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The effect of hydrated radii, valency, and concentration of counterions on the coacervation
of aqueous petroleum sulfonate solutions and on the solubilization capacity of oil-external and
middle-phase microemulsions was investigated. The critical electrolyte concentration (CEC) for
coacervation increased with Stokes® hydrated radii of monovalent counterions. The CEC for CaCl,
was much lower than that predicted by either the Stokes’ hydrated radii or the ionic strength.
For mixed electrolytes containing NaCl and CaCl,, it was concluded from the shift in CEC that
1 mole of CaCl, is equivalent to 16 to 19 moles of NaCl. The changes in relative concentrations
of NaCl and CaCl, for coacervation exhibited additive behavior. The maximum solubilization of
brine in oil-external microemulsions occurred at a specific salt concentration. For mixed electro-
lytes containing NaCl and CaCl,, the shift in electrolyte concentration for maximum solubilization
showed that 1 mole of CaCl, is equivalent to about 4 moles of NaCl. These results suggest that the
equivalence ratio of CaCl, to NaCl is strikingly different in aqueous solutions and oil-external
microemulsions. For solubilization in middle-phase microemulsion containing mixed NaCl and
CaCl,, it was concluded from the shift in optimal salinity that 1 mole of CaCl, is equivalent to
about 16 moles of NaCl. Here also the changes in NaCl and CaCl, concentrations showed additive
behavior. The equivalence ratio of CaCl, and NaCl appears to be independent of oil chain length
in the present study. As shown by the equivalence ratio of CaCl, to NaCl, the formation of middle-
phase microemulsions appears to be similar to coacervation of aqueous surfactant solutions and

quite different from the solubilization of water in oil-external microemulsions.

INTRODUCTION

Microemulsions and micellar solutions in
brine or oil have been employed as injection
fluids for a number of tertiary oil recovery
processes (1-7). These solutions may pro-
duce ultra low interfacial tensions at oil/
microemulsion and microemulsion/brine in-
terfaces under favorable conditions. One of
the key variables in designing the surfactant
flooding process is the salinity of reservoir
brine. Of particular importance is the delete-
rious effect of divalent cations when petro-
leum sulfonates are used (8, 9).

When the salinity of a homogeneous aque-
ous surfactant solution is increased, phase

1 Present address: Gulf Research and Development
Co., P.O. Drawer 2038, Pittsburgh, PA 15230.
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separation occurs after reaching a critical
electrolyte concentration in which a colloid-
rich liquid phase is in equilibrium with a
colloid-lean liquid phase. This process,
known as coacervation (10, 11), bears a close
resemblance to the coagulation of lyophobic
colloids. It is well known that the stability
of lyophobic colloids is critically dependent
on the valency of counterions (12— 14), which
can be qualitatively described by the DLVO
theory (15, 16). Approximately, 1 mole of
divalent ions can be as effective as 20 to 80
moles of monovalent ions depending on the
surface potential of the colloidal particles (16).
Micellar solution or microemulsion upon
mixing with oil and brine may form a mid-
dle-phase microemulsion in equilibrium with
excess oil and brine depending on the salin-
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FiG. 1. (a) The effect of different 1-1 electroly
(b) The effect of CaCl, on the coacervation

tes on the coacervation of aqueous surfactant solution.
of aqueous surfactant solution. The CEC is 0.275%

(0.0248 M) for CaCl, and 0.42 M for NaCl.

ity. It has been shown (17) that the amount
of oil and brine solubilized in the micro-
emulsion can correlate with the interfacial
tension; namely, the higher the solubiliza-
tion, the lower the interfacial tension. Al-
though the solubilization capacity or the
stability of microemulsions has been treated
theoretically by a number of investigators
(18-22), the effect of counterion valency is
not well described. The difference between
O/W and W/O type microemulsions regard-
ing the effect of counterions is not elucidated.

Journal of Colloid and Interface Science, Vol. 80, No. 2, April 1981

The solubilization limit of water in inverted
Aerosol OT micellar solution was reported
to correlate with the ion—dipole interaction
energy between the water molecules and the
cation of the surfactant in the micelle (23).

