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The dielectric properties of oil-external microemulsions consisting of monodisperse spherical droplets of radii
from 115 to 175 A have been studied over a frequency range from 0.5 to 100 MHz. It is evident that there
exist two consecutive relaxation processes within this frequency range, each of which has a well-defined average
relaxation time with narrow distribution. A model for the dielectric relaxation of oil-external dispersions with
thin shells has been proposed by unifying the theory of double-layer polarization, modified to take into account
the finite thickness of the double layer, and the triphasic model of interfacial polarization. According to this
model, the low-frequency relaxation time is proportional to the square of the radius of dispersed water droplets
and the high-frequency relaxation time is proportional to the radius. Both relationships have been established
and can be used to determine the surface charge density and the surface conductivity of oil-external microemulsion
droplets. However, the magnitude of the dielectric constant cannot be described by the present model or any
other model within the framework of Maxwell-Wagner theory. This inconsistency could be due to the formation
of dynamic aggregates of microemulsion droplets under Brownian motion. The effect of substituting H,O brine
by D40 brine has also been studied. It is shown that, while H;O and D,O have nearly identical dielectric constants,
the dielectric properties of oil-external microemulsions containing HyO or D;0 brine are distinctly different.
It was found that the surface charge density, the dielectric relaxation times, and the dielectric increment of
the H,0 system were ca. 2—4 times higher than those of the D,O system. These observations indicate the
importance of hydration effects on interfacial and double-layer polarizations in microemulsions.

Introduction

The structure of microemulsions has been extensively
studied by Schulman and co-workers using a variety of
techniques.l® They conclude that the so-called micro-
emulsions are isotropic, clear or translucent dispersions
of oil, water, surfactant, and cosurfactant consisting of
spheri‘cal droplets with droplet size ranging from 200 to
1000 A.

Since the droplet sizes of microemulsions fall in between
those of true molecular solutions and coarse dispersions,
their dielectric properties are of particular interest and can
be investigated by two approaches. One can extend the
Debye theory,® which relates the dielectric constant of
solutions to the orientation of molecular dipoles, to col-
loidal dispersions. Such an approach has been applied to
biological systems,”® macromolecules,® and reverse mi-
celles.!® Another approach based on Maxwell’s macro-
scopic theory!! of interfacial polarization of stratified
systems was extended by Wagner!? to dilute dispersions
of spherical particles. Modifications of the Maxwell-
Wagner theory to include the effects of particle shape,
concentration, and surface phenomena have been pres-
ented by a number of investigators.!>?’” This approach
has been applied to emulsions,?” latex dispersions,282°
porous plug in electrolyte solutions,® polyelectrolytes,3!
membranes,??3 micelles,3* and microemulsions.3"3" To
our knowledge, no existing models can satisfactorily de-
scribe the dielectric properties of micellar solutions or
microemulsions.

In the present study, the dielectric relaxation of oil-ex-
ternal microemulsions containing various amounts of
solubilized brine has been investigated. The effect of H,O
vs. D;0 brine in oil-external microemulsions is studied to
show the importance of hydration effects on interfacial and
double-layer polarization in microemulsions. A model,
which combines the theory of interfacial polarization of
dispersion with thin shells?6?” and the theory of double-
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layer polarization,??-%5 is presented to interpret the ex-
perimental data.

(1) J. H. Schulman and D. P. Riley, J. Colloid Sci., 3, 383 (1948).

(2) J. H. Schulman and J. A. Friend, J. Colloid Sci., 4, 497 (1949).

(3) J. H. Schulman, W. Stoeckenius, and L. M. Prince, J. Phys. Chem.,
63, 1677 (1959).

(4) W. Stoeckenius, J. H. Schulman, and L. M. Prince, Kolloid-Z., 169,
170 (1960).
( 9(éi))J. E. Bowcott and J. H. Schulman, Z. Elecktrochem., 59, 283

1955).

(6) P. J. Debye, “Polar Molecules”, The Chemical Catalog Co., New
York, 1929.

(7) J. L. Oncley, Chem. Rev., 30, 433 (1942).

