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The results obtained for the conductivity, dielectric relaxation, and viscosity of ternary water-
AOT-0il microemulsions are presented and discussed in the context of percolation theory. [Here,
AOT is an abbreviation for sodium bis(2-ethylhexyl) sulfosuccinate.] Several parameters are con-
sidered: the volume fraction ¢(water + AOT), the molar ratio n =[water]/[AOT], the tempera-
ture, the salt content of the aqueous solution, and the nature of the oil. Certain results obtained by
replacing the water with glycerol (waterless microemulsion) are reported. Eight different experi-
mental paths were systematically followed. At constant temperature and salt content we have the
paths n =const, ¢ =const, P, =const (water content by weight), P, =const (oil content by weight),
P, =const [surfactant (AOT) content by weight], Ps/(Ps+ P,)=const (i.e., Ps /P, =const). We also
considered variations of temperature and salt content for constant values of all the other parame-
ters. The experimental curves have various different shapes for conductivity, dielectric permittivity,
relaxation frequency, or viscosity. Depending on the path followed we observed either monotonic
variations or, in contrast, curves presenting maxima and minima. Discussion of the results in con-
nection with percolation theory and the concept of “percolation threshold lines” [M. Moha-
Ouchane, J. Peyrelasse, and C. Boned, Phys. Rev. A 35, 3027 (1987)] is satisfactory and the theoret-
ical curves are comparable in all respects with the experimental curves. Finally, in the Discussion,
certain analogies of behavior (and therefore of interpretation) are emphasized between the mi-
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croemulsions studied here and certain quaternary systems.

INTRODUCTION

Microemulsions are systems that have been very widely
studied by a number of authors over the last few years be-
cause of their fundamental importance and their practical
applications. A microemulsion is a macroscopically
single-phase system that is generally the result of the mu-
tual solubilization of water and oil. This mutual solubili-
ty requires the addition of one or several surface agents.
The resulting systems have four or five components (after
addition of a surfactant, a cosurfactant, and possibly
salt), which makes analysis of the experimental results
difficult. It is not always necessary to add a cosurfactant
to obtain a microemulsion. It has been known for some
time that sodium bis(2-ethylhexyl) sulfosuccinate (AOT)
allows a high level of solubilization of oil and water
without the addition of another component being re-
quired. The result is a ternary system that is easier to
study. Surfactants other than AOT have this property.
Equally, detergent-free systems have been presented as
being water-in-oil-type microemulsions;"? for example,
the water—2-propanol—-n-hexane system. It is also possi-
ble* 7 to prepare waterless microemulsions by replacing
the water with liquids such as formamide, glycerol, etc.
Here too by choosing a suitable surfactant a ternary sys-
tem can be produced: for example, the methanol-AOT-
cyclohexane system* was one of the first to be quoted in
the literature.

For water-in-oil microemulsions, when the volume
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fraction of water or temperature increases, a rapid in-
crease in electrical conductivity (of several decades) can
be observed in certain cases.®” '® Several investiga-
tions'>!"!° appear to confirm the idea that this is a dy-
namic percolation phenomenon,'®!® which implies the
formation of clusters of water droplets in the continuous
medium. When the drops are sufficiently close to each
other, effective transfer of charge carriers may take
place.?’ Similarly, the dielectric behavior of these sys-
tems can be interpreted with the same percolation mod-
el'3 141621724 that explains why a maximum of static per-
mittivity and a minimum?? of the characteristic frequen-
cy of the dielectric relaxation are associated with the per-
colation threshold. Similar behavior has been observed®
for waterless microemulsions of the glycerol-AOT-
isooctane type. It should be pointed out that for water-
less microemulsions the percolation phenomenon has al-
ready been mentioned?® as regards conductivity.

Dynamic viscosity was also discussed in connection
with the percolation phenomenon for ternary water-
AOT-oil systems?’~?° and for (water+NaCl)—toluene
—dodecyl sulfate sodium-butanol systems when the salt
content in the microemulsion varies.’® The phenomenon
can also be observed for waterless microemulsions of the
glycerol-AOT-isooctane type.?’

For ternary water-AOT-o0il systems a systematic
study'®2228 has been carried out throughout the phase
diagram for conductivity, dielectric relaxation, and
viscosity. This study investigates the influence of the
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volume fraction in dispersed matter (water +AOT), of
the molar ratio n =[H,0]/[AOT], of the temperature, of
the salt content, and of the nature of the oil. The work
led to the development of the concept of ‘“percolation
threshold lines in the ternary diagram.” In order to
study a microemulsion by varying its characteristics, an
experimental path in the ternary diagram is generally
chosen. For example, n=const might be imposed, or the
temperature might be varied while all the other parame-
ters are fixed. Also, the salt content might be varied, or a
constant weight ratio P .ni/Poy might be selected,
and so on. A consequence of the concept of percolation
threshold lines is that, according to the experimental
path followed, the shapes of the experimental curves can
be very different because they depend on the position of
the line in the ternary diagram relative to the path fol-
lowed, and because they also depend on any deformation
that the line might undergo with varying temperature.
The experimental curve may, in some cases, have a very
unusual shape. For instance, if the path is appropriately
chosen, adding water to the water-AOT-oil microemul-
sion causes a reduction in conductivity. The same is true
of adding salt. In previous papers we mentioned this
consequence of percolation threshold lines without ex-
plicitly developing the possibilities this approach can
offer. In the present paper we will be developing these as-
pects and showing that analysis in terms of percolation,
based on the percolation threshold lines, leads to the in-
terpretation of several unusual results. We will also see
that it raises doubts, at least partially, about further inter-
pretations®! 7** concerning the measurements we made
previously on similar systems, interpretations which have
been reported in the literature and that should conse-
quently be reassessed in the light of our new knowledge
of the subject.