In this paper, we report the effect of hy-
drated radii, valency, and concentration of
counterions on three phenomena: the co-
acervation of aqueous surfactant solutions,
solubilization capacity of oil-external micro-
emulsions, as well as solubilization in mid-
dle-phase microemulsions. The following
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electrolytes, LiCl, NaCl, KCl, NH,Cl, and
CaCl, were employed with particular empha-
sis on the effect of mixed NaCl and CaCl,.

MATERIALS AND METHODS

A petroleum sulfonate, TRS 10-410 (Witco
Chemical Company), was used as received.

The surfactant has an average molecular -

weight 418. Isobutanol (99.9% pure), do-
decane, and hexadecane (99% pure) were
obtained from Chemical Samples Company.
Deionized, distilled water was used in all
experiments.

Coacervation of aqueous surfactant solu-
tion and solubilization capacity of brine in
oil-external microemulsion experiments were
performed at room temperature (23 = 1°C).
For solubilization in middle-phase micro-
emulsion, the samples were vigorously
shaken, and put on a rotating tumbler for 2
days before allowing for phase separation in
a constant temperature bath maintained at
25 * 0.1°C for about 1.5 month. Interfacial
tension between the microemulsion and the
excess oil or brine phase in equilibrium was
measured by a spinning drop tensiometer.

RESULTS AND DISCUSSION

1. Coacervation of Aqueous Surfactant
Solution

The surfactant solution of 5% TRS 10-410
and 3% IBA in 0.5% NaCl brine is optically
isotropic. Upon adding NaCl, the solution
becomes anisotropic. However, further ad-
dition of NaCl causes the formation of two
isotropic liquid phases. The upper surfac-
tant-rich phase is called coacervate phase.
Upon further increasing salinity, the volume
fraction of coacervate phase decreases.
Other electrolytes such as LiCl, KCl, NH,Cl,
and CaCl, exhibited similar behavior, except
that in the CaCl, system the coacervate
phase is the lower phase in equilibrium with
upper phase brine. In all cases including the
CaCl, system, the coacervate phase is a
transparent liquid phase. The results are
plotted in Figs. 1a and 1b as volume fraction
of the coacervate phase versus the electro-
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Fi1G. 2. The correlation of CEC with the Stokes hy-
drated radii of counterions.

lyte concentration. The minimum electrolyte
concentration required for the onset of co-
acervation is defined as the critical electro-
lyte concentration (CEC). In the present
system, the CEC is in the order: LiCl > NaCl
> KCl > NH,Cl > CaCl,. For the mono-
valent ions, this order is the same as the
lyotropic series (24) which is typical of
sulfates or sulfonates surfactant system
(10). Except for CaCl,, the CEC can
correlate with the Stokes hydrated radii of
counterions (25) as shown in Fig. 2. It seems
that counterions with smaller Stokes radii are
more effective in reducing the surface
potential (via the Stern region) of micelles.
Alternatively, one can interpret the results
based on the refined version of DLVO
theory (26) in which systems with smaller
counterions have lower critical Stern poten-
tial and hence have smaller CEC.

The effect of mixed NaCl and CaCl, on
coacervation was studied. The results are
plotted in Fig. 3 as the volume fraction of
coacervate phase versus NaCl concentration
at various CaCl, concentrations. As CaCl,
content increases, the NaCl concentration
necessary to cause coacervation decreases.
The data in Fig. 3 can be presented in a
different manner as shown in Fig. 4 where
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FiG. 3. The effect of NaCl concentration on the coacervation of aqueous surfactant solution at

different CaCl, contents.

the CEC of NaCl, the NaCl concentration
necessary to produce a 50 or 30% volume
fraction of coacervate is plotted against the
CaCl, concentration. Within the accuracy of

SYSTEM: 5% TRSIO-4i0 + 3% IBA IN BRINE, W/V
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FiG. 4. Coacervation of aqueous surfactant solution
by mixed NaCl and CaCl,. The same data in Fig. 3
are shown here for CEC (O), and NaCl concentration
required to produce a 50% (@), or 30% (A) volume
fraction of coacervate vs CaCl, conc. From the slope
of the lines, it is shown that 1 mole of CaCl, is equiva-
lent to 16 to 19 moles of NaCl in coacervation.
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experiments, these lines can be considered
additive. It should be mentioned that the ad-
ditive behavior observed here may not hold
for other systems such as coacervation of
some cationic surfactants (11). From the
slope of the lines, it was found that 1 mole of
CaCl, is equivalent to 16 to 19 moles of NaCl

in coacervation.