(8) E. J. Cohn, J. D. Ferry, J. J. Livingood, and M. H. Blanchard,
Science, 90, 183 (1939).

(9) S. B. Dev, R. Y. Lochhead, and A. M. North, Discuss. Faraday
Soc., 42, 244 (1966).
( (10)) H. F. Eicke and J. C. W. Sheppard, Helv. Chim. Acta, 57, 1951

1974).

(11) J. C. Maxwell, “A Treatise on Electricity and Magnetism”,
Clarendon Press, Oxford, 1881.

(12) K. W. Wagner, Arch. Electrochem., 2, 371 (1914); 3, 100 (1914).

(13) H. Fricke, Phys. Rev., 26, 678 (1925).

(14) D. Polder and H. van Santen, Physica, 12, 257 (1946).

(15) J. A. Osborn, Phys. Rev., 67, 351 (1945).

(16) D. A. G. Bruggeman, Ann. Phys., 24, 636 (1935).

(17) O. Wiener, Phys. Z., 5, 332 (1904).

(18) T. Hanai, Kolloid-Z., 171, 23 (1960).

(19) J. B. Miles and H. P. Robertson, Phys. Rev., 40, 583 (1932).

(20) C. T. O’Konski, J. Phys. Chem., 64, 605 (1960).

(21) H. Fricke and H. J. Curtis, J. Phys. Chem., 41, 729 (1937).

(22) G. Schwarz, J. Phys. Chem., 66, 2636 (1962).

(23) J. M. Schurr, J. Phys. Chem., 68, 2407 (1964).

(24) S. S. Dukhin and V. N. Shilov, Kolloidn. Zh., 31, 706 (1969).

(25) S. S. Dukhin and V. N. Shilov, “Dielectric Phenomena and the
Double Layer in Disperse Systems and Polyelectrolytes”, translated by
D. Lederman, Halsted Press, New York, 1974.

(26) H. Pauly and H. P. Schwan, Z. Naturforsch., 146, 125 (1959).

(27) T. Hanai in “Emulsion Science”, P. Sherman, Ed., Academic
Press, New York, 1968, p 353.

(28) H. Schwan, G. Schwarz, J. Maczuk, and H. Pauly, J. Phys. Chem.,
66, 2626 (1962).

(29) C. Ballario, A. Bonincontro, and C. Cametti, J. Colloid Interface
Sci., 72, 304 (1979); 63, 567 (1978).



Dielectric Relaxation of Oil-External Microemulsions

Experimental Section

Single-phase, oil-external microemulsions were prepared
from a petroleum sulfonate (TRS 10-410, mol wt = 418,
Witco Chemical Co.), isobutyl alcohol, dodecane (99%
pure, Chemical Samples Co.), and 1.5% NaCl brine.
Deionized, distilled water (H;0) and D,0 (>99.8% deu-
terium, Stohler Isotope Chemicals) were used to prepare
the brine. The microemulsions were prepared by titrating
a mixture of surfactant—oil-brine with alcohol to tran-
sparency and then adding 0.01-0.05 g more of alcohol per
gram of surfactant, such that the alcohol concentration was
the same for HyO and D,0 systems. The brine-to-sur-
factant ratios were 1.5, 2.0, 2.5, and 3.0 mL/g, and the
oil/surfactant ratio was 17 or 20 g/g, such that the specific
conductance (at 1000 Hz) was in a range from 10”7 to 10
mho/cm. For the brine/surfactant ratio of 3.0 mL/g, the
alcohol /surfactant ratio of the H,O system was higher than
that of the D,O system, in order to form single-phase
microemulsions for both systems.

