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Résumé. — On a mesuré par la technique des battements lumineux, le coefficient de diffusion
mutuel des micelles de microémulsions d’huile dans I’eau en présence de NaCl. Les résultats expéri-
mentaux ont été interprétés en remplagant dans I’expression du coefficient de diffusion d’assemblées
de particules en interaction, la viscosité de la phase continue par la viscosité de la microémulsion elle-
méme. Ils conduisent & une valeur positive du second coefficient du viriel liée a la charge électrique
des micelles, et pour les plus fortes concentrations en NaCl, & un rayon micellaire voisin de celui
déduit de mesures de pression osmotique.

Abstract. — Using light beating spectroscopy we have measured the mutual diffusion coefficient
of micelles within oil in water microemulsions in the presence of added NaCl. The experimental
results have been explained by replacing the viscosity of the continuous phase, which appears in the
diffusion coefficient of systems of interacting particles, by the viscosity of the microemulsion. They
lead to a positive second virial coefficient linked with the electric charge of the micelles and, for the
highest NaCl concentrations, to a micellar radius which is close to the radius deduced from osmotic

pressure.

1. Introduction. — In a previous paper [1] measure-
ments of the mutual diffusion coefficient D of water
in oil microemulsions have been reported (!). The
micellar radius calculated from Stokes-Einstein for-
mula was found in agreement with the value obtained
from turbidity data. We report here measurements of
D, for oil in water microemulsions in the presence of
added NaCl, using a light beating spectroscopy
technique. Micellar radius and second virial coeffi-
cient consistent with the experimental values of Dy
are compared with osmotic pressure data published by
Graciaa et al. [2].

2. Experimental. — 2.1 PREPARATION AND STRUC-
TURE OF THE MICROEMULSIONS. — The microemulsions
are formed from a mixture containing dodecane

(*) These results have been very recently confirmed by A. M.
Cazabat et al., C. R. Acad. Sci., to be published.

(oil; 4.4 9} in weight), sodium dodecyl sulfate (S.D.S. ;
2.4%), pentanol (4.8%), water + NaCl (88.4 %).
The addition of NaCl to water has been found neces-
sary to dilute the microemulsions along the limit of the
monophasic domain ; thus the dilution is obtained by
adding a mixture of pentanol and aqueous NaCl
solution in a fixed ratio (& 1.6 % in weight) [2]. The
oil in aqueous NaCl solution microemulsion obtained
exists only in a small range of NaCl concentration
(from 10 to 15 g/1).

The addition of NaCl lowers the critical micelle
concentration (%) enough for the amount of S.D.S. in
the continuous phase to be negligible [3]; thus the
composition of this phase is that of the added mixture
and it is possible to calculate the volume fraction v of
the dispersed micelles [2].

(®) The sodium dodecyl sulfate c.m.c. is 2.3 g/l in pure water at
25 °C.
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2.2 EXPERIMENTAL TECHNIQUES. — The mutual dif-
fusion coefficient D has been measured by using the
light beating spectrometer described in [I1]. It is
deduced from the time-constant of the photocurrent
self-correlation function :

1

D, =
T 21¢?

A )

where 7 is the homodyne correlation time and ¢ is the
modulus of the wave vector. This modulus is given by :

g =" snop
A

where r is the refractive index of the sample, 1 is the

wavelength of the He-Ne laser light (0.632 8 um)

and @ is the scattering angle (90°).

To interpret the experimental values of Dy it is
necessary to know the viscosity and the osmotic
pressure of the microemulsions. The viscosity has
been measured by capillary flow and Couette flow
technique, with shear rates of 0.06 s™! to 15 s~ !,
The osmotic pressure values that we report here have
been measured elsewhere with a « 502 Mechrolab »
osmometer [2].

