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The CMC of sodium dodecyl benzene sulfonate was
determined using surface tension, light scattering
and electrical conductivity measurements. It is shown
that the presence of alcchol or oil decreases the CMC.
The decrease in CMC depends on the chain length of
dissolved alcohol or oil. For oils of different chain
length, it was observed that the higher the chain length
of 0il, the greater is the decrease in CMC.

Using light scattering and osmotic pressure meas-
urements, the CMC of a petroleum sulfonate (TRS 10-80)
in 1% NaCl solution was found to be 0.005%. However,
upon equilibration with n-octane, the CMC in the equil-
ibrated aqueous phase was found to be 0.05% using light
.scattering and osmotic pressure measurements. The
interfacial tension in TRS 10-80 solution/n-octane was
found to be minimum (= 1 millidynes/cm) at 0.05% sur-
factant concentration. The electrophoretic mobility
of o0il droplets was also found to be maximum at 0.05%
TRS 10-80. It is proposed that upon equilibration
with oil, the higher equivalent weight speecies parti-
‘tion preferentially in the o0il phase whereas lower
equivalent weight species remazin preferentially in the
brine phase. Thus, after equilibration with oil, the
average weight of the surfactant remaining in the aque-
ous phase is considerably less than the average equiv-
alent weight of the original surfactant. This inter-
pretation explains why the CMC increases ten-fold for
TRS 10-80 upon equilibration with n-octane. A unified
theory is presented to account for the observed effects
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of several variables on partition coefficient and the
effective CMC of a surfactant, which in turn, influence
the surface concentration of surfactant, surface charge
density and solubilization of o0il or brine in each
other. These parameters influence the magnitude of
interfacial tension at the oil/brine interface.

INTRODUCTION

Various techniques have been used to determine the critical
micelle concentration (CMC) of surfactants.l The most commonly
used methods are surface tension, dye absorbance, light scatter-
ing and electrical conductivity measurements.” It is well recog-
nized that the CMC value obtained by one method may_be slightly
different from that determined by other techniques.

For a pure surfactant, the concentration of monomers in- 3
creases with the increase of surfactant concentration until CMC 3
is reached. Above the CMC, it is assumed that monomer concentra-
tion remains constant in pure surfactant solutions, if micelliza-
tion process is, .

n(monomers) < (micelle)n

where the right hand side showing a micelle with aggregation
number n. If the aggregation number changes with concentration

of surfactant, then monomer concentration will change above the = 3
cMC.

L4

In the case of petroleum sulfonates, with broad equivalen:
weight distribution, the surface concentration of surfactant
depends greatly on the micellization process in the bulk phasec. E
Surfactants of longer chain length may be adsorbed first at the ,?
surface and then be solubilized into the micelles formed by iy
surfactant of shorter chain length. By this process, the lon; ]
chain molecules at the surface can be gradually replaced by
molecules of shorter chain length. The effectiveness of sur-
factant molecules to decrease the surface tension depends on
their chain length.2 Hence, the surface tension of petroleunm
sulfonate solutions may increase after a minimum is reached.
The CMC determined using this minimum in surface tension is
actually the concentration at which the concentration of mono:r. -
is maximum. By the same reasoning, we can say that the struc-
ture and composition of the micelles in such a broad distributi.:
surfactant system should undergo a constant change in composi-
tion as the surfactant concentration increases. Since petro-
leum sulfonates consist of a broad distribution of equivalent
weights, we used light scattering and membrane osmometry tech-
niques to determine the CMC. Both these techniques would meca-
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sure the number of particles (presumably monomers) in the bulk
aqueous phase.

It has been shown that the presence of alcohol decreases the
CMC of potassium myristate.3. Short chain alcohols are commonly
used in surfactant formulations for tertiary oil recec v and hence
are expected to influence the micellization process or CMC of the
surfactant. Studies? with low concentration petroleum sulfonate
solutions have shown that a crude oil may be assigned an equiva-
lent alkane carbon number. Important parameters examined for their
influence on interfacial tension include surfactant molecular
stfucture?>® as well as electrolyte concentration, surfactant con-
centration, surfactant molecular'weight and temperature.’”

MATERIALS AND METHODS

Sodium dodecyl benzene sulfonate (SDBS), originally 85%
active containing about 15% salt, was first desalted by dissolving
the surfactant in pure isopropanol. The clear supernatant was
separated and dried to yield the semi-solid surfactant estimated
to be 99.5% pure by elemental analysis. A solution of 1% SDBS in
doubly distilled water was prepared and then successively diluted
to any desired concentration by water of the same quality. TRS-
10-80 (80% active) was supplied by Witco Chemical Company and
was used without any further purification. Samples of various
surfactant concentrations were prepared by successive dilution.