The large difference between NaCl and
CaCl, can be considered as due to their
effectiveness in reducing the electric double
layer repulsion between micelles. In the ki-
netic sense, there are basically two effects
of electrolyte concentration and valency on
the stability of colloidal dispersions (27).
One is the compression of the diffuse double
layer thus reducing the range of repulsion
forces. Another is due to the reduction of
surface potential. It is difficult to separate
out these two effects, however, because the
compression of double layer leads to a re-
duction of surface potential if the surface
charge density is held constant during a
Brownian collision which is probably the case
for surfactant micelles (28). The compres-
sion of the diffuse double layer can be im-
portant only in aqueous dispersions where
the double layer thickness and consequently
the shape of the electrostatic potential en-
ergy curve are critically dependent on the
valency and concentration of counterions.



-’

EFFECT OF COUNTERIONS ON MICROEMULSIONS 315

The overall potential energy of interaction
of two neighboring particles can be obtained
by summing up the electrostatic and van der
Waals attraction potentials which may have
a maximum vs distance of separation. In
the classical version of the DLVO theory,
the lyophobic colloid system was considered
as kinetically stable when the potential
energy maximum is higher than about 10

" kT. According to this model, Overbeek (16)

calculated the critical electrolyte concentra-
tion for coagulation of lyophobic colloids
as a function of surface potential (held
constant during collision) and counterion
valency. For surface potential of 100 mV,
the ratio of coagulation concentration of 1-1
electrolyte to 2-2 electrolyte is about 16. It
is more appropriate, however, to use the re-
fined version of DLVO theory (26) for the
present system in which the interactions of
micelles are taking place at constant surface
charge density and the distance of nearest
approach of neighboring particles is at least
twice the thickness of the Stern region dur-
ing a Brownian collision. The colloidal sys-
tem can be thermodynamically stable if the
Stern potential of the colloidal particle (which
is a function of electrolyte concentration and
valency) is greater than some critical value
characteristic of each system (26). Accord-
ing to this model, the critical Stern potential
(Stern potential at the onset of coacervation)
was calculated to be approximately 38 mV
for the NaCl system and 47 mV for the CaCl,
system such that 1 mole of CaCl, would be
equivalent to 16 moles of NaCl.

The difference between the effects of NaCl
and CaCl, might also be in part due to the
influence on the free energy of formation of
electrical double layer. As a first approxi-
mation, one can calculate the free energy of
formation of the electrical double layer using
the flat-plate approximation of the Gouy-
Chapman theory (29) which is valid for xa
» 1. Assuming a surface charge density of
one unit charge per 120 A?(~ complete ioni-
zation of surfactant molecules), the electrical
term of the free energy of formation of the

double layer [ydo, in the presence of 0.42
M NaCl (CEC of NaCl), was calculated to
be 5.08 erg/cm®. While in the presence of
0.0248 M CaCl, (CEC of CaCl,), it was 6.19
erg/cm?. By interpolation, it was found that
about 0.055 M CaCl, corresponded to a free
energy of formation of the double layer of
5.08 erg/cm?. Thus in terms of the free en-
ergy of formation of the double layer and
neglecting the contribution of specific ad-
sorption, 1 mole of CaCl, was equivalent
to only about 8 moles of NaCl in the present
system.

The equilibrium between Ca®** and the
surfactant anion (RSOj7) to form (RSO,;Ca)*
might be another source for the difference
between the effects of NaCl and CaCl; on
coacervation. Since in the present system,
practically all the surfactant molecules are
at the micellar surfaces, this equilibrium
merely addresses the specific adsorption of
calcium ions in the Stern region. This equi-
librium appears to be of minor importance
as the effect of mixed NaCl and CaCl, on
coacervation is additive in this study (see
Fig. 4). A preferential adsorption of the more
effective counterions (Ca?*) will lead to signif-
icant negative deviation from additivity (27).

2. Solubilization in Oil-External
Microemulsions

In this study, an inverted micellar solution
of 10.7% TRS 10-410 (w/w) and 3.74% IBA
(w/w) in dodecane was prepared. The maxi-
mal amount of brine that can be solubilized
by the inverted micellar solution as a func-
tion of electrolyte concentration was meas-
ured. The composition was chosen here such
that the IBA concentration in dodecane was
3% g/ml which was the same as that used
in coacervation studies. The surfactant con-
centration was raised to a higher value so
that appreciable amount of brine could be
solubilized in order to improve the experi-
mental accuracy. It has been reported (30)
that the surfactant concentration does not
change the optimal salinity (will be defined
in next section) of the present system.

