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Abstract The mixing behavior of
several cationic plus anionic surfac-
tant binary mixtures, viz., sodium
dodecyl benzene sulfonate (SDBS)
plus hexadecyltrimethylammonium
bromide (HTAB), SDBS plus te-
tradecyltrimethylammonium bro-
mide (TTAB), SDBS plus
tetradecyltriphenylphosphonium
bromide (TTPB), sodium dodecyl
sulfate (SDS) plus TTPB, SDBS
plus hexadecylpyridinium chloride
(HPyCl), and SDS plus HPyCl was
studied in pure water with the help
of conductivity, interfacial tension,
turbidity, and viscosity measure-
ments. The mixed-micelle formation
was evaluated with the help of the
Clint equation and the regular so-
lution approximation. It was ob-
served that head-group modification
had a significant influence on the
nature of the mixed-micelle forma-
tion. The SDBS plus TTAB mixed
micelles showed positive departure
from ideality and had positive val-
ues for the regular solution interac-
tion parameter, b. The SDS plus
HPyCl mixture showed both nega-
tive and positive departures in the
SDS- and HPyCl-rich regions of the
mixtures, respectively, from ideality.
The SDBS+TTPB mixture re-
mained close to ideal, and the SDBS

plus HTAB, SDBS plus HPyCl, and
SDS plus TTPB mixtures showed
synergistic behavior. The positive b
value in the case of the SDBS plus
TTAB mixture was not the result of
antagonistic behavior, but was due
to the higher value of the mixed
critical micelle concentration com-
pared to the ideal mixed cmc values
in the ideal state (obtained from the
Clint equation) and which was the
consequence of unavailability of
unlike monomers in the formation
of insoluble salt owing to the neu-
tralization of the unlike monomers
with opposite polarities. The SDBS
plus HTAB mixture did not show
similar behavior, most probably
owing to the larger size and lower
charge density at HTA+ in com-
parison to at TTA+, which could
have resulted in the former having
weaker electrostatic interactions
with the DBS– anion in comparison
to the latter. The weaker electro-
static interactions in conjunction
with the packing geometrical con-
straints are responsible for the
close-to-ideal behavior of the SDBS
plus TTPB mixture.

Keywords Strongly interacting
surfactants Æ Mixed micelles Æ
Bulky head groups Æ Turbidity



Introduction

A significant amount of research work has been devoted
to understanding the physiochemical aspects of mixed-
micelle formation by two or more surfactants [1, 2, 3].
These fundamental properties of such kinds of systems
are of utmost importance in view of their appropriate
industrial applications which pave the way to locate the
most suited surfactant combinations with desired sur-
face activities from application as well as economics
points of view [4]. Mixed-micelle formation has consid-
erable importance in comparison to single-surfactant
micelle formation from various applied aspects. Gener-
ally, a mixture of two or more surfactants has better
surface activity than any of the constituents [1, 2]. In the
mixed-micelle process three possibilities exist, i.e., fa-
vorable interactions, unfavorable interactions, or ideal
mixing between the monomers of two unlike surfactants.
Favorable interactions have been demonstrated by
mixtures of ionic–nonionic, ionic–zwitterionic, and cat-
ionic–anionic surfactant combinations [1, 2, 3, 4].
Among all these, cationic–anionic surfactant combina-
tions experience the strongest favorable interactions
owing to the strong electrostatic interactions between
the oppositely charged polar head groups [5, 6, 7, 8, 9],
which otherwise oppose the micelle formation. In com-
parison to all other combinations, strongly interacting
surfactants have been least explored since they imme-
diately undergo precipitation upon mixing; hence, they
pose considerable experimental difficulties in order to
explore their mixing behavior in the solution phase.

Although oppositely charged surfactant combina-
tions are very important binary surfactant combinations
with extraordinary micellar properties owing to their
strong synergistic behavior, a comprehensive study
dealing with the effect of head-group modifications di-
rectly related to their mixing behavior is still lacking.
This is probably due to the appearance of phase sepa-
ration upon mixing these surfactants. Some of the well-
documented examples of strongly interacting surfactant
combinations are sodium dodecyl sulfate (SDS) plus
decyltrimethylammonium bromide [7], sodium dodecyl
benzene sulfonate (SDBS) plus cetyltrimethylammoni-
um tosylate [8], and SDS plus dodecylpyridinium chlo-
ride[10] mixtures, in which phase separation occurs over
most of the mole fraction range. However, in view of
such studies, it is also possible to reduce the degree
of synergism in these systems by manipulating the nature
of the strongly interacting surfactant head groups and
thus reducing the chances of phase separation.