BACKGROUND TO THE PHENOMENON
OF PERCOLATION IN MICROEMULSIONS

The determination of complex permittivity €* of
heteregeneous systems is a well-known problem which
has for some time been the subject of a great number of
investigations. From a very general point of view the
complex permittivity €* of a heterogeneous binary system
may be represented by a relationship of the form
€*=Gley,€5,0,p,) in which €} and €5 are the complex
permittivities of constituents 1 and 2, ¢ is, for example,
the volume fraction of constituent 1, and p, represents
the parameters which enable the function G to contain all
the information on the geometry of the dispersion and on
the interactions which take place within the system. The
models which enable an approximation of the function G
are often based on effective or mean-field theories. Satis-
factory results are generally obtained while the interac-
tions within the mixture are weak, which is often the case
when the volume function of one of the constituents is
small, and as long as the dispersion can be considered
macroscopically homogeneous. But when the dispersed
particles are no longer isolated from each other, in other
words, when clusters form, the conventional models no
longer apply and the concept of percolation can be suc-

cessfully used. The general relationship for complex per-
mittivity3>3¢ is
€5 /€t

G | "

€ —lp—o.lnf
€]

in which ¢, represents the volume fraction of constituent
1 at the percolation threshold and in which the exponents
u and s are positive. The function f(z) in which z is a
complex variable satisfies the following asymptotic forms:

¢>¢c7|zi <<1,f(z):C] +CIIZ ’
b<d,,lzl<<1,f(z)=cyz ,
|z| >>1,Y¢, f(z)=czH/HFs) .

If it is assumed that the two components are dielectric
conductors of static permittivities €;; and €,; and con-
ductivity o, and o, we obtain

9, 93
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in which v is the frequency of the electric field applied, €,
is the dielectric permittivity of a vacuum and j2=—1.
The heterogeneous system built up from components 1
and 2 presents static permittivity €, and conductivity o.
We obtain the following.

(a) We have
ESZCZEZS(¢C_¢)WS ) (2)
o=cy05(¢,—¢)°, (3)
where ¢ <¢_,|z] << 1.
(b) We have
cy €
€, =ci6(d—b,) " [1+——2(g—g, )b+ |
(e8] €5

o=cio(¢—¢ M

’

¢y o, _
1+ ——— — (p+s)
o o, (8760

where ¢ > ¢,,|z| << 1.
As u+s is positive and €, /€,, does not tend towards
infinity, while ¢ is sufficiently close to ¢, we have

€3=C,1625(¢_¢c)7s‘ 4

So when ¢ is sufficiently close to ¢,, €, <|¢—¢.| * on
either side of ¢.. Moreover, if 0,/0,<<1 (for example,
with a perfect insulator o,=0), close to the percolation
threshold one can still have

0.2/0.1 << |¢H¢r |(,u+x)
and one consequently obtains
U:C101(¢_¢C)“ . (5)

(c) Finally in line with a suggestion made by Bergman
the dielectric relaxation of the system is characterized’”®
by the relaxation frequency

ve < lo—d [T, (6)
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FIG. 1. Water-AOT-undecane system (n=8, T=15°C).
Variations of €, (O) and d(log,q0)/d¢ (/\) vs ¢. (From Ref. 21).

which is valid if ¢ is close to ¢.. So when ¢— ¢, we have
vg —0.

In practice, a maximum of (1/0)(do /d¢) and of €, is
observed.?! Figure 1 illustrates the result. The difference
between the percolation threshold of conductivity ¢.. and
the percolation threshold ¢., of permittivity could be a
result of the hopping phenomenon,?”?? and has already
been pointed out by other authors.'’ Similarly, Fig. 2
represents the variations of v in the neighborhood of the
percolation threshold. It will be noted that vp —0 for
ternary water-AOT-o0il microemulsions®?233! as well as
for waterless glycerol-AOT-isooctane microemulsions.?
It should therefore be stressed that Egs. (3) and (5) which
describe conductivity, Eqs. (2) and (4) which describe
static permittivity, and Eq. (6) which describes the
characteristic frequency of relaxation are only valid if
|z| << 1, in other words, if 0,/0,<<1 and if ¢ is close to
¢.. In particular, it is impossible to use these laws at ex-
tremely small dilutions (¢ —0) or at unit concentration
(¢—1). Moreover, they cannot be used in the immediate
vicinity of ¢, where in practice no discontinuity for €
and o is observed. For example, for conductivity, a con-
tinuous transition between the values predicted by Egs.

109 VR
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FIG. 2. Water-AOT-dodecane system. Variations of vi (Hz)
vs ¢ for different values of n. 0, 3.6; A, 44,0,6,@,7; V, 10.
(From Ref. 21).
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FIG. 3. Water-AOT-undecane system. Variations of the con-
ductivity o (Sm~") vs volume fraction ¢ (n=8, T=15°C).
——, theoretical curves [Egs. (3) and (5)]; @, experimental
data. (From Ref. 17).

(3) and (5) is observed. The transition interval can be
defined™® by
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FIG. 4. Glycerol-AOT-isooctane system. Variations of the
viscosity n (cP) vs volume fraction ¢ (n=[glycerol]/
[AOT]=3.2, T=25°C). (From Ref. 24).
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FIG. 5. Glycerol-AOT-isooctane system. Variations of

d(log,ym)/d¢ vs volume fraction ¢.
[AOT]=3.2, T=25°C). (From Ref. 24).