*

Surface tension measurements were made by Wilhelmy plate
method using a platinum blade balanced by an extremely sensitive
strain gauge. The response from this strain gauge was plotted
on a strip chart recorder. Osmotic pressure was measured using
a membrane osmometer (Model 502, Mechrolab Inc.) and an aqueous
membrane B19 (Hewlett-Packard Company). Temperature was con-
trolled at 25°C and the solvent was 1% NaCl. Experimental error
was found to be less than *-0.04 cm. The surfactant solutions of
TRS 10-80 at various concentrations were equilibrated with n-
octane and the aqueous phase was separated and osmotic pressure
was also measured. Surfactant concentrations (y/v %) mentioned
in the text and diagrams are always the initial surfactant con-
centrations before contacting oil.

Light scattering (I,,) measurements were done by using a
Wood dual photometer, Model 5200. Monochromatic light of wave-
length 436mp was used and the intensity of light scattered at
90° (190) angle was measured for samples of various concentrations.
At very low surfactant concentrations, the Igg value is independent
of the concentration. This limiting value was taken as that of
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the solvent. The Igp ratios of the solution and this limiting value
as concentration reaches zero were plotted against the concentra-
tion of' surfactant.

RESULTS AND DISCUSSION

Figure 1 shows the surface tension vs. concentration plot for
the SDBS in distilled water. The CMC occurs at a concentration of
0.07%. Figure 2 shows I.. ratio of SDBS solutions of various
concentrations. The data shown in Figure 2 can be replotted on
a log-log plot as illustrated in Figure 3. It is evident that
near CMC, the change in light scattering occurs gradually.

This is consistent with the view that micelles do not form
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Figure 1. Surface tension of purified sodium dodecyl benzene
sulfonate in distilled water at 25°C.
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Figure 2. Light scattering measurements of sodium dodecyl benzene
sulfonate solutions in distilled water at 25°C.

at a specific surfactant concentration but form over a narrow
range of concentrations. The CMC as determined from light
scattering measurements is around 0.06%. This value is in agree-
ment with those reported in the literature.

Figure 4 shows the CMC of SDBS from electrical conductivity
measurements. Here the CMC of SDBS was found to be around 0.07%.
Figure 4 also shows that the presence of dissolved dodecane de-
creases the CMC. The lower part of Figure 4 shows the effect of
increasing concentration of alcohol on the CMC. It is evident
that increase in concentration of alcohol decreases the CMC.
Figure 5 shows the effect of dissolved oils on the CMC of a com-
mercial sample of pentadecyl benzene sulfonate (PDBS). It is
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Figure 3. Light scattering dataeplotted on a log-log scale for
sodium dodecyl benzene sulfonate solutions in distilled water at
25°C.

also evident that the greater the chain length of o0il, the larger
is the decrease in CMC. Unlike pure surfactants, this commerical
sample of PDBS showed a non-linear change in equivalent conduct-

ance. This suggests that association of monomers must be occur-

ring in the pre-CMC region in this system.

CMC of Petroleum Sulfonate TRS 10-80

Figure 6 shows the light scattering measurements as a function
of TRS 10-80 concentration. It is evident that the light scatter-—
ing increases abruptly beyond 0.005% concentration. This suggests
that the CMC of TRS 10-80 in 1% NaCl solution is 0.005%. This
conclusion was also supported by the osmotic pressure measurements

of these solutions (Figure 7). A maximum in osmotic pressure at
0.005% suggests that this is indeed the CMC corresponding to the
maximum number of particles (i.e., monomers) in the solution.

Figure 8 shows the interfacial tension of TRS 10-80 against
n-octane. It is interesting that the minimum in interfacial ten-
sion occurred at 0.05% concentration, a value about ten times
higher than the CMC measured in TRS 10-80 before contacting oil.
Using light scattering and osmotic pressure (Figures 9 and 10) we




CMC OF SYNTHETIC AND PETROLEUM SULFONATES 397

SURFACTANT CONCENTRATION (WEIGHT %)
(] o qz 03 04 05 06 97.(36 99;1 ‘P 20 23 30

EQUIVALENT CONDUCTANCE OF SDBS SOLUTIONS
CONTAINING ADDED OIL AND ALCOHOL

© SDBS, NO ADDITIVE

O SDBS EQUILIBRATED WITH
DODECANE

4 5:1 RATIO (wt) SDBS IBA I1SOBUTYL ALCOHOL

EQUIVALENT CONDUCTANCE (ARBITRARY SCALE)
At

© Il RATIO(wt) SDBS:IBA ISOBUTYL ALCOHOL

1:5 RATIO (wt.) SDBS: IBA 1SOBUTYL ALCOHOL

EQUIVALENT CONDUCTANCE (ARBITRARY SCALE)