In the present study, the surfactant combinations
were selected in such a way that the polar head groups of
unlike monomers should have considerable influence on
the compatibility of unlike monomers in the mixed state,
for example, as in the case of SDBS plus hexadecyl-

trimethylammonium bromide (HTAB) mixtures, where
apart from the presence of opposite polarity, incom-
patibility is also expected in the packing arrangement of
unlike bulky polar head groups in the mixed state. This
kind of incompatibility will certainly reduce the strong
electrostatic interactions operating between the oppo-
sitely charged head groups owing to the screening effects
and will thus minimize the chances of precipitation.
Hence, the present study has two objectives; first, to
evaluate the physiochemical properties of strongly in-
teracting surfactant mixtures and, second, to study the
influence of head-group modifications on the extent of
mixed-micelle formation.

Experimental

SDBS and SDS were purchased from Aldrich and were used as
received. HTAB, tetradecyltrimethylammonium bromide (TTAB),
tetradecyltriphenylphosphonium bromide (TTPB), and hexadec-
ylpyridinium chloride (HPyCl), from Lancaster Synthesis, UK,
were recrystallized from acetone/2-propanol mixtures. Triply dis-
tilled conductivity water was used in the preparation of all the
solutions. The solutions were prepared by mass with an accuracy of
±0.01 mg. The mole fractions were accurate to ±0.0001 units. All
the measurements were performed at 25 �C.

Conductometric measurements

The conductivity measurements were carried out over the whole
mixing range except in those cases where medium to intense
cloudiness appeared. In order to study the salt effect, the mixed
micellization of the SDBS plus TTAB mixtures was also carried out
in aqueous 0.001 and 0.005 mol dm–3 NaBr. All the measurements
were carried out with the help of a digital conductivity meter
(model NDC-732) working at a fixed frequency of 1,000 Hz man-
ufactured by Naina Electronics, Chandigarh, India. A dip-type
conductivity cell with a double-walled jacket to circulate the ther-
mostated water was used for all the measurements. The capacity of
the conductivity cell was about 100 ml. An automatic thermostat
bath from Shimadzu, Japan, was used for maintaining the tem-
perature within uncertainties of ±0.05 �C. The error in the con-
ductance measurements was ±0.5%.

Interfacial tension measurements

The interfacial behavior of the binary mixtures at some selected
mole fractions where the conductivity curves did not show sharp
breaks was studied with the help of a pendant-drop instrument
equipped with and a charge-coupled device (CCD) camera (model
PD-X, Kyowa Interface Science Co, Japan). A drop of sample was
formed by using a syringe of 1 cm3, which was fitted with a Teflon
needle of 22 gauge. An image of the drop was formed by the CCD
camera attached to the instrument. The instrument was calibrated
with deionized water.

Turbidity measurements

The turbidity measurements for all the binary surfactant mixtures
over the whole mole fraction range were performed using a Nep-
helo-Turbidity meter (type 131, Systronics, India) after allowing
sufficient time for equilibration. This instrument works on the basis
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of the scattering of light by the colloidal particles. The light coming
from the light source is focused in the colloidal solution by passing
it through a pair of lenses and the scattered light at a right angle to
the incident light is detected by a photomultiplier tube which gives
the turbidity of the solution in arbitrary nephelo turbidity units.

Viscometric measurements

The efflux times of dilute solutions of the mixed surfactant systems
were determined with the help of a Ubbelohde-type suspended level
capillary viscometer which was sealed in a glass jacket to circulate
the thermostated water at 25 �C. The time of flow for the water was
175 s. This efflux time was kept long to minimize the need for
applying kinetic corrections to the observed data. Each experiment
was carried out after allowing long-time thermal stability to be
reached and was repeated at least twice in order to get reproducible
results. Good reproducibility can be obtained by properly cleaning
the viscometer with the help of concentrated chromic acid each
time before starting a set of experiments to avoid the formation of
air bubbles in the viscometer. From the ratio of the efflux times of
the test solution, t, to that of the reference solution, t0, the relative
viscosity can be calculated, gr=t/t0 by ignoring the density cor-
rections for the dilute solutions [8, 11].

Results and discussion

Conductivity behavior

Collective representative conductivity, j, plots of the
SDBS plus TTAB mixtures are shown in Fig. 1. Similar
plots were obtained in the cases of SDBS plus HTAB,
SDBS plus TTPB, SDS plus TTPB, SDBS plus HPyCl,
and SDS plus HPyCl mixtures. Each plot showed a
linear variation in the j values with respect to an in-
crease in the concentration of single as well as of mixed
surfactants in both the premicellar and postmicellar re-
gions. The slope in the premicellar region was always

greater than that in the postmicellar region. The inter-
section point between the two straight lines gave the
critical micelle concentration (cmc). The values for all
the mixtures were calculated as explained earlier [12, 13]
and are listed in Tables 1, 2, 3, and 4 along with their
uncertainties. The cmc values for the pure components
are compared with those already available in the litera-
ture and are found to be in good agreement with each
other. It is to be noted in Fig. 1 that the break corre-
sponding to the cmc is quite sharp in the case of pure
TTAB, i.e., aTTAB=1, but the sharpness decreases