(n=[glycerol]/

When 0,/0,<<1, A is small, and Egs. (3) and (5) account
for variations of o with ¢ in very close proximity to the
percolation threshold. This is, for instance, the case for
the water-AOT-undecane system,'® and Fig. 3 presents an
example of this. It also shows that when one is too far

®c
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FIG. 6. Water-AOT-undecane system. Variations of the per-
colation threshold ¢. vs n. @, T=15C; A, T=25°C; B,
T=35°C. (From Ref. 17).

from the threshold (¢ <0.05) the equations do not apply.
Figure 1 represents the corresponding variations of
d (logmU )/d¢

When the percolation threshold is present one might
think that the viscosity 17 might also present particular
variations. This has been observed not only for ternary
microemulsions with water?” % but also for waterless
ternary microemulsions.”> In particular, the (1/7)
(dn/d¢) curve also goes through a maximum at the per-
colation threshold. Viscosity has been less comprehen-
sively studied in the context of percolation theory than
has complex permittivity. However, by analogy?® with
the previous equations, one can write

n=cymlé—¢. |7 if <o, ™

AOT

WATER

(b)

FIG. 7. Water-AOT-undecane system. (From Ref. 17). (a)
Lines of the percolation thresholds in the ternary diagram
(weight fraction). @, T=15°C; A, T=25°C; B, T=35°C; (b)
Line of the percolation thresholds in the ternary diagram
(weight fraction) at T=25°C. L25, boundary of the mono-
phasic area at T=25°C. (C), conductive area; (NC), noncon-
ductive area.
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77:0'11771|¢—-¢c|u1 1f¢>¢c ’ (8)

in which s’ and p’ are two positive exponents, 7, and 7,
the viscosities of constituents 1 and 2, and ¢ the volume
fraction of constituent 1.

Figures 4 and 5 are characteristic. By extrapolating
the theoretical considerations concerning conductivity to
the case of dynamic viscosity one can assume that Egs.
(7) and (8) are valid only if 1,/7,<<1. In the case of
water-in-oil microemulsions this condition is not satisfied.
However (1/7)(dn/d¢$) presents a maximum which cor-
responds to the percolation threshold as determined from
the conductivity curves.?® In the case of glycerol-AOT-
isooctane microemulsions (Figs. 4 and 5) the situation is
much more favorable. This is clear from the fact that the
7 11 2%p<¢,.) and '/ (¢ > ,) curves, plotted against
¢, are found to be two straight lines which intersect on
the ¢ axis, at the percolation threshold.?® This also
shows that the exponents s’ and ' of dynamic viscosity
appear to be those which occur in the dynamic model of
percolation of microemulsions (s=s'=1.2 and
pu=p'=1.94). This illustrates the general character of
the phenomenon of dynamic percolation of microemul-
sions.

We determined'® the position of the percolation thresh-
old line in the ternary diagram for water-AOT-oil sys-
tems. To conclude this background presentation we
present in Fig. 6 the variations of the threshold as a func-
tion of the molar ratio n for different temperatures in a
system in which the oil is undecane, and Fig. 7 represents
the position in the ternary diagram of the associated
threshold lines. For Fig. 7(b), (C) is the conducting zone
which corresponds to ¢(water+AOT)>@. and (NC) is
the nonconducting zone which corresponds to ¢ <¢,.. Fi-
nally, it should be noted that an increase in the threshold
value is observed with increasing salt content!® or de-
creasing length of the oil chain,? consistent with a de-
crease in the interactions within the microemulsion.

EXPERIMENTAL TECHNIQUES

Systems studied. Having already carried out a study
over the whole range of the ternary diagram for different
conditions we used these existing experimental re-
sults.!8222528 We will above all be discussing the water-
AOT-undecane system, but the conclusions that we will
be presenting can be generalized without difficulty to cov-
er the other systems studied. We will supply some exam-
ples.

We used cyclohexane (Fluka AG “free of benzene,” for
uv spectroscopy), iso-octane (Fluka AG puriss), undecane
(Fluka AG purum), dodecane (Fluka AG purum), gly-
cerol (Prolabo Rectapur), and AOT (Fluka AG purum).
In a few cases we used aqueous solutions of sodium
chloride (Prolabo Normapur). All the samples are
characterized by the volume fraction ¢ (water or
glycerol+AOT) and by the molar ratio n=[water])/
[AOT] (or [glycerol]/[AOT]). Temperature stabilization
of the samples was performed to +0.1°C. For the study
of the influence of salt we used p,, the percentage of salt
by weight in the brine solution. Finally, it should be not-
ed that P,, Py, and P are the percentages by weight of

water, oil, or surfactant in the microemulsion [Fig. 8(a)].

Techniques employed. The stationary electrical con-
ductivity o is measured using a Wayne Kerr B331 pre-
cision bridge which operates at frequency 1592 Hz. The
measuring cell is a Philips-Mullard-type cell and is cali-
brated before use with aqueous solutions of KCl. Rela-
tive uncertainty for o is estimated at 0.1%.

Measurement of relative viscosity was performed using
a capillary viscosimeter (Viscotimer Lauda S/1). The
specific gravity was measured with an automatic Anton
Paar KG DMA 45 densimeter with an absolute uncer-
tainty lower than 10~ * g/cm’. Relative uncertainty for
the dynamic viscosity is estimated at less than 0.5%.