T T T v v T —~— 2 g v

] -Ol .02 -03 -04 .05 .06 07 .08 .09 10
SURFACTANT CONCENTRATION ‘/2 (EOU!VALENTS/UTER)'/Z

Figure 4. CMC from equivalent conductance measurements of sodium
dodecyl benzene sulfonate solutions before and after equilibration
with dodecane, and in the presence of various amounts of isobutanol
at 25°C.
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Figure 5. CMC from equivalent conductance measurements of
Pentadecyl benzene sulfonate solutions before and after equili-
bration with octane and dodecane.

have shown that the CMC in the equilibrated aqueous phase occurs
at 0.05% TRS 10-80 concentration. Therefore, we have proposed
that the maximum monomer concentration in the agueous phase at
0.05% TRS 10-80 concentration causes maximum adsorption at the
oil/water interface resulting in the ultra-low interfacial ten-
sion. The maximum electrophoretic mobility of oil droplets in
TRS 10-80 solutions (Figure 8) support the conclusion that the
interfacial concentration of the surfactant is maximum at 0.05%.
We have further shown 10,11 that at. 0.05% TRS 10-80, the maximum
amount of surfactant also partitions in the oil phase. The
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Figure 6. CMC from light scattering measurements of TRS 10-80 in
1% NaCl solutions, 25°C.

minimum in interfacial tension coincides with the CMC of the
aqueous phase and the Bartition coefficient unity of the surfact-
ant in o0il and brine.l

The results given in Figures 9 and 10 support the conclusion
that the CMC after equilibration with n-octane occurs at 0.05%.
The question that arises is that how can we reconcile the observa-
tions that before equilibration with o0il, the CMC of TRS 10-80 is
0.005% whereas after equilibration with oil it becomes 0.05%?
Figure 11 shows our explanation of the increase in CMC upon equili-
bration with oil. It is recognized that the petroleum sulfonate
TRS 10-80 consists of a distribution of equivalent weights shown
by the upper curve in Figure 11. However, when oil is brought
in contact with the surfactant solution, each species of the sur-
factant will distribute itself between oil and brine. Low equi-
valent weight species will remain in water, whereas high equi-
valent weight species will partition in oil. However, the species
having intermediate equivalent weights may partition in oil and
brine depending upon their HLB value. Therefore, as shown in
Figure 11, the amount of surfactant in oil is proportional to the
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Figure 7. CMC from osmotic pressure measurements for TRS 10-80 in
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equilibrated n-octane/TRS 10-80 in 1% NaCl system, 28°C.
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Figure 9. CME€ by light scattering measurements of a<—zi:=>us solu-
tions of TRS 10-80 after equilibration with n-octane. I3°C.
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area of the stipled region whereas the area under the lower curve
represents the amount of surfactant in the brine phase. If the
two regions consist of about equal area, then the partition: coef-
ficient of the surfactant will be near unity. However, it is very
clear‘f;pm Figure 11 that the average equivalent weight of the
specieg';emaining in brine will be less than the average equiv-
alent‘ygight of the original surfactant because only preferentially
water ‘soluble species have remained in the brine phase. In other
words, one cannot and should not equate the CMC of a petroleum
sulfonate before and after equilibration with o0il, because in both
cases we are dealing with different surfactant species. Figure 11
also illustrates the phenomena of fractionation and partitioning.
We consider a major separation of oil soluble and brine soluble
species as fractionation (shown by- vertical broken_line), whereas
the species partitioning into both oil -and brine phase as a parti-
tioning phenomenon as shown in region B of Figure 11.

Figure 12 shows schematically the six variables related to
surfactant formulations and their jnterfacial tension behavior.
These variables determine partition coefficient as well as the
effective CMC of the surfactant. These two determine three para-
meters, namely, surface concentration of surfactant, surface
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Figure 11. A schematic presentation of the distribution of sur-
factant species of different equivalent weights in oil and brine
upon equilibration. The areas under stipled and clear regions
are proportional to the relative amounts of surfactant in oil and
brine.
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charge density, and solubilization of oil or brine in each other.
These three parameters together ultimately determine the magnitude
of interfacial tension at the oil/brine interface. We have shownll
that for both petroleum sulfonates and for isomerically pure.syn-
thetic sulfonates, the partition coefficient unity and CMC of the
equilibrated aqueous phase coincide with the ultra-low interfacial
tension.