Fig. 1. Conductivity, j, versus concentration, c, of the sodium
dodecyl benzene sulfonate (SDBS) plus tetradecyltrimethylammo-
nium bromide (TTAB) mixture in pure water at corresponding
mole fractions of TTAB

Table 1. Values of the critical micelle concentration (cmc) and the
ideal mixed cmc (cmc*) 10–4 moldm–3 of strongly interacting sur-
factant mixtures in water. Sodium dodecyl benzene sulfonate
(SDBS), hexadecyltrimethylammonium bromide (HTAB),
tetradecyltrimethylammonium bromide (TTAB)

SDBS+HTAB SDBS+TTAB

aSDBS cmc cmc* aSDBS cmc cmc*

0.000 9.53±0.07 9.53 0.000 37.9±0.26 37.9
(9.2) [3] (38.0) [29]
(10.0) [20]

0.1320 8.86±0.18 10.3 0.0360 38.6±0.49 37.0
0.2421 9.65±0.27 11.1 0.1064 39.2±0.42 35.4
0.3366 11.0±0.72 11.8 0.1120 39.4±0.64 35.3
0.4891 10.7±0.70 13.3 0.1926 39.8±0.79 33.6
0.6333 12.8±1.1 15.1 0.3002 38.8±1.7 31.6
0.7422 15.8a 16.8 0.4172 38.1±2.3 29.7
0.8273 14.8a 18.4 0.8021 36.1a 24.7
0.8961 18.9±1.5 19.9 0.8660 34.5a 24.1
0.9421 17.4a 21.1 0.9317 31.6a 23.4
0.9700 20.8±1.3 21.9 1.000 22.8±2.2 22.8
1.000 22.8±2.0 22.8

acmc values evaluated from c measurements

Table 2. Values of cmc and cmc*/10–4 moldm–3 of strongly inter-
acting surfactant mixtures in water. Hexadecylpyridinium chloride
(HPyCl), tetradecyltriphenylphosphonium bromide (TTPB)

SDBS+HPyCl SDBS+TTPB

aSDBS cmc cmc* aSDBS cmc cmc*

0.000 10.1±0.08 10.1 0.000 8.18±0.45 8.18
(10.0) [14]

0.0777 10.0±0.44 10.5 0.1120 8.48±0.72 8.81
0.1190 9.83±0.61 10.8 0.2100 9.45±0.94 9.45
0.1510 9.71±0.69 11.0 0.7992 16.6a 16.8
0.2202 9.38±0.69 11.5 0.8781 17.8±1.3 18.7
0.2220 9.56±0.61 11.5 0.9053 18.5a 19.5
0.2857 10.5±1.8 12.0 1.000 22.8±1.6 22.8
0.3120 9.45±0.65 12.2
0.8847 17.0a 19.9
0.9009 18.5±1.1 20.3
0.9352 18.1±1.4 21.1
0.9581 18.6a 21.7
0.9682 20.4±1.6 21.9
0.9801 21.0±1.6 22.2
1.000 22.8±1.8 22.8

acmc values evaluated from c measurements
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subsequently with the decrease in the mole fraction from
1 to 0 and is the least in the case of pure SDBS. This
sequence also indicates that there is a significant increase
in the degree of counterion dissociation from aTTAB=1
to 0. Strong ion pairing is also expected between the
oppositely charged counterions of TTAB and SDBS,
which would reduce the degree of counterion association
at the micelle–solution interface. The latter effect may be
facilitated by the screening of polar head group repul-
sions owing to the presence of opposite polarities at the
respective head groups of the TTA+ and DBS– surfac-
tant ions. This kind of behavior is responsible for a
considerable broad inflection point in the j curve and is
expected to introduce large uncertainties in determining
the cmc values, especially in the SDBS-rich region of the
mixture; therefore, the cmc values at some selected mole

fractions in this region were determined from air–water
interfacial measurements (Fig. 2), which are free from
this anomaly.

Since the variation in the conductivity of a surfactant
electrolyte is quite linear before and after the break, a
comparison among the mobilities of the monomeric and
the micellar species over the whole mixing range can be
made by computing the premicellar (S1) and postmicel-
lar (S2) slopes. Both the S1 and the S2 values were de-
termined from the linear regression analysis of the
conductivity data in the premicellar and in the postmi-
cellar regions with a correlation factor always much
better than 0.999. Since the equivalent conductivity of a
surfactant electrolyte can be written as L=1,000j/C, it
is possible to approximately equate a L value with
1,000S1 for a highly dilute electrolyte solution [14] as in
the case of the present surfactant binary mixtures. On
the other hand, since the conductivity of the monomers
can be assumed constant after the cmc and it would be
permissible particularly for micelles of large aggregation
numbers, the micellar state conductivity with reference
to the monomer can be equated with the slope of the j
versus C profile in the postmicellar region. However, it is
to be noted that the real ionic equivalent conductivity of
the aggregated micelles can be computed if the aggre-
gation number of the micelle is known. Similar quanti-
ties for single- and mixed-surfactant systems have
already been discussed by some authors [14, 15, 16, 17,
18].