To measure dielectric relaxation we used a time
domain spectroscopy method. The development of our
apparatus has been presented in two technical arti-
cles.®* Tt consists of a Tektronix WP/200 system with
a reflectometer and a digital processing oscilloscope, all
of which are controlled by a computer. The relative ac-
curacy for the real part € and the imaginary part €”
(e*=¢€'—j€"") is 3%. At frequencies less than 5 MHz a
study of complex permittivity was carried out with a
Hewlett Packard 4129 A impedancemeter, also computer
controlled.

o,! AOT

Po | o
(a) (b)
AOT AOT
WATER oL WATER oL
(c) (d)
AOT AOT
WATER oL WATER oL

(e) f)

FIG. 8. Experimental ways. (a) Ponderal ternary diagram;
(b) n=const and ¢=const; (c) P,=const; (d) P,=const; (e)
Pg=const; (f) P, /Ps=const.
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EXPERIMENTAL RESULTS

Experimental paths followed. In the ternary diagram
the samples were initially investigated at T=const and
n=const. Figure 8(b) shows the corresponding path in
the ternary diagram be weight. We also carried out mea-
surements at ¢=const and variable n(7T=const). When
taken together, the two sets of curves can easily reconsti-
tute by interpolation, the curves corresponding to the ex-
perimental paths P, =const, P,=const, P¢=const, and
Py /P,=const at T=const [Figs. 8(c)-8(f)]. Figure 8(b)
represents the path ¢ =const at T=const. Unlike the five
preceding cases this does not provide a straight line in the
ternary diagram by weight, but as the densities p, o7 and
Pwater (O Pgiycero) are mot very different (por=1.135
g/cm® and pgy cer=1.126 g/cm’, for example, at 25°C),
this path is close to that followed at P,=const [Fig. 8(d)].
The six preceding paths assume 7T=const but also
p, =const (salt content). All things being equal in regard
to the other parameters we also performed experiments
which correspond to the two supplementary paths: vari-
able T or variable p;. In all we will therefore be present-
ing results for eight different experimental paths. Let us
remark at this point that it is well known that for the
water-AOT-undecane system, at low or intermediate wa-
ter concentrations, the microemulsion consists of water
droplets in oil subjected to Brownian movement. These
droplets interact*"*? and these attractive interactions
grow regularly with the molar ratio n, i.e., with the ra-
dius of the droplets. In the case of the glycerol-AOT-
heptane system,* light scattering measurements show the
existence of spherical droplets of glycerol stabilized by
the surfactant, the size depending mainly on the molar
ratio n. Consequently, at least for water-AOT-oil sys-
tems, of the eight experimental paths followed, only the
path n=const [Fig. 8(b)] maintains constant radius and

1080
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1004

FIG. 9. Water-AOT-undecane system. Variations of the con-
ductivity o(Sm™!) vs n (¢=0.2, T=25°C). (From Ref. 17).
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FIG. 10. Water-AOT-undecane system (7'=25°C). Varia-
tions of 7 (cP) vs n for different values of ¢ are shown. (From
Ref. 27).
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FIG. 11. Water-AOT-isooctane system (T=25°C). Varia-
tions of €, (O; ¢=0.3; A, $=0.2) and viz (O, $=0.3) vs n.
(From Ref. 21). (vg in Hz).
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interactions between droplets. It is this path which, by
using the above-mentioned relationships, can determine
the value of ¢, by means of numerical analysis. The
value of ¢, depends mainly on the interactions and the
reader may refer to the model developed by Bug et al.*
and Safran.?’ For all the paths, at constant T and p, the
property studied depends on ¢ —¢.(n). (For conductivity
we observed'® that the prefactors remain practically con-
stant with respect to n). With the exception of the path
n=const, ¢ .(n) varies when all the other paths are fol-
lowed. It is this fact which makes it difficult to analyze
the results if one has not previously determined the curve
of variation of ¢, along the path followed, taking into ac-
count the corresponding variations of n.

Path n=const [Fig. 8(b)]. Figures 1-5, which were
discussed above, are examples of experimental curves.

Path ¢=const [Fig. 8(b)]. Figures 9-11 represent the
curves o(n), n(n), €,(n), and vg(n) (characteristic relaxa-
tion frequency: frequency at the maximum of €’ for
water-AOT-oil systems) obtained for various ternary mi-
croemulsions. It is not easy to interpret them, at least at
first, because of their complex shapes. Identical curves,
with maxima and minima, have been obtained by

l0g,,0

-2 -

-4

A\
A)Y

FIG. 12. Water-AOT-undecane system (T =25°C). Experi-
mental way P, =const. Variations of log,,o (O, P,=0.3; +,
P,=02;A,P,=0.1)vs P,. (cinSm™}).

Rouviere and co-workers** ™7 for water-AOT-(decane or
heptane) systems.

Path P,=const [Fig. 8(c)]. Figure 12 represents
log,o0 =f(P,) for the water-AOT-undecane system at
T=25°C. The curve presents a more or less pronounced
minimum according to the selected value of P,,.

Path P,=const [Fig. 8(d)]. Figure 13 represents the
variations of log,,o with P, for different values of P, in
the case of the water-AOT-undecane system at T=25°C.
Each curve presents a maximum and a minimum. The
latter becomes insignificant for low values of P,.

Path Pg=const [Fig. 8(e)]. Figure 14(a) represents the
variations of o with P, for different values of Pg in the
case of the water-AOT-undecane system at T =25°C.
Figure 14(b) represents the variations of log,,o with P,
which show that there is a minimum and a maximum for
the values P¢=0.1 and 0.2. They are not visible on the
curve in 14(a) because of the scale of the representation.

