
ORIGINAL CONTRIBUTION

A critical and comprehensive assessment of interfacial
and bulk properties of aqueous binary mixtures of anionic
surfactants, sodium dodecylsulfate, and sodium
dodecylbenzenesulfonate

Gargi Basu Ray & Indranil Chakraborty &

Soumen Ghosh & Satya P. Moulik

Received: 26 June 2006 /Accepted: 16 August 2006 / Published online: 16 November 2006
# Springer-Verlag 2006

Abstract The micellization of mixed binary surfactant
systems of sodium dodecylsulfate (SDS) and sodium
dodecylbenzenesulfonate (SDBS) has been studied by
conductometry, tensiometry, fluorimetry, and microcalori-
metry at different mole fractional compositions. The
counter-ion binding of micelles, micellar aggregation
number, thermodynamics of micellization, interaction of
components in the mixed micelles, and their compositions
therein and amphiphile packing in micelles have been
examined. The adsorption features of the surfactants at the
air/solution interface have also been estimated. Correlation
of the results and explanations of the findings have been
presented. The difference in the head groups of SDS and
SDBS has manifested interesting solution and interfacial
behaviors.
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Introduction

Solution properties of mixed surfactant systems are more
interesting than pure surfactants, both from physicochem-
ical and application points of view. By virtue of differences
in the tail and head groups of the surfactants, mixed

surfactants may show composition-dependent micellization,
mutual interaction, counter-ion binding, solvation, micellar
shape, etc. These manifestations are also influenced by the
type of solvent, temperature, and pressure. Because of the
availability of different kinds of surfactants and varied
properties of micelles, there remains ample scope for
investigations in this field, which is supported by literature
reports [1–10].

The bulk studies done on mixed surfactant systems have
been mostly on ionic–nonionic and anionic–cationic
mixtures in which binary mixtures have been investigated
in plenty, and ternary mixtures have been examined only in
limited cases [11–16]. The dependence of thermodynamics
of the micellization process on system composition and
type, and the synergistic or antagonistic interaction among
the components in the light of different theories have been
assessed quantitatively [17–20]. The mutual interactions
among the surfactants in solution and in micelles therein
essentially arise from the difference in type and length in
the amphiphile chains and the electrostatic and steric
interactions among their head groups. The issue is complex,
and experimental results on various mixed combinations are
wanted for verification of theories and assessment of the
nature of interaction that might prevail.

Literature search has revealed that physicochemical
investigations on anionic–anionic [20–22] binary surfactant
mixtures are indeed much less compared to other kinds of
combinations. This aspect of surface chemical studies
involving different types of surfactant systems, therefore,
remains fairly open for exploration. In recent studies, we
have explored such processes using cationic surfactants of
similar head groups but variable chain lengths viz.
alkyltriphenylphosphonium bromides [2, 4], and alkyltri-
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methylammonium bromides [23]. Such studies with vari-
able head groups and identical chain lengths are under way
[15]. Herein, we have considered two representative anionic
surfactants, sodium dodecylsulfate (SDS) and sodium
dodecylbenzenesulfonate (SDBS) and their different molar
combinations for the study. The type of their nonpolar tails
and their head group regions are different to lend fair
possibility of mutual interactions both at the air/solution
interface and in the bulk. The study of their mixed systems
comprised (1) mixed micelle formation, (2) counter-ion
binding of micelles, (3) state of micellar aggregation, (4)
mutual interaction between the components in the micelles,
(5) amphiphile packing in the micelles, (6) thermodynam-
ics of micellization, and (7) adsorption at the air/solution
interface. The methodologies adopted were tensiometry,
conductometry, microcalorimetry, and fluorimetry. The
results have been analyzed in the light of physicochemical
concepts and proposed theories. These are described and
discussed in what follows.

Experimental section

Materials

The sodium dodecylsulfate and sodium dodecylbenzenesul-
fonate were both AR grade products from Merck (USA)
and Fluka (Switzerland), respectively. Both of them
produced no minima in the surface tension vs concentration
plots indicating good purity of the compounds. Pyrene
(Aldrich), the fluorescence probe, was a gift sample from
the Polymer Science Laboratory, IACS, Kolkata (India),
and the fluorescence quencher cetylpyridinium chloride
(CPC) was a 99% pure product obtained from Sigma
(USA). Pyrene was purified by vacuum sublimation
followed by recrystallization from ethanol and then solubi-
lized in 25% (by volume) ethanol–water mixture for use.
All solutions were prepared and diluted by doubly distilled
conductivity water (specific conductance 2–4 μS cm−1).
All measurements were taken in a temperature-controlled
thermostated water bath at 303±0.1 K, if not stated
otherwise.