The variation of the S1 and S2 values of the SDBS
plus HTAB and SDBS plus TTAB mixtures is depicted
in Fig. 3 and indicates that with the increase in aSDBS,
the S1 value remains more or less the same till
aSDBS�0.35 and thereafter it increases linearly. A similar
but opposite variation can be observed for S2. Also,

Table 3. Values of cmc and cmc*/10–4 moldm–3 of strongly inter-
acting surfactant mixtures in water. Sodium dodecyl sulfate (SDS)

SDS+HPyCl SDS+TTPB

aSDS cmc cmc* aSDS cmc cmc*

0.000 10.1±0.32 10.1 0.000 9.64±0.73 9.64
0.0362 10.7±0.17 10.4 0.9178 49.0a 51.5
0.0731 11.1±0.33 10.8 0.9527 61.1±2.5 61.8
0.1093 12.3±0.30 11.1 0.9641 68.0±2.6 66.1
0.1429 13.1±0.17 11.5 0.9745 69.3±2.3 70.5
0.1770 14.1±0.18 11.9 0.9839 67.6a 75.0
0.9625 54.9a 66.1 0.9992 72.9±2.6 83.9
0.9763 60.6±2.5 71.9 1.000 84.4±4.0 84.4
0.9898 64.6a 78.6
0.9905 63.0±2.8 78.9
0.9924 69.9±11 79.9
0.9939 69.3±3.4 80.8
0.9953 78.7±2.2 81.6
0.9968 80.4±1.3 82.5
0.9980 82.9±2.4 83.2
0.9992 83.8±2.4 84.0
1.000 84.4±1.3 84.4

(80.0) [30]

acmc values evaluated from c measurements

Table 4. Values of cmc and cmc*/10–4 moldm–3 of SDBS+TTAB
mixture in aqueous NaBr

0.001 M NaBr 0.005 M NaBr

aSDBS cmc cmc* aSDBS cmc cmc*

0.000 35.6±0.19 35.6 0.000 25.5±0.28 25.5
0.0363 37.0±0.27 34.8 0.0300 25.6±0.49 25.3
0.0736 37.2±0.38 34.0 0.0618 26.0±0.24 25.0
0.1120 37.3±0.49 33.1 0.0954 27.4±0.68 24.8
0.1514 38.2±0.69 32.4 0.1299 28.0±0.63 24.5
0.1925 39.7±0.88 31.6 0.1661 29.9±2.6 24.2
0.3002 39.0±1.4 29.7 0.2639 35.5±2.1 23.5
0.4177 35.7±3.1 27.9 0.3740 33.6±3.7 22.8
0.8020 31.4±2.2 23.2 0.7720 26.8±3.9 20.5
0.8655 27.2±2.2 22.6 0.8432 23.9±3.8 20.1
0.9314 25.2±1.2 22.0 0.9190 22.3±2.4 19.8
1.000 21.4±1.0 21.4 1.000 19.4±3.2 19.4

Fig. 2. Surface tension, c, versus concentration, c, of the SDBS
plus hexadecylpyridinium chloride (HPyCl) mixture at some
selected mole fractions in pure water
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similar results were observed for the SDBS plus TTPB
and SDBS plus HPyCl mixtures (not shown). The initial
constant value of S1 suggests that the addition of SDBS
does not have any significant influence on the mono-
meric conductivity till aSDBS�0.35; in contrast, the S2

values show a linear increase with the increase in aSDBS.
Both variations can be envisaged on the basis of a higher
degree of counterion dissociation in comparison to
HTAB or TTAB. In the SDBS-rich region of the mix-
tures, a steep increase in the S1 value and a constant S2

value indicate the predominance of SDBS effects in the
SDBS-rich region of the mixtures. Interestingly, the
behavior of binary surfactant combinations consisting of
SDS instead of SDBS is entirely different from that of
SDBS binary mixtures. The variation in S1 and S2 of the
SDS plus HPyCl and SDS plus TTPB mixtures is shown
in Fig. 4. The S1 values initially show a significant de-
crease in the case of SDS plus HPyCl and a rapid in-
crease with the increased mole fraction of TTPB in the
case of SDS plus TTPB (Fig. 4a). The former case can
easily be understood on the basis of ion pairing as de-
scribed in the previous cases. In contrast, surprisingly
the drastic increase in the S1 values in the case of the
SDS plus TTPB mixtures in the region extremely rich in
SDS, i.e., aSDS�0.9–1.0 is explained with the help of
counterion binding in the next section. The variation in
the S2 values for the SDS plus HPyCl and SDS plus
TTPB mixtures (Fig. 4b) demonstrates a positive devi-
ation from ideality, which is most probably due to the
release of counterions in the course of mixed-micelle
formation.

