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In aqueous mixtures of cationic OTAC (octadecyl trimethyl ammonium chloride) and anionic ADS
(ammonium dodecy] sulfate) surfactants. mixed micelles were formed at low (<0.2 wt %) total surfactant
concentrations. For these mixfures mixed micellization and interaction of surfactant molecules were examined.
Mixed critical micelle concentration (CMC). thermodynamic potentials of micellization. and minimum area
per swrfactant molecule at the interface were obtained from surface tensiometry and electrical conductometry.
The mixed micellar compositions and the estimation of interacting forces were determined on the basis of a
regular solution model. The CMCs were reduced. although not substantial. and synergistic behavior of the ADS
and OTAC in the mixed micelles was observed. The CMC reductions in this anionic/cationic systemn were
comparable to those in nonionic/anionic surfactant systems. The interaction parameter § of the regular solution
model was estimated to be —5 and this negative value of 8 indicated an overall attractive force in the mixed
state.
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Introduction

Various surfactants are used widely in diverse applications
such as detergents.! paints.- dyestuffs’ cosmetics.” phar-
maceuticals’ pesticides.® fibers.’ foods.® plastics.” enhanced
oil recovery.'" surface-wetting modification.”  surfactant-
based separation processes.' and production of mesoporous
catalyst.'* The surfactants used in a multitude of industrial
products. processes. and other practical applications almost
always consist of a mixture of surfactants. Therefore. mixed
surfactant systems are encountered in nearly all practical
applications of surfactants. This is due to the natural poly-
dispersity of commercial surfactants. which result from
impurities in starting materials and variability in reaction
products during their manufacture.” Hence. one has the
inherent difficulty preparing chemically and isomerically
pure surfactants.

Mixed surfactant systems are much favored from the view-
point of economy and performance. They are less expensive
than isomerically pure surfactants and also they often pro-
vide better performance. The latter often arises from the de-
liberate formulation of mixtures of different surfactant type
to exploit synergistic behavior in mixed systems or to provide
qualitatively different fypes of performance in a single
formulation. The performance of mixed surfactant systems
is often superior to that of a single surfactant system. And
practical formulations often require the addition of surfac-
tant additives to help control the physical properties of the
product or improve its stability. Hence. it is essential to
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understanding how surfactants interact in mixtures.'*

Mixed swrfactant systems are also of great theoretical
interest. A mixed micellar solution is a representation of a
mixed micelle. mixed monolaver at the air/solution inter-
face. and mixed bilayer aggregate at the solid interface. In
solutions containing two or more surfactants. the tendency
of aggregated structures to form is substantially different
from that in solutions having only pure surfactants. Such
different tendency results in dramatic change in properties
and behavior of mixed surfactants compared to that of a
single surfactant '® Especially. mixing two surfactant ions of
opposite charge. cationic/anionic surfactant mixtures show
remarkably different physicochemical properties and beha-
vior. For example. synergistic effects seem to be negligible
for mixtures of nonionic surfactants. Ionic/nonionic mixtres.
on the other hand. do show appreciable synergism."” How-
ever. cationic/anionic surfactant mixtures exhibit the largest
svnergistic effects such as reductions in critical micelle
concentration and surface tension.’® There is a physically
simple explanation for enhanced synergism in such mixed
charge systems. The basic idea is the hydrophobicity of the
salts formed by the strong interactions between two different
surfactants with opposite charge.

In this article. we report mixed CMCs. thermodynamic
potentials of micellization. and minimum area per surfactant
molecule at the air/water interface for aqueous solutions of
mixed surfactants of cationic octadecyl trimethyl ammonium
chloride (OTAC) and anionic ammonium dodecyl sulfate
(ADS). Also we report the mixed micellar compositions and
the estimation of interacting forces. which were determined
on the basis of the regular solution model.