Path Pg/P,=const [Fig. 8(f)]. Figure 15(a) represents
the variations of log,q0 with P, for different values of
Pg /P, in the case of the water-AOT-undecane system at
T=25°C. There is a maximum and a minimum, which

log,, 0

-2

-4

FIG. 13. Water-AOT-undecane system (T"=25°C). Experi-
mental way P,=const. Variations of log,go (O, P,=0.4; +,
P,=0.6,/,P,=0.7,0,P,=0.8) vs P,. (cinSm™").
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° ol 02 03 Pw FIG. 15. Experimental way Pg/(P,+Ps)=const. (a)

Water-AOT-undecane system (7'=25°C). Variations of log,,o

Vs Pw. +, PS/(P0+PS)=0‘1; o, PS/(P0+PS)=0'2; .,

FIG. 14. Water-AOT-undecane system (T=25°C). Experi- Pg/(P,+Pg)=03; O, Ps/(P,+Ps)=04; A, Ps/(P,+Ps)

mental way Pg=const. (O, Ps=0.1; +, Ps=0.2,®, Ps=0.3; O, =0.5; (b) Water-AOT-isooctane system (T =25°C). Variations

P3=0.4). (a) Variations of o vs P,; (b) Variations of log,,o vs of log,go vs P,. +, Ps/(P,+Ps)=0.1; O, Pg/(P,+ Ps)=0.3;
P,(cinSm™!). 0, Ps/(P,+Ps)=0.4;@, Ps /(P,+Ps)=0.5(cinSm™ ).
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log 0
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T T T
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50 T(°C)
FIG. 16. Water-AOT-undecane system. Variations of the

conductivity o(Sm™') vs temperature T(°C) (¢=0.2, n=18).
(Phase separation occurs at X). (From Ref. 17).

are more or less pronounced. The different curves
presented above keep their shape when the nature of the
oil is changed. For example, Fig. 15(b) concerns the
water-AOT-isooctane system. This path also correspond
to Py /(Pg+P,)=const.

Path with variable temperature. Figure 16 represents
the variations of log;g0=f(T) (¢$=0.2, n=8) for the
water-AOT-undecane system. For the variations of ¢
with temperature one can refer to the work of van Dijk
et al.*! for the water-AOT-isooctane system at n=27 for
different values of the volume fraction in water ¢,, and

£s 0 (Sm-

150 | y . 4 015

010

0.05

FIG. 17. Water-AOT-isooctane system (n=27). Variations
of € and o(Sm™!) vs temperature of different values of ¢,.
AN, 27.5%; @0, 18.3%; B, 13.8% (From Ref. 20). ( )
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FIG. 18. Water-AOT-undecane system. Variations of the
conductivity o (Sm™!') vs salinity p, (in weight percent)
(T'=25°C, n=10, $=0.4). (From Ref. 17).

hence of ¢. The static permittivity moves through a max-
imum at a temperature which decreases as ¢,, (and there-
fore ¢) increases. Figure 17 is drawn from their work.
For viscosity one can refer to the work of Berg, Mold-
over, and Huang?’ for the water-AOT-decane system.
They observed an increase of the 17/7gecaqe ratio with in-
creasing temperature. The same is true of water-AOT-
hexane*® system.

Variable salt content path. Figure 18 represents the
variations of log,qo = f(p,) (T'=25°C, n=10, $=0.4) for
the (water+NACI)-AOT-undecane system. Figure 19
represents €, and the relaxation frequency vy as a func-

€ Ve (MHZ)
304 \es Vp 150
204 100
104 50
o3 K ~ ~:16_ _____ pe (%)

FIG. 19. Water (+NaCL)-AOT-dodecane system (n=4.4,
¢=0.308, T=25°C). Variations of €, and vz (MHz) vs p; (%).
(From Ref. 21).
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tion of p, for the water-AOT-dodecane system (n=4.4,
$=0.308, T=25°C). o, €, and 1/vy decrease with in-
creasing salt content. We observed?? the same behavior
for the water-AOT-isooctane system. For viscosity,
Rouviere and co-workers® 47 observe that the value of
viscosity decreases with increasing salt content.

DISCUSSION OF THE RESULTS

Before the notion of percolation was introduced, a
number of authors attempted to explain the variations of
static permittivity in terms of the conventional mixing
laws. This approach is still occasionally considered to-
day. However, this interpretation comes up against the
problem of the high values of €, in the neighborhood of
the percolation threshold. In the framework of spherical
dispersion, the maximum of €; which can be obtained, for
example, with Hanai’s law,* is given by €, =€,,/(1—¢)’
(obtained when |ef|>>|e5|). Thus for $=0.26 and
€,, =2 (static permittivity of pure oil) we have €, =4.9,
whereas for the same volume fraction in dispersed matter
we have, for undecane (T'=15°C and n=11), an experi-
mental value®® equal to 46. Two different approaches
have been used to explain this difference.

Introduction of an apparent volume fraction (Refs. 51
and 52) ¢,. For the previous example we would have
¢,=0.65. For very high values of €, (cf. Fig. 17) the
value approaches ¢, = 1. This result is difficult to accept.

Introduction of anisotropic objects. Several au-
thors,’®%37% and most recently Clarkson,?* have en-
visaged the possibility that the spherical particles might
form clusters, which from the dielectric point of view
could be assimilated with revolution ellipsoids. Let us
note at this point that to a certain extent this constitutes
a simplified picture of the appearance of the conducting
path in the percolation framework below the threshold
(elongation of the clusters until the appearance of a clus-
ter of infinite length). In the case of the water-AOT-
dodecane system, analysis by extension of the law of
Hanai*®® to the nonspherical case leads to a maximum for
€, at a high axial ratio, of the order of 9. This order of
magnitude has very recently been found®* for a quater-
nary system. When ¢ varies, the axial ratio moves
through a maximum at the same time as €, and the calcu-
lation shows that**" the relaxation frequency moves
through a minimum. But while the phenomenological
point of view is satisfactory, there is nothing to explain
why the axial ratio goes through a maximum. Moreover,
the variations with the other parameters (n,T, salt,. . .)
are not explicitly analyzed.