The ratio of the S2/S1 values gives the degree of
counterion dissociation, d, or the degree of counterion
association, d=1–d. The d values thus evaluated are
usually less than those evaluated by other methods [17];

however, for the present pure surfactants they are in
good agreement with those evaluated by other methods.
For instance, the present d values of SDS, HTAB,
TTAB, and HPyCl are 0.45, 0.25, 0.25, and 0.42, which
are in good-to-excellent agreement with 0.42 [19], 0.30
[20], 0.27 [20], and 0.42 [20], respectively. The overall
variation in d for each case of the SDBS plus cosurfac-
tant (CS) systems is somewhat similar in all the cases
(Fig. 5a). There is a large nonlinear decrease in the d
value with the increase in the amount of SDBS. It sug-
gests that the mixed micelles become increasingly dis-
sociated owing to a significant reduction in the polar
head group repulsions as a consequence of swelling of
the micelles owing to the solubilization of dimeric spe-
cies up to aSDBS�0.65. Beyond this, d increases slightly
in the SDBS-rich region of the mixture since SDBS
micelles are more ionized in comparison to the micelles
of all the other CSs. Similar behavior can also be ob-
served for the SDS plus CS systems (Fig. 5b), and the
effect is very much weaker in the case of SDS plus TTPB
in comparison to SDS plus HPyCl. This suggests that
the higher S1 value for the SDS plus TTPB mixture
(Fig. 4a), especially in the SDS-rich region of the mix-
ture, is probably related to the extremely small decrease

Fig. 3. Slopes versus aSDBS of the SDBS plus hexadecyltrimethy-
lammonium bromide (HTAB) (circles) and SDBS plus TTAB
(diamonds) mixtures in pure water

Fig. 4a,b. Slopes versus aSDS of the sodium dodecyl sulfate (SDS)
plus HPyCl and SDS plus tetradecyltriphenylphosphonium bro-
mide (TTPB) mixtures in pure water
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in d upon addition of TTPB in pure SDS. This could
also be an indication suggesting the presence of ideality
in this mixing range.

Micelle formation

The conductivity measurements also demonstrated that
the sharp breaks which were quite visible in the case of
pure components, for example, in the case of the SDS
plus TTPB and SDS plus HPyCl mixtures (not shown),
become increasingly blurred with an increase in the
amount of the second component. This suggests that the
micelle formation is no longer restricted to a narrow
concentration range but now occurs over an appreciably
wide concentration range. There are some examples [7,
21] of similar binary ionic surfactant combinations in
which the breakpoint in the conductivity curve is not
sharp. This can be generally explained on the basis of
two situations: first, when instead of an instantaneous
micelle formation process, stepwise micellization occurs
as in the case of all bile salts [22] and in the presence of

organic additives [23]; second, when apart from the or-
dinary spherical micelles, bilayer assembly [14] or in-
soluble salt formation take place, for example, as in the
case of binary combinations of oppositely charged ionic
surfactants.

The mixed cmc values listed in Tables 1, 2, 3, and 4
show conventional nonlinear behavior over the present
mixing range. In order to explore the nature of the
mixed micelles, i.e., whether the mixed micelles show
deviations from ideal behavior, it is possible to obtain
quantitative information about the formation of the
micellar aggregates by using the pseudo phase thermo-
dynamic model [24, 25]. The model relates the ideal
mixed cmc (cmc*) with the experimental cmc of the pure
components by using the following equations in the case
of ideal mixing:

c1 ¼ x1cmc1 ¼ a1cmc� ð1Þ

and

c2 ¼ 1� x1ð Þcmc2 ¼ 1� a1ð Þcmc�: ð2Þ

Equation (3) can be obtained after combining Eqs. (1)
and (2):