Dielectric measurements were made by a Hewlett-
Packard 250B RX meter over a frequency range from 0.5
to 100 MHz at 25 £ 1 °C. A variable-distance dielectric
cell similar to the one used by Schwan et al.?® was em-
ployed here. The calculation of the dielectric constant and
the conductance of the sample from the measured capa-
citance and resistance has been given in great detail by
Sachs et al.3® and is briefly described below. The measured
resistance (R,) and capacitance (C;) were the resolved
parallel components of the equivalent impedance (Z = X
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- joY). An elementary network analysis leads to the
following expressions for X and Y:

X 1/R,
T 1/R2+ ¥C,- Cp)?
1/R, 1/R,
R* + + 1
1/R2 + «?C2  1/R2+ w?C} W
C,- Cr
Y= =
1/R,2 + w*C, - Cy)
C. C,

—L* 2

+ +
" 1/R2+ «*C2 1/R2+ o®C?

where Cr is the stray capacitance measured as the dif-
ference between the measured cell capacitance with air and
geometrical air condenser capacitance, R* and L* are the
series components of the transmission line impedance, R,
and C, represent the resistance and the capacitance for
electrode polarization, R, and C, are the sample resistance
and capacitance in parallel, and  is the angular frequency
(=2xf). The sample capacitance and the conductance
(1/R,) vary inversely with the electrode distance (/),
whereas the transmission line and electrode polarization
impedance components are independent of /, hence

C,=C//l R,=R/l &)
Substituting for C, and R, in eq 1 and 2, we have
X=R,+al Y=-Ly+bl @)
in which
1/R/ C/
a= = (5)
(1/R,))? + *(C,)? (1/R)? + »XC,)?
R.=R*+ /5
' 1/R2 + w*C,2
(6)
L = L* - ._—Ce————
" 1/R2 + w?C.2

The sample capacitance and resistance can be determined
by measuring X and Y as a function of . Throughout this
study, the linear relationships as demanded by eq 4 were
established, and the correlation coefficient of the linear
regression was better than 0.99. From the slope of the plots
of X and Y vs. [, respectively, one can calculate R,’ and
C. according to eq 7. Thus the transmission line and

R/ = (@ + w??)/a C,/ =b/(a®+ w?b?) )]

electrode components are eliminated in the calculation of
R/ and C;/. The dielectric constant ¢ and the specific
conductance K are given by eq 8, where ¢, is the absolute

¢=C//(,A) K=1/(R/A) 8

dielectric constant of vacuum (8.8541 X 1074 f/cm) and
A is the electrode area (4.75 cm?).

It is interesting to compare the absolute value of the
sample impedance Z,/! with the absolute value of the series
impedance Z,, representing the line and electrodes. These
parameters are given by eq 9 and 10. Throughout this

1Z,/1 = 1/[(1/R)? + &*C/?]V/? 9

1Z] = (Rg? + WLy ?)'/? (10)

study, |Z4|/1Z,/!| was less than 1075, indicating that the line
and electrode effects were negligible. :

The low-frequency limit conductance (Kj) was deter-
mined by extrapolating the measured conductance to very
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Figure 1. Dielectric relaxation of oil-external microemuisions from 0.5
to 100 MHz; solubilized brine = 1.5 mL per gram of surfactant. Note
that ¢, is the volume fraction of solubilized brine and ¢, is the volume
fraction of the dispersed phase consisting of all the surfactant, 0.22
g of IBA per gram of surfactant and brine.
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Figure 2. Dielectric relaxation of oi-external microemulsions; solubilized
brine = 2.0 mL per gram of surfactant.

low frequencies. Except for the D,0 system at low water
content, the conductance levels off at a frequency of ~1
or 2 MHz. The electrical conductance was also measured
by a Beckman AC bridge at 1000 Hz, which was close to
the extrapolated values within 3-10%. The dielectric loss
¢’ was calculated by eq 11. The accuracy of the dielectric

K - K,
wey

constant was estimated to be ~2-10%, and that of di-
electric loss 5-15% depending on the system and fre-
quency.