Jowrnal of Colloid and Interface Science, Vol. 80, No. 2, April 1981
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Figure 5 shows the effect of different elec-
trolytes and their concentrations on the sol-
ubilization limit. As salinity increases, the
solubilization limit increases, passes through -
a maximum then decreases. Although pos-
sible structural transition may occur near or
beyond the phase boundary, the structure of
the microemulsion was considered to be oil-

external within the single-phase boundary.!?
Figure S shows the specific ion effect on
solubilization in oil-external microemulsion.

! The oil-external structure is supported by the fol-
lowing experimental observations: the single phase re-
gion is continuously connected to the inverted micellar
solution region and that no abrupt changes in viscosity,
electrical resistance, or hydrodynamic radius were ob-
served upon increasing the brine content; the volume
fraction of brine is less than 0.25; the Schilieren peak
in ultracentrifuge moves toward the bottom of the cell;
the hydrodynamic radii (100t0 250 A) s consistent with
the oil-external model but too small for the water-ex-
ternal model based on the oil and brine contents of
the system; and the viscosity increases with the volume
fraction of brine.

* Beyond the solubilization limit, middle-phase mi-
croemulsions may be produced upon further increase
of the brine content. However, the compositions of
these middle-phase microemulsions are distinctly dif-
ferent from those shown in section 3, since the amounts
of oil and brine are significantly different in these
systems.

Journal of Colloid and Interface Science, Vol. 80, No. 2, April 1981

The optimal salinity for maximal solubiliza-
tion is in the order: LiCl > NaCl > KCl
> NH,Cl1 > CaCl,, which is the same as
that of CEC but the difference between each
electrolyte is much smaller in this case. The
effect of mixed NaCl and CaCl, on solubiliza-
tion in oil-external microemulsion is shown
in Fig. 6 as a function of NaCl concentration
at various CaCl, contents. The addition of
CaCl, shifted the solubilization curves to
the left. Unlike those observed in coacerva-
tion, the difference between each curve or
equivalently, the effect of CaCl,, is fairly
small. The data in Fig. 6 were reproduced
as a function of ionic strength as shown in
Fig. 7, in which all the data fall more or
less on the same curve. Thus the effect of
counterion valency on the solubilization limit
in oil-external microemulsion is nearly an
ionic strength effect in the present system.
This is further demonstrated in Fig. 8 where
the NaCl concentration corresponding to
maximal solubilization of brine is plotted
vs CaCl, concentration. Similar to those
found in coacervation, the effect of mixed
NaCl and CaCl, is also additive, but in this
case, 1 mole of CaCl, is only equivalent to
about 4 moles of NaCl. The small deviation
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FiG. 6. The effect of NaCl concentration on the solubilization limit of brine in oil-external micro-

emulsion at different CaCl, contents.

from the ionic strength effect (1 mole of
CaCl, is equivalent to 3 moles of NaCl) can
be considered as due to the difference in the
hydrated radii of Na* and Ca?* ions (1.84
and 1.54 A, respectively).

It was noted that in the study of solubiliza-
tion limit of pure CaCl, brine in oil-external
microemulsion (Fig. 5), minute precipitation
was observed. While for the solubilization
of mixed NaCl and CaCl, brine (Fig. 6), no
precipitation was observed.

Since for colloidal dispersions in oil such
as oil-external microemulsions, the electro-
lyte concentration in oil is extremely low
and the double layer thickness approaches
infinity, the electrolyte valency and concen-
tration have negligibly small effects on the
shape of potential energy curve outside the
water droplet vs particle separation (31).
Under this circumstance, the potential en-
ergy due to double layer repulsion is usually
small (32). Thus the difference between
NaCl and CaCl, is presumably related to
their influence on surface potential and the
free energy of formation of the electrical
double layer inside the water droplet.

It is interesting to note, as shown in Fig.
6, that the maximal solubilization limit is
slightly higher in the presence of CaCl, when
the NaCl concentration is decreased corre-
spondingly. This point will be discussed fur-
ther in the next section.