Cationics are known to exhibit excellent antistatic effects
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and softness. Hvdrocarbons higher than C)s are normally
emploved in cosmetics and toiletries’” and OTAC is pro-
bably the most commonly used in these applications. As for
amonics, sodium dodecyl sulfate (SDS) 1s the most well-
known. and widely used in industrv. and plus it has been
extensively studied in relation to its micellization, proper-
ties. and phase behavior.”** However. in acidic solutions or
at high temperatures. SDS undergoes autocatalvtic acid
hvdrolvsis, and dodecanol and sodium hvdrogen sulfate are
produced.*** These products are believed to cause skin
irritation.> In contrast. ADS is less hvdrolvzed in acidic
solutions™ and less skin-irritative than SDS.*™* For these
reasons, the use of ADS and OTAC in the cosmetic and
toiletry industry has been expanding. ™" However. little has
been conducted on the micellization of these surfactants, and
the CMC has only been reported at two or three different
temperatures.”' Accordingly. this is the reason why ADS and
OTAC were selected as the surfactants in the current study.

In the mixed surfactant systems studied mn this article.
surface tension reductions and svnergistic behavior of ADS
and OTAC were observed. The interaction parameter 3 of
the regular solution model was estimated to be -3 and this
negative value of 3 indicated an overall attractive force in
the mixed state. This small negative value was comparable
to that of a nonionic/anionic mixed surfactant svstem.>

Experimental Section

Materials. The cationic surfactant octadecy ltrimethy] am-
momnum chloride (OTAC) and anionic surfactant ammonium
dodecy] sulfate (ADS) were purchased from Fluka. OTAC
had a stated punty of 98% and ADS was in a form of 30%
aqueous solution. For further purification the surfactants
were first placed n a rotary evaporator to reduce the water
and volatile material content. Then. OTAC was recrvstalliz-
ed twice from absolute ethanol. ADS was also recrystallized
first from 90% ethanol and then twice from absolute ethanol.
The purified surfactants were finally dried in an evacuated
desiccator.’® Water was distilled and deionized.

Electrical Conductivity Measurements. The critical mi-
celle concentrations (CMC's) were determined by electrical
conductometry and interfacial tensiometry. For conductivity
measurements of the surfactant solutions, a Radiometer
(Paris, France) Model CDM 210 conductivity meter and a
Model CDC641T conductivity cell with platinized electrodes
were used. Platinized platimun electrodes were chosen to
improve the accuracy of the conductivities by reducing any
electrode polarization effects. The conductivity cell was
calibrated with standard solutions and its cell constant was
determined to be 0.7443 ¢cm™'. The surfactant concentrations
were changed by additions of deionized water from a burette
to the surfactant solution. which was contained in a jacked,
thermostatted beaker. The surfactant solution was mixed
thoroughly by magnetically driven stirring. The temperature
was controlled within 0.1 °C by a thermostat bath (Model
VS-1205WP-CWO, Vision Scientific, Seoul. Korea).

Surface Tension Measurements. The surface tensions of

Kye-Hong Kang et al.

surfactant solutions were measured with a du Noiiy KSV
(Helsinki, Finland) Model Sigma 70 tensiometer using a
platmum nng. The surfactant solutions were added by a
microsyringe to water in a thermostatted glass vessel, and
the surface tension was measured after thorough mixing
with a magnetic stirrer. The temperature of the surfactant
solutions was controlled within 0.1 °C by a Jeio Tech (Seoul,
Korea) Model VTRC-620 thermostat bath.

Zeta-Potential Measurements. The { potentials of the
mixed micelles were measured by ZetaSizer 2000 (Malvem
Instruments Ltd.). The principle on which the measurements
were based was the Doppler electrophoresis with light
scatterimg. The samples of ADS/OTAC muxtures with the
ADS mole fraction of 0, 0.1, 0.3, 0.5, 0.7, 0.9, and 1 were
prepared at the total surfactant concentrations slightly above
the CMCs. so that there were particles enough not to cause
multiple scattering. Also. the samples without dilution were
used for the measurements. Each sample was injected to the
cell by the syringe and at this tume care had to taken of not
producing bubbles i the cell. If the bubbles were produced
m the cell, their movement would be seen as the movement
of particles and would change the result. The viscosity of
1.002 ¢P and dielectric constant of 80.4 were used for the
calculations, since the solvent used was DI. water and the
very small amount of surfactants used would make presum-
ably these values changed little.