The main criticism is that no other method is able to
directly confirm this anisotropy, which is postulated in an
identical way, though independently, by other au-
thors**~*7 for viscosity. Finally, the complex shapes of
the experimental curves for paths such as P, =const, or
¢=const, etc. pose major problems of interpretation in
this context.

A satisfactory theoretical model must be able to inter-
pret both the increase of 7 and o with ¢ at constant n
[the derived values (1/m)dn/d¢) and (1/0)(do /d¢)
must pass through a maximum] and the simultaneous

passage of €, and 1/vg (characteristic of the time of
dielectric relaxation) through a maximum. It should also
be able to explain the variations with T and p,, as well as
the complex shapes which correspond to the paths
P, =const, Py=const, Pg=const, Pg /P, =const, etc.

Our investigations'®2%2%28 have indicated that at least
for the monophase water-oil (or glycerol-oil) zone of ter-
nary microemulsions with AOT the theory of percolation
provides an overall interpretation for all the results. Fig-
ure 6 represents the values of the threshold as a function
of n for different temperatures, while Fig. 20 represents
the values of the threshold as a function of temperature
for various values of n (water-AOT-undecane system).
Figures 7(a) and 7(b) represent the corresponding thresh-
old lines in the ternary diagram. Figure 21 represents the
variations of the threshold ¢, with salt content.'® These
curves are sufficient to allow interpretation of all the re-
sults, if used in the context of percolation theory.

As for the variations with temperature it can be seen
that there is a natural critical temperature. At T=15°C
let us consider point B in Fig. 7(a). It corresponds to a
system which is below the percolation threshold (noncon-
ducting zone). However, at T=25°C it is situated above
the threshold (conducting zone). At a temperature T, be-
tween 15°C and 25°C point B is located on a threshold
line. So the percolation transition can be observed at
constant volume fraction and molar ratio when tempera-
ture varies. Moreover, Fig. 7(a) shows clearly that at
constant n, T, decreases as ¢ increases (in other words, as
one moves away from the oil apex). So the curve €,(T)
passes through a maximum which at n=const is situa-
tioned at a temperature which decreases as the quantity
of water increases, which is consistent with the experi-
mental observations (Fig. 17). The same shape of varia-
tions has also been observed for the water-AOT-decane

P

0.6+

0.4

0.2+

~=

|
20 30 40 T(°C)

FIG. 20. Water-AOT-undecane system. Variations of the
percolation threshold ¢, vs 7. B, n=38; A, n=18; @, n=30.
(From Ref. 17).
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FIG. 21. Water-AOT-undecane system. Variations of the
percolation threshold ¢. vs salinity p; (in percent) (n=10,
T=25°C). (C), conductive area; (NC), nonconductive area.
(From Ref. 17).

system'* at n=40.8. At the same time the frequency
vg(T) must move through a minimum which corre-
sponds to the maximum of €,(T). We observed this be-
havior in a previous study’® for quaternary water-

AQOT

hexadecane-potassium oleate-hexanol-type microemul-
sions. This was an unusual result, which was not under-
stood at the time.

It should be noted that the variations, for example, of
o, are given by o < (¢—¢ W if ¢> ¢, and o < (d.—¢)*
if $ <é.. The threshold ¢, at constant n depends on the
temperature. If ¢ remains in the neighborhood of ¢,
when ¢ remains constant one can write, developing to the
first order, ¢ (T)=¢+K(T —T,) with

ds.

K=
ar

(T=T,)

and ¢.(T,)=¢. If K <0, which corresponds to the sys-
tems presented here (Fig. 20), then ¢> ¢, if T>T,. As
ox(¢p—¢ Hifd¢>¢,, theno <(T—T,*if T>T, (when
K <0) and similarly o <(T.—T)"* if T<T, (when
K <0). We thus have scaling laws for temperature with
the same critical exponents p and s as for variations of ¢.
This is true if ¢ remains close to ¢, or if the variations of
¢. with T are small (for instance, value n=38 in Fig. 20).
We checked!® that this is also true for the value n=18 in
Fig. 20, but it is no longer true for the value n=30 (ex-
cept of course if ¢ remains very close to ¢.). In that case,
the term

2

K=17ar

(T=T,)

WATERT T 1 T L

UNDECANE

FIG. 22. Lines of the maxima and minima. Water-AOT-undecane system (7 =25°C). ><<>, Maxima and minima obtained at
Ps /(Pg+P,)=const; O@®, Maxima and minima obtained at P, =const; A /A, Maxima and minima obtained at Pg=const; (J, Minima

obtained at P, =const.



41 CONDUCTIVITY, DIELECTRIC RELAXATION, AND ... 949

r

wl T L | IH

(c)

FIG. 23. Partition of the ternary diagram with the lines of
“accidents.” (a) w/o Winsor IV area in the mass ternary phase
diagram of water-Aerosol OT-dodecane system at 7=298 K.
(From Ref. 31). (b) w /0 Winsor IV area in the mass pseudoter-
nary phase diagram of water-potassium oleate-1-pentanol-
benzene systems, at 7=298 K. W, 100% water; H, 100% hy-
drocarbon; S, 100% surface active combination (surfactant-
alcohol mass ratio equal to 3/5). (From Ref. 31). (c) Pseudoter-
nary mass phase diagram of water-hexadecane systems using po-
tassium oleate and 1-hexanol as surface-active agents. Potassi-
um oleate to hexanol mass ratio equal to 3/5. Curve I’
represents the border of the transparent isotropic water-in-oil
type solubilization area. Temperature, T=25°C. (From Ref.
32).