1

cmc� ¼
a

cmc1
þ 1� a1ð Þ

cmc2
; ð3Þ

where a1 and x1 are the mole fractions of surfactant 1
(SDBS or SDS) in the total mixed solute and in the
mixed micelle, cmc1 and cmc2 and c1 and c2 are the cmcs
and the overall concentrations involved in the micelle
formation of components 1 and 2, respectively. The
cmc* values thus calculated using Eq. (3) are also listed
in Tables 1, 2, 3, and 4. Before discussing the nature of
the mixed-micelle formation in the SDBS plus CS and
SDS plus CS mixtures, some comments are necessary on
the mixed-micelle formation in the SDBS plus HTAB
and SDBS plus TTAB mixtures in view of their opposite
behavior (Fig. 6a). The experimental cmc values for
SDBS plus HTAB are lower and for the SDBS plus
TTAB mixtures higher than the cmc* values evaluated
from the Clint equation (Eq. 3). In both the mixtures
considerably strong interactions are expected and these
are responsible for the mixed-micelle formation. The
significant cloudiness in the case of SDBS plus TTAB
can be attributed to the formation of insoluble dimers
owing to the neutralization of oppositely charged sur-
factant ions over a wide concentration range in com-
parison to SDBS plus HTAB. The larger cmc than cmc*
values are generally explained on the basis of unfavor-
able interactions [26], and there are no grounds in the
case of oppositely charged surfactants on which we
could explain the unfavorable interactions. In the case of
the SDS plus HPyCl mixtures (Fig. 6b), the nonideal
behavior is quite different from rest of the mixtures. In
the HPyCl-rich region of the mixture, i.e., aSDS�0.0–0.2,

Fig. 5a,b. Degree of counterion association, d, versus aSDBS or
aSDS of various surfactant mixtures in pure water
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the experimental cmcs show positive deviations from the
ideal cmc*, whereas in the SDS-rich region, i.e.,
aSDS�0.95–1.0, they have negative deviations. Similar
behavior has already been reported by Haque et al. [27].
These unusual results have been further explained on the
basis of turbidity measurements (Fig. 7).

A comparison of the SDBS plus HTAB and SDBS
plus TTAB plots shows that the SDBS plus TTAB
mixture is significantly turbid over most of the mole
fraction range, whereas slight turbidity was observed at
a few mole fractions in the case of the SDBS plus HTAB
mixtures (Fig. 7). Since the appearance of turbidity is a
consequence of the formation of insoluble dimers owing
to the strong electrostatic interactions, these electrostatic
interactions between the oppositely charged surfactant
ions are stronger in the case of SDBS plus TTAB rather
than in the case of SDBS plus HTAB. One would cer-
tainly expect stronger interactions in the former case on
the basis of the smaller ionic size of TTA+ than HTA+.
However, the positive deviation of the cmc of SDBS plus
TTAB from cmc* does not support this fact, which
means that dimer formation between DBS– and TTA+

ions takes place in the premicellar region (Fig. 3) with
the result that fewer monomers would be available for
the mixed-micelle formation process. Thus, the cmc is
reached later and becomes greater than cmc* (Fig. 6).
However, in the case of the SDBS plus HTAB mixture,
the stronger hydrophobic interactions in the mixed mi-
celles are very capable of solubilizing dimers formed in
the premicellar region, consequently leading to the ap-
pearance of low turbidity. One can also observe a similar
situation in the case of the SDS plus HPyCl mixture,
where considerable turbidity appears in the HPyCl-rich
region of the mixture, and the SDS region, i.e.,
aSDS�0.8–1.0, remains quite clear (Fig. 7b). Again, the
HPyCl-rich region shows a positive deviation of the cmc
from the cmc* value in this region (Fig. 6b). Hence, it
seems that there is a strong correlation between the
turbidity and the positive nonideality of strongly inter-
acting surfactants owing to which the mixed cmc in-
creases more than its intended value due to the
unavailability of surfactant monomers.

Since the mixing behavior of the oppositely charged
surfactant mixtures shows strong deviations from ideal
behavior, these results were further evaluated by using

Fig. 6a,b. Critical micelle concentration (cmc) versus aSDBS or
aSDS of various surfactant mixtures in pure water. Experimental
cmc (symbols); predicted cmc* (solid line)

Fig. 7a,b. Turbidity versus aSDBS or aSDS of various surfactant
mixtures in pure water
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the regular solution formulation [25], which relates the
mixed cmc to the individual cmc, i.e,. cmc1 and cmc2, by

c1 ¼ x1cmc1f1 ¼ a1cmc ð4Þ

and

c2 ¼ 1� x1ð Þcmc2f2 ¼ 1� a1ð Þcmc; ð5Þ

where f1 and f2 are the activity coefficients of surfac-
tant 1 (SDBS or SDS) and surfactant 2 (CS) respec-
tively. x1 can be computed from the following equation:

x21 ln cmca1=cmc1x1ð Þ
1� x1ð Þ2ln cmc 1� a1ð Þ=cmc2 1� x1ð Þ½ �

¼ 1: ð6Þ

Equation (6) can be solved iteratively to obtain the
value of x1. From x1, the interaction parameter, b, can
be computed by using the following equation:

b ¼
ln cmca1

cmc1x1

� �

1� x1ð Þ2
: ð7Þ

The b value demonstrates the extent of the interactions
between the two surfactants which lead to the deviations
from the ideal behavior. In the literature, large negative
b values have been reported for oppositely charged ionic
surfactant combinations [2, 4]. The b values evaluated
for the present binary mixtures are shown graphically in
Fig. 8a. It is interesting to observe that all the SDBS
plus TTAB mixtures, i.e., in pure water as well as in the
presence of aqueous NaBr, show a strong dependence of
b on aSDBS and have large positive b values especially in
the SDBS-rich region of the mixtures. It is to be noted
that significant cloudiness was observed particularly in
this region of the mixture (Fig. 7a). In contrast, the b
values for the SDBS plus HTAB and SDBS plus TTPB
mixtures show mainly constant variation and average b
values of –0.94 and –0.33, respectively. Large negative b
values showing a dependence on aSDS were obtained in
the case of the SDS plus TTPB and SDS plus HPyCl
mixtures (Fig. 8a). Furthermore, a variation in the mi-
cellar mole fraction (x1) (Fig. 8b) suggests that the x1
values in the case of the SDBS plus TTAB mixtures in
the TTAB- and SDBS-rich regions are lower and slightly
higher than the ideal behavior, respectively. This sug-
gests that mixed micelles are rich in SDBS in the TTAB-
rich region and vice versa. On the other hand, the x1
values for all the other mixtures indicate that the mixed
micelles of these mixtures are mainly occupied by the
monomers of CSs. Collectively, it can be said that in the
case of all the present binary mixtures wherever there
was no or slight cloudiness (Fig. 7), the mixed micelles
show synergistic interactions and they are rich in the CS
component which is always more hydrophobic than
either SDBS or SDS.

Viscometric behavior

In order to further explore the influence of the nature of
the head group on the mixed-micelle formation, we car-
ried out viscometric studies, which are quite sensitive to
the ongoing structural changes in the spherical micelles
under the effect of head-group variation. Apart from
this, the viscometric studies are also expected to throw
light on the presence of synergism in the present mix-
tures. We measured the relative viscosities, gr, of all the
binary mixtures at the same concentrations and mole
fractions as were used for the conductivity measure-
ments. The variation in the gr values for the SDBS plus
HTAB and SDBS plus TTAB mixtures in pure water as
well as in the presence of aqueous NaBr is shown in
Fig. 9a. It can be seen gr decreases as soon as there is an
increase in the amount of SDBS in pure HTAB or TTAB
micelles up to aSDBS�0.3, and thereafter it increases ex-
ponentially with a further increase in the amount of
SDBS. The initial decrease in gr can be attributed to the
formation of compact mixed micelles, which is obviously
due to some favorable interactions, and the mixture
remains clear up to aSDBS�0.3 (Fig. 7a, turbidity

Fig. 8. a b versus aSDBS or aSDS of various surfactant mixtures in
pure water. b x1 versus aSDBS or aSDS of various surfactant mixtures
in pure water
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measurements were also carried out at an equivalent
concentration to that of the conductivity measure-
ments.). Thereafter, insoluble dimer formation starts at
the concentration which is demonstrated by an instan-
taneous increase in gr (Fig. 9a) and by the appearance of
cloudiness in the solution (Fig. 7a). Furthermore, in the
SDBS-rich region of the mixture, especially within
aSDBS�0.8–1.0, where slight turbidity appears (Fig. 7b),
gr remains almost the same for both mixtures, confirming
the earlier conclusion that both mixed micelles are
mainly occupied by SDBS monomers (Fig. 8b). In the
presence of 0.001 and 0.005 M NaBr (Fig. 9a), gr of the
SDBS plus TTAB mixture is significantly difference from

that in pure water. First of all, as expected, gr of pure
SDBS and TTAB micelles in aqueous NaBr solution is
significantly less than that in pure water, indicating the
formation of even more compact micelles owing to ef-
fective neutralization of polar head group repulsions
caused by the adsorption of excess counterions at the
micelle–solution interface. Induction of SDBS in the
TTAB-rich region and vice versa produces a slight in-
crease in the gr value, most probably owing to the de-
crease in the compactness of the respective pure micelles
on the basis of packing geometry [28] reasons. The latter
might have arisen when unlike bulky polar head groups
wanted to adjust in the restricted spherical arrangement
of the mixed micelles. Thus, the presence of salt will in no
way increase the stability of the mixed micelles but in fact
it supports the antagonism already existing owing to the
steric or packing geometry constraints and with the result
that even the b value remains positive over the whole
mixing range (Fig. 8a).

An interesting comparison between the viscometric
behavior of the HPyCl plus SDS and HPyCl plus SDBS
mixtures is also demonstrated in Fig. 6. The former
mixture shows a significant increase in gr close to
equimolar proportions in comparison to the latter and
the same is so in the case of the turbidity (Fig. 7). Since
no cmc values were evaluated in the turbid regions of
both mixtures, the respective synergism was evaluated
from the data obtained mainly from the extremely rich
regions of both components of these mixtures. As ex-
pected, the HPyCl plus SDS mixture shows a significant
increase in the negative b value with an increase in the
amount of SDS in the SDS-rich region (Fig. 8a), while a
negative b value is also obtained in the case of the
HPyCl plus SDBS mixture. The latter is significantly
smaller and remains invariant with respect to aSDBS (the
average b value is –1.2). This suggests that the replace-
ment of SDS by SDBS induces large geometrical pack-
ing problems with the result that the extent of synergism
reduces significantly. A similar situation exists in the
case of the TTPB plus SDS and TTPB plus SDBS
mixtures (Fig. 9c).