Methods

Tensiometry

A calibrated Krüss (Germany) tensiometer was used to
measure the surface tension (γ) at the air/solution interface
of the surfactant solutions by the du Noüy ring detachment
method. The concentration of surfactant solution was
increased by progressively adding a concentrated solution
of it into water with a Hamilton microsyringe. The surface

tensions were measured allowing ∼20 min time for
equilibration after each addition. The experiments were
duplicated to check their reproducibility. The mean values
of the measurements were considered for the data analysis.

Conductometry

A Jenway conductance bridge (UK) combined with a cell
of unit cell constant was used to measure specific
conductance of surfactant solutions. The concentration of
the surfactant solution was increased progressively follow-
ing the same protocol as in tensiometry. Measurements
were taken after thorough mixing and allowing time for
temperature equilibration.

Microcalorimetry

An Omega ITC microcalorimeter of Microcal, North-
ampton, MA (USA) was used for thermometric measure-
ments. Concentrated degassed surfactant solution (∼20
times their critical micellar concentration, CMC) was taken
in the microsyringe and added in steps, injecting 5 μl at
each step after equal time intervals (210 s) to 1.325 ml
degassed water taken in the calorimeter cell under constant
stirring (300 rpm) condition. The calorimeter was set to the
study temperature of 303 K, which fluctuated within the
limit of ±0.01 K. The heat released at each step of dilution
of the surfactant solution was recorded against 1.65 ml
water taken in the reference cell, and the enthalpy per mole
of injectant was calculated using the isothermal titration
calorimetry (ITC) software. Each run was duplicated to
check reproducibility. Further details of the experimental
protocol can be found in our earlier reports [24, 25].

Fluorimetry

Fluorescence measurements using pyrene as the fluores-
cence probe were taken in a FluoroMax-3, JOBIN YVON,
Horiba (Japan), using a 10-mm path length quartz cuvette.
The samples were excited at 331.5 nm and emission was
recorded in the 340 to 450 nm range. The slit widths for
both excitation and emission were fixed at 0.4 nm.
Surfactant solutions were taken ten times their CMCs, and
pyrene concentration in solution was kept at 2 μM (below
its solubility limit of 3 μM). At this concentration,
dimerization of the probe molecules were absent and their
distribution in the medium was considered to be of Poisson
type as per the experimental conditions suggested by Turro
[26] and others [27, 28]. No other components in the
system other than pyrene absorbed at the wavelength of
excitation so that the inner filter effect was absent. To
determine the aggregation number, the quencher (CPC) was
added progressively with a Hamilton microsyringe (con-
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centration varied between 0.01 and 0.3 mM) into the
surfactant solution of constant concentration containing
pyrene, and the fluorescence spectra were recorded. The
scan time was fixed at 0.8 s for scanning each wavelength.

Results and discussion

Critical micellar concentration

The ways of determining the CMCs of pure SDS, SDBS,
and their mixtures by different methods (tensiometry,
conductometry, and microcalorimetry) are graphically
presented in Figs. 1, 2 and 3, and the results are shown in
Table 1. In the conductometric procedure, the method of
triple differentiation of the specific conductance with respect
to concentration (d3 k

�
d c3 ¼ 0 at CMC) as proposed by

Phillips [29] was used. Each method has provided unambig-
uous CMC values. Clear breaks (CMC points) were
observed in tensiometric plots; ups and downs with crossing
through zero (i.e., the CMC point) were observed in the third
derivative plots for conductance. The calorimetric illustra-
tions (enthalpograms) were sigmoidal in nature. The CMC
was determined from the derivative plots [25]. In Fig. 3a
(representing equimolar mixture of SDS and SDBS), the
enthalpogram and its first derivative plot are exemplified,
wherein the perpendicular (PP/) dropped on the [surfactant]
axis passes through the CMC point. The data in Table 1
evidence higher values of CMC by calorimetry and
conductometry; the tensiometric results were lower. The
CMC is a method-dependent quantity and so are the other
micellar parameters. The conductometry-, tensiometry-, and

calorimetry-derived values have been considered for presen-
tation since the methods are well-accepted, and besides
CMC, conductometry can provide information on counter-
ion binding, tensiometry on interfacial properties, and
calorimetry on energetics of the micellization process. It
may be mentioned that the Wilhelmy method produces CMC
values lower than other methods. This has been recently
observed and discussed by us [30] with reference to the
surfactant MEGA 10 (decanoylmethylglucamine) by com-
paring the results by light scattering and calorimetry with
tensiometry. Higher CMC values by calorimetry were also
obtained for alkyltrimethylammonium bromides [23] and
alkyltriphenylphosphonium bromides [2].

The conductometric results were processed to determine
the extents of counter-ion binding of the micelles (pure and
mixed). The minimum head group areas of SDS, SDBS,
and their combinations at CMC were obtained from
tensiometry, and the thermodynamics of the micellization
process was understood from calorimetry. The results will
be discussed in subsequent sections.