varies with T, whereas it is practically constant for n=28
and varies very little for n=18 (Fig. 20). So when K <0
the previous equations predict a marked increase in o
with temperature, which is experimentally observed. It
should be stressed here that if K >0 then ¢ >4, if T<T,.
So for K>0 we have ox(T—T,)" if T<T, and
oc<(T—T,)" % if T>T,, in other words, conductivity
will decrease if temperature increases. But is K >0 phys-
ically possible? We have indeed observed that o de-
creases with temperature for the water-octylphenylether
polyoxyethylene-undecane system®’ and the same behav-
jor has recently been indicated®® for fluorinated mi-
croemulsions, for the upper isotropic domain. However,
the results reported are insufficient to verify whether
these systems present the character of percolation or not.
Finally, the preceding equations (with K <0) can be gen-
eralized to 7 and an increase with temperature does
occur as we have indicated. But as the prefactor values
change with temperature [for example, C,0,(T) in Eq. (5)

log,n0
-2 -
_3 -
-4 —
_5_.
=
T T
o} 0.3 0.6 Po

FIG. 24. Water-AOT-undecane system (7'=25°C). Experi-
mental way P, =const. Theoretical reconstitution. Variations
of log,eo (O, P,=0.3; +; P,=0.2; A, P,=0.1) vs P,. (0 in
Sm™).
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and C} n,(T) in Eq. (8)] it is in fact necessary to consider
the ratio o(T)/o (T) or 9(T)/n(T). For instance, the
viscosity of glycerol decreases very sharply as tempera-
ture increases, so the increase due to the percolation
effect is hidden and the viscosity of the microemulsion
decreases, whereas the ratio 5(T)/7,(T) increases.®
Figure 21, which represents the variation of the thresh-
old ¢, with the salt content p, for the water-AOT-
undecane system (T =25°C, n=10), can be discussed in a
similar way. It is clearly apparent that at constant ¢
(¢=0.4 for Fig. 18), when p, is low, ¢ is greater than ¢_,
and we are in the conducting zone. If p; increases,
|¢—@.| decreases in the conducting zone and conductivi-
ty decreases. If p; has the particular value p,, one obtains
¢.(p.)=¢. Then, if p, continues to increase,
|¢—o.(p,.)| increases in the nonconducting zone and o
continues to decrease. As above, one can write

é.(p;)=¢+K(p; —p,. ) with

d
= _¢i >0.
dp; |p,=p,.)
This means that o<|p,—p.|* if p,<p, and

o< |p;—p,.|*if p;,>p,. (¢ <¢.). These relations clearly
predict a decrease in o when p, increases, with passage

logn0
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f o.l| o?z oT:s Pw

FIG. 25. Water-AOT-undecane system (T=25°C). Experi-
mental way P,=const. Theoretical reconstitution. Variations
of loggo (O, P,=0.4; +, P,=0.6; A, P,=0.7; O, p,=0.8) vs
P,. (cinSm™}).

through a percolation threshold for p, =p,. (Fig. 18). By
the same reasoning one can understand why for viscosity
7, at constant n and ¢, the viscosity decreases with in-
creasing salt content.*>~

102 g
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FIG. 26. Water-AOT-undecane system (7'=25°C). Experi-
mental way Pg=const. Theoretical reconstitution. (O,
P;=0.1; +, Ps=0.2; @, Ps=0.3; O, P;=0.4). (a) Variations of
o vs P,; (b) Variations of log,qo vs P, (0 in Sm™}).
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FIG. 27. Water-AOT-undecane system (T =25°C). Experi-
mental way Pg/(P,+ Pg)=const. Variations of log,,o vs P,
(+,0.10; 0,0.2; @,0.3;0,0.4; &,0.5) (¢ inSm™").

The measurements carried out at constant ¢, 7, and p;
and variable n show maxima and minima for €;,0, and 7,
according to the experimental conditions. These varia-
tions can be explained by the corresponding variations of
|¢—¢.(n)|. Figures9, 10, and 11 are characteristic. The
maxima and minima do not correspond to structural
changes but are simply linked to the “distance” [¢—¢.]|
at the threshold, given the variation curve ¢.(n). Let us
now consider the path B,B, which corresponds to
Pg/P,=const. When the water content, ie., P,, in-
creases, n also increases. At T=15°C the point B, is in
the conducting region. When water is added the mi-
croemulsion moves into the nonconducting region after
having crossed the threshold line corresponding to
T=15°C. Thus on the experimental path the addition of
water causes o to decrease, while on the path n=const
the addition of water leads to an increase in o. On the
path BB, the addition of water also causes a reduction
in viscosity. If, instead of starting out from point B, one
sets out from a point located on the AOT-oil side, moving
with Pg/P,=const (Fig. 8) towards the water apex at
T=15°C, one will move from the nonconducting zone
(NC) to the conducting zone (C), then from the conduct-
ing zone (C) back to the nonconducting zone (NC), which
means that conductivity and viscosity will first in-
crease’® %2 and then decrease.