Results

The dielectric constant (¢’) and the dielectric loss (¢”)
of oil-external microemulsions are shown in Figures 1-4
as functions of frequency for various amounts of solubilized
brine, respectively. Based on the theory discussed below,
these oil-external microemulsions exhibit two consecutive
dielectric relaxation processes over a frequency range of
0.5-100 MHz, which are consistent with the experimental
data. This behavior is particularly pronounced for mi-
croemulsions containing H,O brine but much less evident
for the D,O systems. The two consecutive relaxation
processes are also suggested in the Cole-Cole plot*8 of ¢’

/" =

€

(11)
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Figure 3. Dielectric relaxation of oil-external microemuisions; solubliized
brine = 2.5 mL per gram of surfactant.
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Figure 4. Dielectric relaxation of oil-external microemuisions; solubliized
brine = 3.0 mL per gram of surfactant. The alcohol concentrations
of the H,0 and D,0 systems are slightly different so that both systems
can form single-phase microemulsions.
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Figure 5. Cole—Cole plot of ¢’ and ¢’ for the system shown In Figure
2.

vs. € in Figure 5. In any event, the dielectric constant and
dielectric loss curves in Figures 1-4 are markedly different
from those expected for a single relaxation process.?”

(46) For a system exhlbltmg two relaxation mechanisms, the Cole—Cole
plot is not very useful in describing the dielectric processes.
because the two semicircular plots (shown as broken lines in Figure 5)
only represent assymptotic relationships between ¢ and ¢” as the fre-
quency approaches zero or infinity. In general, the data at intermediate
frequencies should not fall on the semicircles. The solid line in Figure:
5 was calculated from eq 14 and 15 by using the appropriate parameters
given in Table I.
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TABLE I: Dielectric Relaxation Parameters of Oil-External Microemulsions
solubilized brine,
mL/g of surfactant dw € €i €h 107"7g,s 107°r,, s B « K;, mho/cm
H,0 System
1.5 0.059 17.7 8.4 4.1 0.80 6.5 0.97 0.87 4.0x 10°¢
2.0 0.077 19.0 11.9 4.4 1.04 7.1 0.86 0.87 7.66x 10°°
2.5 0.094 20.2 13.7 4.5 1.37 8.2 0.79 0.87 9.80 x 10°°
3.0 0.097 25.8 15.7 45 2.1 10.5 0.83 0.85 3.25x 10°*
D,0 System
1.5 0.059 4.4 4.2 3.0 0.38 2.4 0.85 0.90 1.90x 1077
2.0 0.077 5.7 5.4 3.2 0.43 2.7 0.78 0.83 1.26 x 1077
2.6 0.094 6.9 6.2 3.7 0.51 3.3 0.90 0.80 2.50 x 1077
3.0 0.097 8.2 7.0 4.1 0.69 3.56. 0.88 0.85 1.32x 1077

Although H,0 and D;0 have nearly identical dielectric
constants, the dielectric properties of oil-external micro-
emulsions containing H,O or D,O brine are distinctly
different. Qualitatively, the dielectric increment and re-
laxation times of the H;0O systems are much higher than
those of the D,O systems at identical compositions. In
order to achieve a quantitative understanding of the di-
electric phenomena, it is necessary to derive the relaxation
times and the low- and high-frequency limits of the di-
electric constant as treated below.

The complex dielectric constant e* is related to ¢ and
¢’ according to eq 12.27 For a system exhibiting two

&+ =¢—je' + - - (12)

Jwey

noninteracting relaxations, ¢* can be described by?? eq
13,2627 where ¢ and ¢, are the low- and high-frequency
+ : Gl ‘ € K,

1+ (owr)* 1+ (org)?

limits of the dielectric constant, ¢; is the high-frequency
limit of the first relaxation as well as the low-frequency
limit of the second relaxation, 7, and 7, are the low- and
high-frequency relaxation times, and 1 - « and 1 - 8
characterize the width of the distribution of each relaxation
time. If one compares eq 12 and 13, it can be shown that?

(- ei)[l + (w7,)* cos (%a)]
+

1 + (w7,)?* + 2(wt)* cos

q €&

(13)

* =
€ = €y .
Jwey

€ =¢+
ga
(- q,)[l + (wry)? cos (%/3)]

(14)
1 + (wr9)? + 2(wry)? cos (%ﬁ)

(g — €)(wTy)* sin (ga)

4

€ =

1+ (w72 + 2(wr,)* cos (ga)

(6 — en)(w72)? sin (%ﬁ)

(15)
1 + (wr9)?® + 2(w7y)? cos (%B)