Results and Discussion

Mixed Micellization. The phase diagram of very dilute
aqueous mixtures of anionic ADS and catiome OTAC 1is
presented in Figure 1 i a rectangular coordinate. The
concentration of each surfactant was less than 0.2 wt %. The
phase diagram is characterized by four distinct phase regions.
Those are the regions of isotropic molecular solution (I).
micellar solution (M). vesicles (V). and mixture of micelles
and vesicles (M+V). Further details on the phase diagram
may be found elsewhere ™

The 1sotropic solution 1s ¢clear and its region (1) 1s extended
up to the pure component CMCs i aqueous solutions that
are 0.392 m molal (0.0137 wt fraction) for OTAC and 6.258
m molal (0.1771 wt fraction) for ADS, respectively.™ The
1sotropic solution region on the ADS-rich side 1s wider than
that on the OTAC-rich side because of the disparity imn CMC
(CMC of ADS 1s about 20 times larger than that of QTAC).
The OTAC-rich isotropic region is seen very small near the
water apex in a triangular coordinate.

In the micellar region (M) mixed micelles of ADS and
OTAC were formed. The mixed CMC remained unchanged
with the mole fraction of ADS. & up to 0.7, and then
mcreased rapidly. As « mcreased from 0.1 to 0.3, the
micellar region shrank and for 0.5 < & < 0.7 1t was too
narrow to be observed. Hence, for these « values. the
1sotropic fluid region 1s apparently on direct contact with the
vesicular region.

In the region denoted as V. the nmuxture fluid was turbid
and the turbidity appeared to increase with total surfactant
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Figure 1. Phase behavior of OTAC/ADS/Water systems with high
water content at 30 "C, in triangular coordinates (a) and rectangular
coordinates (b).

concentration. At the fixed total surfactant concentration the
turbidity increased with ¢. In this region the existence of
vesicles was confirmed by negative staimng transmission
electron microscopy (TEM). A couple of TEM niicrographs
of vesicles are shown in Figure 2 and details on the vesicles
will be presented in a separate article ™

Over the phase regions of the 1sotropic (1) and the micellar
(M), the critical micelle concentrations of the pure and the
mixed surfactant svstems were determined by measuring

0.1 pum

Figure 2. Transmission electron microscopy (TEM) micrographs
of vesicles of ADS/OTAC mixed surfactant svstems at the mole
fraction of ADS of 0.7018.
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Figure 3. Surface tension vs. loganthm of total surfactant
concentration at 30 °C tor OTAC/ADS mixed systems at difterent
mole fractions ¢ of ADS.

surface tensions and electrical conductivities. The surface
tension results are presented in Figure 3 and summanized in
Table 1. For the surface tension vs. concentration data. the
CMC was taken as the concentration where the surface ten-
sion changed its trend. As the total surfactant concentration
mereased. the surface tension decreased below CMC and
remained almost constant above CMC.

From the electrical conductivity data the CMC was deter-
mined as the point where the two lines met each other.
Figure 4a shows the conductivity results for the aqueous
mixed surfactant solutions with @=0.1023. The conductivity
exhibited distinct linear behavior before and after the CMC
and therefore the intersect of the lines was taken as the
CMC. The CMCs by these twvo methods are in good agree-
ment with each other at small ¢ values; they differ by 3%.
This 5% difference 1s not surprising, because the CMC 1s. in

Table 1. Mixed CMC’s at 30 “C at relative mole fractions « of
ADS to OTAC

Mixed CMCs (molkg)
Surtace Tension Electrical Conductivity
0.0 0.392 0.348
0.1025 0.428 0.431
0.3086 0452 -
0.4998 0.426 -
0.7018 0453 -
0.8989 3.861 -
1.0 23512 6.646
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Figure 4. Specific conductivity vs. total surfactant concentration at
30 °C for an OTAC/ADS mixed system; a (a=0.7018) and b
(a=10.1025).