SETIAL SURFACTANT SOLUTION:
10.7% TRSIO- 410 + 3.74% 1BA IN DODECANE, W/W

SOLUBILIZATIONS LIMIT, mi/gm surfoctant

o o 0.2 0.3 04
IONIC STRENGTH, motes/!

FiG. 7. The effect of ionic strength of brine on the
solubilization limit of oil-external microemulsion. The
same data in Fig. 6 are shown here.
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INITIAL SURFACTANT SOLUTION:
10.7 % TRSIO-410+ 374% 1BA IN DODECANE, w/w
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Fic. 8. The NaCl concentration corresponding to
maximum solubilization limit at various CaCl, concen-
trations. The linear relationship indicates additive be-
havior and that 1 mole of CaCl, is equivalent to 3.8
moles of NaCl in this study.

3. Solubilization in Middle-Phase
Microemulsions

In this section, the surfactant solution of
6.25% TRS 10-410 and 3.75% IBA (w/w)
in dodecane or hexadecane was equilibrated
with equal volumes of brine at 25 * 0.1°C.

CHOU AND SHAH

The concentration expressed in g/ml would
be 5% TRS 10-410 and 3% IBA which is
the same as those used in Section 1. At equi-
librium, the solubilized volume of oil, V,,
and water, V,,, in the microemulsion phase
was measured. Figure 9 shows the effect of
different 1-1 electrolytes on solubilization
(dodecane was used in this study). For each
electrolyte, there is a certain range of salin-
ity where a middle-phase microemulsion is
formed in equilibrium with excess oil and
excess water. The salinity at which V, is
equal to V,, in middle-phase microemulsion
was defined as the optimal salinity (17). As
shown in Fig. 9, the optimal salinity is also
in the order: LiCl > NaCl > KCl > NH,Cl.
The correlation of (a) CEC, (b) optimal salin-
ity for solubilization in middle phase micro-
emulsion, and (c) optimal salinity for maxi-
mal solubilization limit of brine in oil-exter-
nal microemulsion with the Stokes radii of
counter ions is shown in Fig. 10. It is clear
that the dependency of CEC and optimal
salinity for middle-phase formation on the
Stokes radii of counterions are nearly the
same, while the optimal salinity for maxi-
mum solubilization of brine in oil-external
microemulsions is distinctly different.
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FIG. 9. The effect of salinity on the solubilized oil (V,) or brine (V) in microemulsions in equilibrium
with excess oil or excess brine or both. In the last case, the microemulsion is called a middle-phase
microemulsion. The salinity at which equal solubilization of oil and brine occurs (intersection of
V, and V,, curves) in the middle-phase microemulsion is called the optimal salinity.
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Fi1G. 10. Correlation of (a) CEC for coacervation in
aqueous surfactant solution (Figs. 1 and 2), (b) optimal
salinity for solubilization in middle-phase microemul-
sion (Fig. 9), and (c) optimal salinity for maximum solu-
bilization limit in oil-external microemulsion (Fig. 5)
with the Stokes hydrated radii of counterions. Based
on the slope of lines, the effect of counterions on
phenomena (a) and (b) is similar but distinctly different
from that on (c).

The effects of CaCl, and mixed NaCl and
CaCl, on solubilization in middle phase
microemulsion were also determined. Fig-
ures 11 and 12 are for the dodecane system
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bilization and interfacial tension of middle phase mi-
croemulsions (dodecane system). Here y,q is the inter-
facial tension between excess oil and microemulsion
while yae is that between microemulsion and excess
brine.

and Figs. 13 and 14 for the hexadecane sys-
tem. At each CaCl, content, there is a
corresponding optimal NaCl concentration
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FiG. 11. The effect of NaCl concentration on solubilization in middle-phase microemulsions at

different CaCl, contents (dodecane system).
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FiG. 13. The effect of NaCl concentration on solubilization in middle-phase microemulsions at

different CaCl, contents (hexadecane system).