The experimental data of ¢ and ¢” were used to fit eq 14
and 15 by the method of least squares® to derive the seven
parameters: ¢, €, €,, T, T2, @, and 8. The results are listed
in Table I. The ¢ and ¢’ curves shown in Figures 1-4 for
the H,0 system were calculated by eq 14 and 15 with these
parameters. As shown in Figures 1-4, the fitting with

experimental data is in general quite good, but the fitting
of ¢’ at low frequencies is poorer probably because of the
lower accuracies of ¢’ data at low frequencies. The low-
frequency relaxation times 7, of the D,O systems are only
qualitative as the fitting was not very sensitive to the
choice of 7, The accuracy of other parameters was esti-
mated to be 5-15%. As shown in Table I, the dielectric
constant and relaxation times increase with the amount
of solubilized brine per gram of surfactant. However, this
effect is not equivalent to the effect of increasing the
volume fraction of brine (¢,) in the microemulsions; as in
the last two cases in Table I (¢, = 0.094 and 0.097), ¢
values are nearly the same but their dielectric properties
differ significantly. The dielectric properties are more
closely related to the droplet size in microemulsions, as
discussed in the following section.

Discussion

Dielectric Relaxation Times. The magnitude of the
relaxation times can be used to ascertain the mechanism
of the relaxation process. The following models are dis-
cussed: unmodified Maxwell-Wagner theory of interfacial
polarization, surface conductivity, dipole orientation,
electrophoretic movement of dispersed particles, triphasic
model of interfacial polarization, and double-layer polar-
ization.

According to the Maxwell-Wagner theory!!? of inter-
facial polarization, the dielectric relaxation time is given
by eq 16, where ¢, K,, €, and K, are the dielectric con-

2em + 6, + Plem — €)
T K, + K, + oKy -K,) ¢

stant and the specific electrical conductance of the dis-
persed phase and the medium, respectively, and ¢ is the
volume fraction of the dispersed phase. Using ¢, =3, ¢,
= 80, K, < 108, K, = 0.023 mho/cm (1.5% NaCl brine),
and ¢ ~ 0.1, we calculated 7 to be 3.0 X 1071 s, which is
much smaller than the observed relaxation times (~
107-10° 8), especially for the Hy;O systems.

0’Konski?® modified the Maxwell-Wagner theory to
include the effect of surface conductivity on the interfacial
charge distribution under an applied electric field. His
results can be summarized as simply replacing K, by K,
+ 2A/R in the Maxwell-Wagner theory, where A is the
surface conductivity and R is the radius of the dispersed
particles. For the present system, the relaxation time given
by O’Konski’s model is nearly identical with that given by
the Maxwell-Wagner theory because K, >> 2\ /R (as a first
approximation, take A = 10 mho and R ~ 125 A).

The orientational relaxation time of a spherical per-
manent dipole, according to Debye,® is given by eq 17,

T =4mR3/(RT) a7

where 7 is the viscosity of the medium, R is the radius of
the dispersed particle, and £7T is the thermal energy term.

(16)

T

RSN
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For n = 1.42 cP (dodecane at 25 °C), R = 125 A, the dipole
orientation relaxation time was calculated to be 8.5 X 108
s, which is much higher than the observed relaxation times.

The relaxation time due to electrophoretic movement
of the dispersed particle, according to Schwan et al.,? is
given by eq 18, where M is the molecular weight of dis-

7= M/(67NanR) (18)

persed particles, and N, is Avogadro’s number. For R =
125 A and assuming particle density of ~1.0 g/mL, we
calculated 7 to be 2.8 X 107! s, which is obviously too small.