Furthermore, if we compare the mixed-micelle for-
mation between SDBS plus TTAB and SDS plus HPyCl,
one thing is quite common in both cases – they show
medium to significant cloudiness over most of the mixing
range (Fig. 7a, b, respectively); however, close inspection
of the plots of both mixtures indicates that the TTAB-
rich region in the former case (aSDBS�0.0–0.2) and the
SDS-rich region in the latter case (aSDBS�0.8–1.0) are
almost free from cloudiness. This means that cloudiness
occurred in the SDBS- or HPyCl-rich regions of the
mixtures owing to the dimer formation; it vanishes upon
addition of the second component. Again one thing is
common between SDBS and HPyCl – the head groups of
both surfactants possess aromatic character and this is
not the case with either TTAB or SDS; therefore, the

Fig. 9a–c. gr versus aSDBS or aSDS of various surfactant mixtures in
pure water and in aqueous NaBr
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addition of a surfactant possessing a nonaromatic head
group in a micelle of a surfactant with an aromatic head
group induces the cloudiness which can also be observed
in the case of the SDS plus TTPB mixture (Fig. 7b). In
the latter case, TTPB is weak at solubilization of TTPB–
SDS dimers in comparison to SDS. Interestingly, when
both components possess aromaticity, as in the case of
the SDBS plus TTPB mixture, the cloudiness is observed
almost over most of the mole fraction range. This means
that the surfactant with an aromatic head group remains
weak to solubilize sparingly soluble dimers; hence, the
cloudiness persists in the rich region of surfactant with
an aromatic head group.

These results suggest the appearance of cloudiness is
mainly related to the packing geometry, especially in
those oppositely charged surfactants which possess
monomers with unlike bulky polar head groups as in the
case of the SDBS plus TTAB, SDBS plus TTPB, SDS
plus TTPB, and SDS plus HPyCl mixtures. Thus, the
packing geometry problems arise in the micelles, which
are made up solely of monomers of aromatic character
with bulky polar head groups upon addition of oppo-
sitely charged monomers with nonaromatic head groups.
This is due to the fact that the micelles of the former are
already loose micelles, and these are expected to be quite
sensitive to packing problems especially in the case of the
SDBS plus TTAB, SDS plus HPyCl, and SDS plus TTPB
mixtures. On the other hand, this is not the case with the
micelles of monomers with nonaromatic head groups,
which are comparatively more compact than the former
ones. Hence, they are relatively more stable and can ac-
commodate initially oppositely charged monomers with
aromatic head groups without any significant packing
problems in the head-group region, for example, in the
case of the CS-rich region of all the themixtures in Fig. 7a
and the SDS-rich region of the mixtures in Fig. 7b.
Therefore, the instability in the loose mixed micelles for
packing reasons in the head-group region leads to the
destruction of mixed micelles in the form of insoluble
salts, whereas this is prevented by the stable mixed mi-
celles in the latter case and hence no cloudiness appears.

Conclusions

The mixed-micelle formation between strongly interact-
ing surfactants with bulky head groups was studied. It
was found that head-group modification significantly
influences the nature of mixed-micelle formation. Al-
though there are only two methylene groups more in
HTAB than in TTAB, the binary mixtures of TTAB plus
SDBS show significant cloudiness over most of the mole
fraction range, whereas this is not so in the case of
HTAB plus SDBS, with the result that the experimental
mixed cmc of the former even exceeds the ideal cmc
(cmc*) evaluated from the Clint equation. This lead to
the evaluation of the positive b value, which even re-
mains more or less the same in the presence of aqueous
NaBr. A similar situation also exists especially in the
HPyCl-rich region of the SDS plus HPyCl mixture
where again significant cloudiness appeared. On the
other hand, predominantly strong negative b values were
obtained especially at those mole fractions in all the
cases where no turbidity was observed. These results
were explained on the basis of the fact that upon be-
coming cloudy, the concentration of the monomers de-
creases in the solution more than required, with the
result that the experimental mixed cmc increases and
even exceeds the cmc* value.

The viscometric studies have confirmed the previ-
ously mentioned behavior in every mixture. In all the
cases in pure water, stable mixed-micelle formation was
demonstrated by an initial decrease in gr, especially in
the respective rich regions of the components. An in-
stantaneous increase in gr was observed at those mole
fractions where medium to significant cloudiness ap-
peared. The presence of NaBr was found to increase the
incompatibility between the TTAB and SDBS mono-
mers.
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