We have also shownl3 that a higher surface charge density
leads to a lower interfacial tension. This was also observedl
for caustic solution/crude oil systems where the minimum in inter-
facial tension occurred in the range ‘of NaOH concentration for
which the electrophoretic mobility was very high. In other words,
the maximum in electrophoretic mobility coincided with the mini-
mum in interfacial tension. The high surface charge density also
can he achieved by the maximum adsorption of sulfonate molecules
(Figure 8). The interfacial charge can be influenced also by
adding ethoxylated sulfonates in order to improve salt tolerance
of surfactant formulations.15‘¥7 Other relevant studies for
micellar—polgmer flooding have been reported from this laboratory
previously.1 -24

In summary, the results reported in this paper lead to the

following conclusions: .

1) The addition of alcohols or oils decreases the CMC of a
surfactant depending upon the chain length of alcohol or oil.

2) The CMC of a commercial petroleum sulfonate shifts to a higher
value upon equilibration with an o0il because of fractionation
and partitioning phenomena.

3) The surface concentration of surfactant, surface charge den-
sity and the solubilization of 0il or brine in each other
appear to influence the magnitude of the interfacial- tension.

ACKNOWLEDGMENT

This research has been supported in part by the Department
of Energy Grant No. EY-27-S-05-3341 and by a consortium of twenty
major oil and chemical companies at the University of Florida.
The authors also wish to extend their thanks to Dr. V. K. Bansal
for many helpful comments and suggestions.

REFERENCES

1. P. Mukerjee and K. J. Mysels, "€ritical Micelle Concentrations
of Aqueous Surfactant Systems,' United States Department of
Cormerce, NSRDS-NBS 36, Washimgton, D.C., 1971.

2. M. J. Rosen, "Surfactants and Interfacial Phenomena,'" John
Wiley & Sons, New York, 1978.




CMC OF SYNTHETIC AND PETROLEUM SULFONATES 405

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

K. Shinoda, J. Phys. Chem., 58, 1136 (1954).

J. L. Cayias, R. S. 3chechter and W. H. Wade, Soc. Pet. Eng.
J., 16, 351 (1976).

P. H. Doe, R. 5. Schechter and W. H. Wade, J. Colloid Inter-
face Sci., 59, 525 (1977).

P. H. Doe, M. El-Emary, R. S. Schechter and W. H. Wade, J. Am,
0il Chem. Soc., p. 570 (1977).

J. C. Morgan, R. S. Schechter and W. H. Wade, in "Improved
0il Recovery by Surfactant and Polymer Flooding," D. O. Shah
and R. S. Schechter, Editors, p. 101, Academic Press, New
York, 1977.

W. H. Wade, J. C. Morgan, J. K. Jacobson and R. S. Schechter,
Soc. Pet. Eng. J., p. 122 (April, 1977). V
P. M. Wilson, L. C. Murphy and W. R. Foster,in "Proceedings of
Improved 0il Recovery Symposium," SPE Paper No. 5812, Tulsa,
March, 1976.

K. S. Chan and D. 0. Shah, in "Abstracts of 51st Colloid and
Surface Science Symposium," pp. 155-156, June 19-22, Grand
Island, New York, 1977. :

K. S. Chan, PBh.D. Dissertation, University of Florida, June
1978.

K. S. Chan and D. 0. Shah, J. Dispersion Sci. Technol. in
press.

K. S. Chan and D. 0. Skah, in "Proceedings 83rd National
Meeting of AIChE," Houston, Texas, March 20-24, 1977.

V. K. Bansal, K. S. Chan, R. McCollough and D. O. Shah, J.
Canad. Pet. Tech., 17, 69 (1978). !
V. K. Bansal and D. O. Shah, J. Colloid Interface Sci., 65,
451 (1978).

V. K. Bansal and D. 0. Shah, Soc. Pet. Eng. J., p. 167

- (June, 1978).

V. K. Bansal and D. 0. Shah, J. Am. 0il Chem. Soc., 55,

367 (1978). . '
W. C. Hsieh and D. 0. Shah, SPE Paper No. 6594, in "Proc. of
SPE-AIME Interantional Symposium on 0il Field and Geothermal
Chemistry," La Jolla, California, June 27-28, 1977.

W. C. Hsieh and D. 0. Shah, SPE Paper No. 6600, in "Proc. of
SPE-AIME International Symposium on 0il Field and Geothermal
Chemistry," La Jolla, California, June 27-28, 1977.

V. K. Bansal and D. O. Shah, in "Microemulsions: Theory and
Practice," L. M. Prince, Editor, pp. 149-173, Academic Press
New York, 1977.

V. K. Bansal and D. 0. Shah, in '"Micellization, Solubilization,
and Microemulsions,”K. L. Mittal, Editor, Vol. 1, pp. 87-113,
Plenum Press, 1977.

D. 0. Shah, V. K. Bansal, K. S. Chan and W. C. Hsieh, in
"Improved 0il Recovery by Surfactant and Polymer Flooding,"

D. 0. Shah and R. S. Schechter, Editors, pp. 293-337, Academic
Press, New York, 1977.