Since eq 13, in general, can be used to describe the
dielectric relaxation of dispersions with shellg21:26:27
(namely, triphasic model of interfacial polarization), it
appears relevant to derive the relaxation times according
to this model. This model essentially considers the particle
(with complex conductance K *) and its shell (with com-
plex conductance K *) as an equivalent particle (with
complex conductance Y*). When one notes that the
volume fraction of a spherical particle in the total volume
of the particle and its shell is [(R/(R + d)]3, the complex
conductance of the equivalent particle is given by eq 19,

Y* - K* ( R )3 Kp* - K*
Y*+2K*  \R+d/J K>+ 2K*

(19)

where R is the radius of the particle and d is the thickness
of the shell. Similarly, the complex conductance of the
dispersion K* is given by eq 20,12 where K, * is the complex

K* - Km* Y* — Km*
K*+ 2K * °Y*+ 2K _*

conductance of the dispersion medium. The general so-
lution of eq 19 and 20 in accordance with eq 13 has been
described in detail by Pauly and Schwan? and by Hanai.?’
In order to have a better understanding of the physical
meaning, it is appropriate to derive approximate expres-
sions for the relaxation times. As it can be verified later,
the apparent dielectric constant of the shell phase is
usually very large. Under this condition and for oil-ex-
ternfol dispersions (K, < K,, K, < K,), it can be shown
that

(20)

TB ~ (GS/KB) ev (21)
& + 2(d/R)e,

"~ K, + 4d/RK, (22)
where 7, and 7, are the low- and high-frequency relaxation
times, respectively, and ¢, and K, are the apparent di-
electric constant and the conductance of the shell phase,
respectively. The physical meaning, as well as the mag-
nitude, of 7, depends on the nature of the shell phase. In
the present system, one can consider the shell phase as
either the electrical double layer inside the water droplets
or the interfacial surfactant/alcohol films. In the latter
case, 7, would be independent of the size of water droplets
or the type of brine (H;O or D,0), which is obviously
incorrect. Therefore we consider the shell phase as the
electrical double layer inside the water droplets and have
applied the theory of double-layer polarization to interpret
¢; and K, as shown below.

The theory of double-layer polarization??2 essentially
introduces new boundary conditions to the Maxwell-
Wagner theory by taking into account the electromigration
flux and the diffusion currents of counterions inside and
across the double layer. Since the thickness of the double
layer was assumed to be infinitely small, the theory is valid
for kR > 1, where «! is the Debye length. It seems more

Chou and Shah

appropriate to apply the treatment of Schwarz?? here
which is based on the concept of bound ions; i.e., the
diffusion of counterions across the double layer is ne-
glected. Under this circumstance, Schwarz derived the
complex surface conductivity as

ijBAO

= - 2
1+ jwr, 23)
where )\, is the high-frequency limit of surface conductivity
and 7, is the relaxation time related to the diffusion of
counterions in the double layer and is given by??

- 74 = eg2ooR%/ (2KT)) (24)

where ¢, is the charge of one electron and o is the surface
charge density. In order to be consistent with the triphasic
model in which the thickness of the shell phase is d, eq
23 for the surface conductivity should be replaced by an
expression for surface conductance K.*, given by

_ ijsM/d

* =
K, 1+ jor,

(25)

The complex surface dielectric constant ¢* is related to
K* by

&* = K*/(jwe,) (26)
hence
_ >‘075/ (evd)
= Thjor, @

Equations 25 and 27 for the complex surface conductance
and the dielectric constant can be realized as the shell
phase (double layer) undergoing a Debye-type single re-
laxation?” in which

ijs(Ksh - Ksl)

K*=K,+ 1+ jor + jwege, (28)
8
€51 — €gh
@ = ént 1+ jor 29)
8

where K, K, €, and ¢, are the low- and high-frequency
limits of surface conductance and the dielectric constant,
respectively. If one compares eq 25 and 27-29, it follows
that ¢, = K, = 0 and

Ks = Ksh = )\O/d (30)
& = 61 = N7/ (dey) = K 7 /¢, (31)

Noting that eq 31 is identical with eq 21, one sees that the
polarization of the double layer of small but finite thickness
is consistent with the triphasic model of interfacial po-
larization when the shell phase is taken as the electrical
double layer. Substituting eq 24, 30, and 31 into eq 22,
we further derive an expression for the high-frequency
relaxation time 7, as given by

eozo’oR
@t BT,
0,

Kp+7

For the present system K, > 4\y/R, which can be verified
later, 7, is further simplified to (neglecting the term 4\,/R
in eq 32)

& 32)