3. Experimental results. — 3.1 DIFFUSION COEF-
FICIENT. — We have plotted Dy versus the volume
fraction v of the dispersed phase at different NaCl
concentrations (Fig. 1). The behaviour of D appears
to be very sensitive to the NaCl concentration : at low
concentration, Dy is an increasing function of the
volume fraction, whereas it decreases at higher
concentration. In this last case, the behaviour of Dy
is qualitatively similar to that of water in oil micro-
emulsions.
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FiG. 1. — Variation of the mutual diffusion coefficient D; versus

the volume fraction v of the dispersed phase at different NaCl

concentrations. The theoretical values (solid line) are calculated
from formula (6).
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3.2 Viscosity. — The viscosity of the microemul-
sions shows a Newtonian behaviour for the shear
rates used. When the ratio of the specific viscosity
of the microemulsion to the volume fraction v is
plotted as a function of v, figure 2 shows that straight
lines are obtained. Thus the experimental results can
be represented by :

T=% _ 44 By
Mo ?

)

where the viscosity 7, of the continuous phase is
1.13 cP at 20 oC.
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FiG. 2. — Plot of the reduced viscosity n — #o/no v versus the

volume fraction v of the dispersed phase at different NaCl concen-

trations. n, is the viscosity of the continuous phase equal to
1.13 x 10~2 P at 20 °C.

The intercepts A of the straight lines with the
(n — no)/no v axis have been found to be independent
of the salt concentration and equal to the Einstein
coefficient for the viscosity increment of spherical
particles (4 = 2.5 + 0.1). The values of B calcu-
lated from the slopes of the straight lines are indicated
in table I.

This experimental study shows that the viscosity
of the microemulsions has the form :

n=no(l +2.5v + Bv?). )

TABLE 1

Viscosity virial coefficient

10 11 12 13 14 15
146 170

NaCl g/l

B 49 71.7 90.6 117
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3.3 OsMOTIC PRESSURE. — Direct measurements of
the osmotic pressure II of the studied microemul-
sions [2] have shown that IT has the form :

RT

=5,

(v + B'v?) 3)

R, T, N’ and V, being respectively the perfect gas
constant, the absolute temperature, the Avogadro
number and the mean volume of the micelles.

The positive values of the second virial coefficient
B’ and of the radius r, of the micelles (deduced from
V,) are indicated in table II. They are in good agree-
ment with the corresponding values deduced from
turbidity measurements.

TasLE 1I

Osmotic pressure second virial coefficient and radius
of the micelles

NaCl g/l 10 11 12 13 14 15
B’ 133 9.2 7.6 43 1.5 0
ro A M+7 73+£7 75+7 77+8 83 +8 8749

4. Discussion. 4.1 MUTUAL DIFFUSION COEF-
FICIENT. — The concentration fluctuations 8C(r, £)
within the microemulsion which simulates a macro-
molecular solution obey a Fick’s law [4] :

9eC) _ Dy V2 6C @)
ot

where the mutual diffusion coefficient Dy is linked to

V, and IT by the relation :

" f  Ovex

S being a friction coefficient. The expression (5) is a
generalization of the Stokes-Einstein diffusion coeffi-
cient to a system of interacting particles where the
coefficient f is related to dissipative forces such as
collisions [5]. By assuming that f = 6 nry #,”where
ry is the hydrodynamic radius of the micelles and # is

Dy )

the viscosity of the microemulsion given by equa-,

tion (2) (%), the theoretical value of Dy is given by :

Dy = kT (
6 mryno

14+2B'v ) ©)

1+ 250+ Bv?

It can be verified that for the low values of v, Dy is

DIFFUSION COEFFICIENT OF A MICROEMULSION
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equivalent to the Stokes-Einstein coefficient of rigid
non-interacting spheres.

Dy has been calculated for different NaCl concen-
trations by using coefficients B and B’ of the preceding
tables, and adjusting the value of r to give the best fit
with the experimental points. The calculated values of
Dy are the continuous curves drawn in figure 1.
Their agreement with the experimental points confirms
the positive values of the second virial coefficient B’
of the osmotic pressure obtained from direct measure-
ments ; this also confirms the former hypothesis that
the size and the shape of the micelles are not affected
by the dilution of the microemulsion.

4.2 HYDRODYNAMIC RADIUS. — The adjusted values
of ry are reported in the table III where they are
compared with the radius r, deduced from osmotic
pressure measurements. It can be seen that ry and ry
have opposite dependences on NaCl concentration :
at low concentration ry is twice r,, whereas with
increasing concentration the difference between the
two values tends to diminish.