(where V, equals V) as shown in Fig. 11
or 13. The results are reproduced in Fig. 15
plotting optimal NaCl concentration vs
CaCl, concentration, which decreases line-
arly. The upper line corresponds to the hex-
adecane system while the lower line is for
the dodecane system. The two lines are al-
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FiG. 14. The effect of CaCl, concentration on solu-
bilization in middle-phase microemulsion (hexadecane
system).
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most parallel to each other indicating that
the results are independent of oil chain length.
From the slope of the lines, it was found

SYSTEM: 6.25% TRSIO-410+ 3.75% BA IN Ot EQUILIBRATED
WITH EQUAL VOLUMES OF BRINE

O HEXADECANE
©® DODECANE

| mole CaClp is equivaient to
16 motes of NaCl

NoCl CONC., %
5

03

A A N »
] 005 [+ X] Qs 02 [k
CaCt CONC., %

FiG. 15. The optimal NaCl concentration for solu-
bilization in middle-phase microemulsion vs corre-
sponding CaCl, concentration. The data were extrac-
ted from Figs. 11-14. From the slope of the two lines
for dodecane or hexadecane system, it is shown that
1 mole of CaCl, is equivalent to 16 moles of NaCl in
this study.
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Fi1G. 16. The effect of mixed NaCl and CaCl, on the interfacial tensions of middle-phase microemul-
sion. This is the same system as that shown in Fig. 11.

that 1 mole of CaCl, was equivalent to about
16 moles of NaCl. Therefore, the effect of
counterion valency on solubilization in mid-
dle-phase microemulsion is similar to the
coacervation of aqueous surfactant solution
and distinctly different from that for solu-
bilization in oil-external microemulsion. The
results suggest that the middle-phase mi-
croemulsion® behaves like a water-con-
tinuous system with respect to the effect
of counterions.

Interfacial tension for the dodecane sys-
tem was also measured. Figure 16 indicates
that the addition of CaCl, does not change
the interfacial tension appreciably. In fact,
the interfacial tension of CaCl, containing
systems was slightly lower, consistent with
the solubilization data shown in Fig. 11,
namely, the solubilization of oil and brine
in the middle-phase microemulsion is higher
in the presence of CaCl, at corresponding
optimal NaCl concentrations. Similar effect
of CaCl, on solubilization in oil-external
microemulsions was observed (Section 2).

3 It is emphasized that the composition of middle-
phase microemulsions can vary significantly over the
entire range of salinity in which three phases exist and
the structure of these middle-phase microemulsions
need not be the same.

Since the calcium salt of surfactant is more
soluble in oil than the sodium salt of sur-
factant, one might expect that the interfacial
surfactant molecules would be less in CaCl,-
containing systems. This would lower the
solubilization capacity of microemulsions
contrary to the experimental observations.
Whether this phenomenon is due to the par-
titioning of alcohol which in turn influences
the partitioning of surfactant or due to the
lower optimal salinity in CaCl, containing
systems remains to be determined. It is noted
in this study, that the solubilization capacity
in oil-external or in middle-phase micro-
emulsion is always higher when the optimal
salinity is lower. This seems to indicate that
the solubilization capacity is closely related
to the surface charge density or equivalently,
the apparent surface area per surfactant
molecule.

CONCLUSIONS

The effect of hydrated radii, valency, and
concentration of counterions on coacerva-
tion of aqueous surfactant solution, solu-
bilization in middle-phase microemulsion,
and solubilization in oil-external microemul-
sion has been reported. Additive behavior
was observed for all three phenomena when
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a mixture of NaCl and CaCl, was used.
From the shift of CEC and optimal salinity,
it was found that 1 mole of CaCl, was equiva-
lent to 16 to 19 moles of NaCl in coacerva-
tion and solubilization in middle-phase mi-
croemulsions. While for solubilization in
oil-external microemulsion, 1 mole of CaCl,
was equivalent to only 4 moles of NaCl. As
for.the effect of different 1-1 electrolytes,
the CEC and the optimal salinity for solu-
bilization in oil-external and middle-phase
microemulsion are in the same order: LiCl
> NaCl > KCl > NH,Cl, which correlates
with the Stokes radii of hydrated counter-
ions. The dependency of CEC and optimal
salinity for middle-phase microemulsions on
Stokes radii of counterions is nearly the
same, which is distinctly different from the
solubilization in oil-external microemulsions.
The large difference in counterion effect
between the two types of phenomena seems
to be related to the nature of the external
phase and the surface potential of colloidal
dispersions. It is concluded that the middle-
phase microemulsion behaves like a water-
continuous system with respect to the effect
of counterions.
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