fact. a range, though narrow, of concentration and because
various experimental methods tend to probe slightly differ-
ent CMCs. At a=1.0 the CMC of ADS determined by
tensiometry was substantially smaller than that by electrical
conductometry. The latter value agreed with the value of 6.6
mM reported in the literature.’’ At four intermediate values
of cxon Table 1, the CMC could not be determined from the
conductivity data. For these values of « the conductivity
appeared to have no change in slopes. as shown in Figure 4b.
In contrast to the mixed surfactant systems, those of pure
ADS and OTAC exlubited sharp changes in slopes for the
electrical conductivity data. ™

Molecular Interactions and Synergistic Effect. The
CMCs. Ci%. of the mixed ADS/OTAC svstem varied with
the relative amount of the surfactants. Figure 5 shows C}: as
a function of mole fraction. . of ADS in the total surfactant.
At small @ values )0 was almost identical to the CMC.
). of pure OTAC and remained almost unchanged up to
@=0.7. Then 5 increased rapidly to the CMC. C}'. of
pure ADS.

The regular solution model was applied to find the mole
fraction X, of ADS in the micelle and the interaction
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Figure 5. Mixed CMCs (A by tensiometry and o by electrical
conductometry) of OTAC/ADS mixed systems compared to the
theoretically predicted CMCs for various 3 values.

parameter f3 using the values of ¢y, G, and
equations (1) and (2).%¢ %
. (Cha
o’ (22
— - (0
Y, _
(1-X,° ln(M)
C(l-X))
5= MG _ -0 CX)T o)

(1-x,)° X

With X, these and f3 values, 4 of the ADS/OTAC were
calculated by equation (3) and (4a) or (4b).*

X0 - exp(BU - X)) _ |

(1-X)aCy exp(B(X)) ®
aCy = X, CY exp[ B(1 - X)) (4a)
(1- )i = (1 -X)CY exp[ B(X,)] (4b)

The curves in Figure 5 represent the ('} calculated by these
equations for different 3 values. The measured ('3 deviated
negatively from the ideal solution model (8= 10). and follow-
ed most closely by the model with §=-5. This negative
value of f indicates synergistic behavior of the components
of ADS and OTAC 1n the mixed micelle, and 1s quite com-
parable to f=-4.3 for the mixed CMCs of sodium deoxy-
cholate and Tween 80.% At a=10.8989 the mixed CMC was
much higher than the others at smaller ¢'s. and it has been
reported that mixtures of surfactants can feign a wrong CMC
value, when the component with the much higher CMC has
the highest mole fraction.*

The mole fraction X; of ADS in the mixed micelles
mcreased with . as expected (Table 2). At all s the mole
fraction of QTAC was larger, implying that OTAC was the
majority i the mixed micelles. At «=0.8989. X1 was
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Table 2. Mixed CMC’s at 30 °C at relative mole fractions o of
ADS to OTAC

o By HERT fus Jore (A%
0.0 6l
0.1023 0.0200 -0.0213 033514  0.99% 36
0.3086 0.1524 —0.3433 0.1463 09398 33
0.4998 02727 -0.7802 0.1248  0.7d64 33
0.7018 0.3601 —1.1029 0.1409 03375 63
0.8989 0.0034 0.0250 1034 1.0001 38
1.0 47

calculated to be 0.0054. It is surprising that the mixed
micelles are made up mainly of OTAC at this high o value.
i.e., at this high overall concentration of ADS.

The excess enthalpy HE of the micellization is ordinarily
described by the regular solution model as the equation™

HE = X\(1-X))BRT = G* &)

where BRT represents the difference in interaction energy
between the mixed and unmixed svstems. Equation 3 corre-
sponds to the leading term 1n the lattice model description
for the enthalpy of mixing in liquid mixtures.*! HE of the
mixed micellization was calculated by this equation and the
results are presented in Table 2. H was negative except at
or=0.8989. These negative values signify that the mixed
micellization of OTAC and ADS i1s exothermic. Since it is
assumed that the excess entropy 1s zero in the regular solution
model, the excess Gibbs free energy GF is indistinguishable
from A£. and also is given by eq. 5.