Such a strong dependence of ry on salt concentra-
tion has been observed by Pusey [6] in virus R17
(macro-ions) solutions. This effect has been related
to a change in the ionic atmosphere with increasing
salt concentration. The screening effect of this atmo-
sphere makes a macro-ion of radius r, behave as a
hard sphere of radius r, + k™! where k, the Debye-
Hiickel parameter, is proportional to the square root
of the concentration of the small counterions (Na*).
As the hydrophilic polar heads of S.D.S. molecules are
partially ionized, the micelles of the microemulsion
behave like macro-ions. However, over the range of
NaCl concentrations of the continuous phase, k™!
falls only from 8 A to 6.5 A and this change is too small
to explain the observed phenomena.

The osmotic pressure depends only on the volume
of the particles while the diffusion coefficient is also
sensitive to their shape. As Mazer, Benedek and
Carey [8] showed (under some conditions of tempera-
ture and of added NaCl concentration, the micelles
of aqueous solutions of S.D.S. are approximated by

(%) This last hypothesis is justified by the fact that for the studied
microemulsions, the mean distance between the micelles is near
enough to their radius to consider micelle-micelle collisions as
rapid processes. The proportionality factor 6 = is suggested because
the microemulsions simulate macromolecular solutions; thus the
spherical micelles are moving within a statistical homogeneous
phase.

TaBLE III

Hydrodynamic and « Osmotic pressure » radius of the micelles

NaCl g/l 10 11 12 13 14 15
u A 142 + 14 133 + 13 108 + 11 108 + 11 97 + 10 104 + 10
ro A 71 +7 73 +7 5+ 7 77 + 8 83+ 8 87 + 9
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prolate ellipsoids), it should seem possible to attribute
the observed discrepancy between r, and ry to a
conformational change with the variation of the
ionic strength of the aqueous phase. Unfortunately,
this picture is not in agreement with the experimental
value of the coefficient for the viscosity increment ;
it is well known that for ellipsoids this coefficient is
larger than 2.5 [7].

Another possibility could be that for the lowest
NaCl concentrations, the micelles behave like solvated
macromolecules which carry with them a part of the
solvent ; but this assumption is also hard to reconcile
with the values of the viscosity increment.

4.3 SECOND VIRIAL COEFFICIENT. — The values of B’
have been explained [9] by putting :

B’ = B; + By ©)

where By is the negative second virial coefficient of the
osmotic pressure of microemulsions of neutral
micelles [11] and Bj is a positive virial term which
must be attributed to the electric charges on the
micelles (Donnan’s effect). By has the form :

, 1000Zz2
DT 4amNY, ®)

where Z is the number of charges on the micelles and
m is the molality of the aqueous phase [7]. It has been
found that the values of B’ given by equations (7)
and (8) are in agreement with the experimental values
in table II when Z is approximately 100. This number
of charges leads to an apparent degree of ionization

JOURNAL DE PHYSIQUE — LETTRES

No 14

which varies from 0.21 to 0.08 with the NaCl concen-
tration increment.

5. Conclusion. — We have measured the mutual
diffusion coefficient of oil in water microemulsions
in the presence of added NaCl. The experimental
results have been explained by applying a generaliza-
tion of the Stokes-Einstein diffusion coefficient to
systems of interacting particles as is the case for the
studied microemulsions. As the mean distance between
the micelles is near enough to their radius to consider
micelle-micelle collisions as rapid processes, the visco-
sity of the continuous phase which appears in the usual
expression of the generalized Stokes-Einstein diffu-
sion coefficient has been replaced with success by the
viscosity of the microemulsion.

Second virial coefficients consistent with the expe-
rimental values of Dy are in good agreement with the
osmotic pressure data. Their positive values have
been explained by adding the positive contribution
of the Donnan’s effect to the negative virial term of
neutral micelles.

The agreement between light beating spectroscopy
and osmotic pressure technique is also found for the
micellar radius when the NaCl concentration is
sufficiently high. For the lowest NaCl concentrations,
the hydrodynamic radius is higher than the osmotic
pressure radius.
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