanges. 

Tracer diffusion coefficients D, appear to be more related to the 
microstructure. For instance if the characteristic time of the meas- 
urements is shorter than the renewal times, D, reflects the connectivity 
of the structure like the electrical conductivity reflects the water con- 
nectivity. For instance if the tracer is solubilized in the droplets. D, 
is equal to the droplet self diffusion coefficient Dself and if the tracer 
is solubilized in a continuous phase D, is approximately equal to its 
value in the pure phase: Dfrcc. For diluted droplets: 

a' and OL are usually of opposite signs for repulsive droplets.'"" 
There exists a variety of experimental techniques allowing to meas- 

ure D, in microemulsions: radioactive tracers,lO' spin echo NMR,Io2 
forced Rayleigh scattering,'(m photobleaching recovery.lo3 In diluted 
microemulsions, the diffusion coefficient of tracers solubilized in the 
droplets are in fairly good agreement with Eq. (30). When the per- 
colation threshold is approached in water in oil microemulsions a 
striking phenomenon occurs: for the tracers solubilized in the inter- 
facial films D, as measured from radiotracers and NMR increases, 
whereas D, as measured from forced Rayleigh and photobleaching 
methods decreases (Figure 21). Theory predicts that D, should go to 
zero: connectivity fluctuations diverge at a percolation point in the 
same manner that concentrations fluctuations diverge at a critical 
point (Dnz -+ O ) . I o 4  Here D, decreases only by factors of order unity 
(when it decreases). Clearly the motion of the tracer along the infinite 
aggregate formed at the percolation threshold is perturbed by the 
breakdown of this aggregate. D, might even increase if the tracer is 
exchanged rapidly between the film and the water and oil domains 
(as observed in NMR). 
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0 I OJW 

lo-" I 
0 o,,,, Spiropyrane 

I r r l  I I I I )  #' 

3 4 5 6 7 a 9 10 
SALINITY ( g/100crn3 1 

FIGURE 21 Self diffusion coefficient of different species in the microemulsion of 
P IV-a versus salinity: toluene, water and SDS from NMR and spyropyran from forced 
Rayleigh experiments. 

The interpretation of the tracer diffusion coefficients in micro- 
emulsions is therefore very difficult. A better knowledge of the 
exchange processes is certainly needed to interpret the data in the 
concentrated systems. 

In conclusion, the dynamic behavior of microemulsions is very rich. 
It remains poorly understood, in many aspects, specially for the 
microemulsions containing comparable amounts of oil and water. Its 
role is however fundamental in some important applications like 
chemical reactivity. This dynamic behaviour is probably the micro- 
emulsions property that distinguish them the most from liquid crys- 
talline phases. The fast molecular exchanges make them closer to 
molecular mixtures. 

VII. CONCLUSION 

Microemulsions contain oil and water microdomains separated by 
surfactant layers like lyotropic liquid crystals. The flexibility of the 
surfactant layers are much larger in microemulsions. For this reason 
they form structures much less organized, either small droplets or 
distorted lamellar phases. Amongst them, different degrees of layer 
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302 D. LANGEVIN 

flexibility can be encountered: the more rigid corresponds to a system 
without cosurfactant or with a long chain one; the more fluid cor- 
respond to short chain cosurfactants. A great variety of behaviour 
are associated to these different systems: the more rigid lead to hard 
sphere-like droplets, the more fluid to bicontinuous-like structures. 

The study of the defects of the liquid crystalline structures nearby 
the microemulsions in the phase diagram is promising. As in simpler 
water-surfactant-alcohol mixtures, these defects might prefigurate the 
microemulsion structure. 

The presence of the surfactant layers and their high flexibility are 
fundamental in reaching ultralow interfacial tensions in microemul- 
sion systems. Still lower tensions are obtained close to the critical 
points which are extremely frequent in the phase diagrams. The study 
of these critical points deserve further work. It is not clear whether 
the order parameter for critical behavior is as simple as in molecular 
mixtures or if it is more complex like in the transitions between liquid 
crystalline phases. 

The dynamic properties of the microemulsions are largely deter- 
mined by the molecular exchanges between the surfactant layers and 
the water and the oil microdomains. These exchanges are much more 
important than in the lyotropic liquid crystalline phases. For chemical 
reactivity purposes for instance, microemulsions with very flexible 
layers behave more like molecular mixtures. 

The great variety of structure and of behavior make microemulsions 
very attractive systems for fundamental research as well as for 
applications. 
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