We will now show that a brief analysis of the results
obtained on the paths which at T=const and p, =const
do not correspond to n=const (in other words, which do
not keep a constant interaction between droplets) can

AOT

WATERT

UNDECANE

FIG. 28. Lines of the maxima and minima. Water-AOT-undecane system (T'=25°C). X<, Maxima and minima obtained at
Pg /(Pg+ P,)=const; O@®, Maxima and minima obtained at P, =const; A/, Maxima and minima obtained at Pg =const; [J, Minima

obtained at P, =const; ( , Solid lines from Fig. 22).
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yield incorrect interpretation. The position of the maxi-
ma and minima observed in Figs. 12-15 correspond to
points in the ternary diagram which allow two lines,
representative of these “accidents,” to be plotted. The
ternary diagram is consequently divided into three zones
(Fig. 22). In previous investigations, we divided the dia-
gram in this way for the water-AOT-dodecane system,*
and also’!™3* for several quaternary systems such as
water-potassium oleate-hexanol-hexadecane, for example,
(Fig. 23) in the monophase water-oil zone. At the time,
we indicated that the zone which contained the least wa-
ter was the premicellar zone (zone PM), followed by the
reverse micelles zone (zone RM), then by a zone of clus-
tering (zone MC). In this analysis, the crossing of the
two lines of ‘“‘accidents” corresponds to a structural
change. Only the zone (MC) involves the phenomenon of
clustering, which is the basis of microemulsion percola-
tion but the idea of percolation was not even mentioned.
In the context of interpretation in terms of percolation
there are no structural changes and clustering occurs, to
varying degrees, throughout the phase diagram. The
shapes of the experimental curves depend simply, as we
have already indicated, on the distance |¢—¢, | at the
threshold, and thus on the shape of variations of ¢,
which should be connected with the interactions in the
system.?? For the water-AOT-undecane system, we gen-
erated curves calculated by computer for various experi-
mental paths, using the experimental values of ¢.(n) indi-
cated in Ref. 63, or read from the curves of Fig. 6. We
used 0= A(¢,—¢) 12 if $<p, and 0 =B(s—¢, )" if
¢>¢, with log,n4=—6.5 and log,,B= —0.28, which
are average deduced values.'®% Figs. 24-27 provide a
few-examples which can be compared with the experi-
mental Figs. 12-15. At the maxima and minima corre-
spond to course two lines in the ternary diagram (Fig.
28), similar to those in Fig. 22 and 23. The quantitative
agreement is not rigorous because we used the average
values for 4 and B. However, this does show clearly that
it is the shape of the curve ¢.(n) which predominates.
Together, the curves calculated show that the qualitative
interpretation that was previously put forward is not
justified and that percolation theory is sufficient to ac-
count for all the results.

CONCLUSIONS

The simultaneous variations of conductivity, dielectric
relaxation, and dynamic viscosity can be interpreted, at
least qualitatively, within the framework of percolation
theory. For ternary systems of the water(glycerol)-
AOT-oil type, the variations of these quantities as a func-
tion of the volume fraction in dispersed matter, of tem-
perature, and of the salt content, as well as variations
with respect to the molar ratio, are easily interpreted.
Certain curious results obtained by other authors and re-
ported above can be more clearly interpreted in the con-

text of this theory. The accidents (maxima and minima)
obtained on the curves of viscosity, conductivity, and
static permittivity are linked to the experimental path fol-
lowed. They would not be interpreted by invoking
structural changes (division of the monophase zone into
three regions of different structures), or the presence of
more or less elongated ellipsoids, nor any other factor
whose sole purpose is to provide, through adjustment,
qualitative or quantitative agreement on one single aspect
of the behavior of the system.

The behavior of these systems only depends on the dis-
tance (¢ —¢.) of the representative point on the ternary
diagram (characterized by ¢ and n), at the value of the
threshold at the same temperature, which depends on in-
teraction within the system. Consequently, the most con-
venient experimental path is that which maintains a con-
stant interaction. At fixed temperature and salt content,
this is the path n=const. For all the other paths, within
the term (¢ — ¢, ), the value of ¢, varies at each point on
the path. It is therefore possible to move through a per-
colation point, in other words, to be at a point on the
threshold line without realizing it, which naturally makes
correct analysis of the experimental curve very difficult.

These remarks valid for systems of the
water(glycerol)-AOT-oil type appear to apply equally to
quaternary systems, at least to those in which the mono-
phase water-oil zone is separated from the monophase
oil-water zone (“‘S”-type systems, according to the termi-
nology we have suggested®*). However, in this case the
experimental path at a constant interaction does not cor-
respond to the path P, /P, =const [Fig. 8(b)] because of
the presence of alcohol. Generally, in the phase tetrahed-
ron the constant interaction path is not located in a plane
such that Pg/P, .., =const. It crosses several such
planes. It is nonetheless easy to follow a line at a con-
stant interaction for a quaternary system by operating by
dilution based on points located on the demixing line.
Preliminary studies® provide curves which can indeed be
analyzed on the basis of percolation theory. As a general
rule a systematic analysis has to be carried out in the
phase tetrahedron at each temperature, as a function of
the volume fraction in dispersed matter and of the
different molar ratios. The important parameter is the
percolation threshold and one needs to know the position
within the phase tetrahedron of the threshold which cor-
responds to a given interaction. While we have been able
to define the threshold line for ternary systems, it is prob-
able that for quaternary systems it will be necessary to
define the “‘threshold surface” in the phase tetrahedron.

To conclude, it should be emphasized that on the basis
of these results, it is clearly essential to identify the per-
colating or nonpercolating nature of the system studied.
If the system is of a ““percolating” nature, the position of
any “accidents” (maxima and minima) which might ap-
pear must be studied in relation to the percolation thresh-
old line. If this is not done, then there is a risk that
misleading conclusions might be drawn.
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FIG. 7. Water-AOT-undecane system. (From Ref. 17). (a)
Lines of the percolation thresholds in the ternary diagram
(weight fraction). @, T=15°C; &, T=25°C; W, T=35°C; (b)
Line of the percolation thresholds in the ternary diagram
(weight fraction) at T=25°C. L25, boundary of the mono-
phasic area at T=25°C. (C), conductive area; (NC), noncon-
ductive area.