The activity coefficients fips and /oy are related to G= by
the equation™

GERT =X, In faps + (1-X1) In forrue (©)

Substitution of eq. 5 for GF to eq. 6 vields the following
expressions for /ips and /oruc

Saps=exp[H1-X1)] @)
Soray = exp[ X7 ®)

With these equations fips and fory- were caleulated and the
results are tabulated in Table 2. The activity coefficients
were less than 1 (except at o= 0.8989). and f,ns was smaller
than fory-. Since forsc was closer to 1 than fips. ADS
appeared to be more responsible for nonideality in the ADS/
OTAC mixtures.

Interfacial Adsorption and Area per Surfactant Molecule.
Surfactant molecules are usually adsorbed at the air-water
interface and this adsorption results in the surface tension
reduction. The concentration-dependent adsorption at the
interface is described by the Gibbs adsorption equation. For
aqueous solutions of mixed surfactants the Gibbs surface
excess I; of component 7 is related to the surface tension y
by the equation

—-dy=3Y T.RTInC, )

where C; is the concentration of the /-th component, R is the
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gas constant. and 7 1s the Kelvin temperature. The component
and total mass balances may vield the following equation:

_ dy
TIRT.mM (10)

tor

I_‘miL‘C =

Here. (i, 18 the total surfactant concentration and [qy 18 the
maximuim surface excess. Using ['may the nunmimum area ¢hin
per surfactant molecule was calculated by amin = (N Tina) ™
with N, being the Avogadro’s number, and summarized in
Table 2. For pure components ADS and OTAC, the hydro-
philic head area amin for OTAC was larger than that for ADS,
as expected. In the mixed system ¢min was smaller than ¢m;a
for OTAC alone. This finding 1s in agreement with early
studies which revealed that in the mixed cationic-aniomc
surfactant systems. the mean head size in an organized
assembly would become rather small *** This is due to the
strong molecular interaction between the two oppositely
charged surfactant ions. which 1s ommi-present in many
mixed catanionic surfactant systems. ™+ As the fraction of
ADS increased mn the mixed system, ¢min Increased shghtly
from 35 to 58 A*. At &= 0.7018. tmin became substantially
larger. This larger value of @min may be due to vesicles
coexisting with micelles, because at this ¢ value the micellar
region 1s very narrow and neighbors with the vesicle region,
as seen in Figure 1b.

Zeta Potentials of Mixed Micelles. Zeta potentials of the
mixed micelles were measured and the results are presented
m Fig. 6. The zeta potentials were large in magnitude. For
pure OTAC and ADS micelles the zeta potentials were +98.2
mV and -115.7 mV. respectively and { potentials of the
mixed micelles at different ¢o’s fell between those of the
pure-component micelles. As ¢ increased. { potential
decreased and became negative beyond «=0.7 It is
mteresting to observe that the zeta potentials at &= 0.7 and
0.9 1s negative, although OTAC 1s still the major surfactant
m the mixed mucelles at these high ADS concentrations.
There is virtually no micellar region between o= 0.5 and
0.7, as shown i Fig. 1b. Hence, zeta potentials of the mixed
micelles could not be measured between these « values. The
{ potentials at &= 0.5 and 0.7 in Fig. 6 were those of the

100 O
80 F
60 f
40 t
20 F
0

Q-potential (mV)

-100 F
-120

0 01 02 03 04 05 06 07 08 09 1
o (Mole Fraction of ADS)
Figure 6. Zeta potentials of the mixed ADS/OTAC micelles at

ditterent mole fractions of ADS, o At «=0.5 and (.7 the zeta
potentials were those of the vesicles.
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vesicles, because they were measured in the vesicular region
slightly above the phase boundary.

Conclusions

The mixed CMCs of anionic surfactant ADS and cationic
surfactant OTAC at therr different compositions were measured
using surface tensiometry and electrical conductometry.
Although 1t was not substantial. surface tension reduction
was observed and therefore ADS and OTAC exlubited
synergistic behavior in the mixed micelles. The svnergistic
effect was comparable to that of nomonic/anionic mixed
systems.

The interaction parameter 3 was estimated to be -5 on the
basis of the regular solution model and the excess enthalpy
of mucellization was negative. implving that the mixed
micellization was exothermic. The nunimum area O, of the
mixed surfactants at the airAvater interface lie between the
values of pure components, which was in good qualitative
agreement with previous studies.
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