Tg =~

¢ ee’Rog
€ +
K, kTK,

According to eq 24 and 33, the low-frequency relaxation

(33)

Tg =~
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Figure 6. Correlations of the low-frequency relaxation time 7, with the

square of the radius of water droplets (R?) in microemulsions, and the
high-frequency relaxation 7, with the radius (R).

time is proportional to R? while the high-frequency re-
laxation time is proportional to R. When the droplet size
of microemulsion droplets has been determined inde-
pendently,*! these relationships can be verified as shown
in Figure 6 (for the H,O system). Both lines pass through
the origin as expected, because the first term in the
right-hand side of eq 33 is much smaller than the second
term.

It is possible to calculate the surface charge density o,
and the surface conductivity Ay from the measured di-
electric relaxation times by using eq 24 and 33. For the
H,0 system, o, was calculated to be 2.1 X 102 cm™2 and
Ao to be 0.95 X 10® mho. For a surface area per surfactant
molecule of 50 or 100 A2, the degree of ionization of in-
terfacial surfactant molecules in the H;O systems would
be 10.5% or 21%, respectively. Similarly, o, of the D,O
system was found to be 6.9 X 10'2 cm™, and A\, ~0.86 X
10® mho. Since H,O and D;O are chemically similar, these
results indicate the importance of hydration on surface
phenomena and double-layer polarization. We have found
in another study*? that the H;0 system is more hydrophilic
than the D,O system in relation to the formation of mid-
dle-phase microemulsions, coacervation of aqueous sur-
factant solution, and surfactant partitioning in oil and
brine. These observations are consistent with the present
finding where the surface charge density of the HyO system
is higher than that of the D,0 system.

Dielectric Increments. The low-frequency limit of the
dielectric constant can be derived from the general solu-
tions of eq 19 and 20. It can be shown? that for oil-ex-
ternal dispersions (K, » K, K, » K,,)

1+ 2¢ 9% (K, “’( d )
q-eml_¢ +(1—¢)2(Fp) ep+2Ee, (34)

Equation 34 differs from the unmodified Maxwell-Wagner
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theory only in the last term where ¢, + 2de,/R is replaced
for ¢,. According to eq 34, the dielectric constant of oil-
external dispersions should always be small because
(Km/K,)? is extremely small even though the term 2de,/R
can be very large. For K, = 0.023, K,, < 10 mho/cm, ¢
~ 0.1, and 2de,/R ~ 2 X 10% the second term on the
right-hand side of eq 34 is negligibly small. Consequently,
the calculated ¢ is nearly identical with that by the un-
modified Maxwell-Wagner theory (~3.5-4.5) and much
smaller than the experimental values (see Table I). The
reason for this puzzling inconsistency, namely, the excellent
agreement of dielectric relaxation times and the lack of
fit of the dielectric constant, is still not clear. It was
suspected that the mutual polarization of neighboring
droplets might be one of the factors. However, analysis
of the theory of Ginther and Heinricn*® for multiple
moments shows that the increase of the dielectric constant
due to mutual polarization is negligibly small for ¢ < 0.2.
A more probable factor may be the aggregation of micro-
emulsion droplets due to the lack of double-layer repul-
sions.¥ We have found that, for the present system under
study, the light scattering second virial coefficient is near
zero,*! indicating the formation of dynamic (temporary)
aggregates® of microemulsion droplets. In general, the
effect of particle aggregation on the increase of the di-
electric constant is more pronounced when the ratio of the
dielectric constant of the internal phase to that of the
external phase is larger.?’ Since the surface charge density
and hence the apparent dielectric constant of the solubi-
lized brine is higher in the H,O system than those in the
D,0 system, the dielectric constant of oil-external micro-
emulsions containing H,O brine is also higher. On the
other hand, the drastic difference between H;0 and D,0
containing microemulsions in their dielectric properties
may lead one to interpret the data by Debye’s theory of
permanent dipoles. However, as we have shown that the
dipole orientation relaxation time has an order of mag-
nitude of 107% s, the dielectric process occurring in the MHz
range is due solely to the polarizability which in essence
is of ionic origin.
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