Micellar aggregation number (n)

The monomer aggregation extent in a micelle is an
important parameter for the amphiphile self-aggregation
process. But unambiguous results are seldom obtained
using different methods and concepts. In most of the past
works, static light scattering (SLS) method was used for
determining n [31–36]. The estimated micellar molar mass
was divided by the monomer molar mass to get n. Because
of counter-ion binding of micelles and micellar solvation,
the n values found from SLS in principle should be more

Fig. 1 Surface tension (γ) vs
log [surfactant] for pure SDS
and SDBS at 303 K. Inset shows
surface tension (γ) vs log
[surfactant] for 1:1 mixture of
SDS and SDBS at 303 K
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than the actual one. The incongruence of results reported in
the literature on n of a surfactant can be cited taking the
most well-studied representative, SDS, discussed in details
by Shanks et al. [37] In a recent publication [30],
considerable overestimation of n of MEGA 10 by the SLS
method due to hydration was shown, comparing the n
values obtained from simulation of thermometric results.
Other than SLS, the fluorescence quenching method has
been fairly used to get n of micelles wherein counter-ion
association and solvation hardly affect the emission
characteristics of the probe and, hence, the magnitude of
n. Both dynamic and static quenching methods are used, of
which the former gives more accurate results than the latter
although for the sake of simplicity and easier equipment
availability, the latter method is most frequently used. But
as per reports, the results obtained from fluorimetry also
show variances. In this study, we have used static
quenching method using pyrene as the probe and cetylpyr-
idinium chloride (CPC) as the quencher. The equation
proposed [27, 28] on the basis of Poisson statistics of
distribution of the probe and quencher molecules among
micelles in the tertiary system given below was considered.

ln
I0
I

� �
¼ n Q½ �

S½ ��CMC
ð1Þ

where I0 and I are the fluorescence intensities without and
with quencher, respectively; [Q] and [S] are the concen-
trations of quencher and surfactant, respectively; n and
CMC are already defined.

At a constant [S] (ten times CMC) and temperature (T),
[Q] was varied and n was obtained from the slope of the
least squares plot of ln I0=Ið Þagainst [Q] (Fig. 4), an

illustration of fluorescence spectra is shown in the inset.
The results are presented in Table 2. It may be mentioned
that the interaction between the cationic quencher and the
anionic components in the micelle was considered not to
affect the quenching efficacy of CPC. Available reports on
n of SDS fall in the range of 40–100, and the value was
found to depend on the concentration of the surfactant used
in the experiment. This has been discussed in details by
Shanks [37]. In a recent report [38], the n value of 51 has
been obtained for SDBS micelle by the method of
fluorimetry. A simulation procedure [39, 40] using the
ITC-determined enthalpy values has been tried to estimate
the n for the pure and mixed micelles of SDS and SDBS.
Like our earlier attempts [23, 24] much reduced n values
were obtained. For lack of a proper explanation of such
findings, we refrain from discussing the results. Some
recent literature reports of n for both SDS and SDBS
micelles are also recorded in Table 2. The observed n
values of SDBS micelles obtained by Das Burman et al.
[38] by the steady-state fluorescence quenching method and
those values that we have obtained were smaller than that
of SDS micelles. Apart from the chain length difference,
the head group types of the two amphiphiles were also
different. The n values were affected by these two factors.
The nonionic surfactant Triton X 100 [p-tert-butyl phenox-
ypolyoxyethylene(9.5)ether] with lower chain length and
head group size than Tween 20 [polyoxyethylene (20)
sorbitan monolaurate] produces micelles with higher n
(130) [41] than Tween 20 (n=80) [41]. The polarity index
(I1/I3) values given in column 3 in Table 2 indicate fair
nonpolarity of the studied micelles. The interior of SDS
micelle is a bit less nonpolar than the interior of SDBS

Fig. 2 Specific conductance (κ)
vs [surfactant] profiles at 303 K
for pure SDS and its mixtures
with SDBS. XSDS=0.0, 0.3, 0.5,
and 0.7. Inset shows XSDS=1.0.
The plot is according to
Phillips proposition
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Table 1 CMC of pure SDS, SDBS and their molar mixtures obtained from different methods along with β values at 303 K

XSDS CMCa/mM β

Ten Cond Cal Cond Cal

0.0 2.00, 3.00 [24], 2.10 [38] 1.99, 3.00 [24] 1.80, 2.90 [24] 0.210, 0.220 [38] 0.225
0.1 2.13 2.22 2.20 0.219 0.227
0.3 2.22 2.60 2.68 0.221 0.259
0.5 3.57 3.60 3.32 0.248 0.281
0.7 4.02 5.07 5.10 0.277 0.357
0.9 5.89 7.20 7.61 0.400 0.448
1.0 8.44, 8.00 [66] 7.90, 7.75 [67] 8.29, 7.78 [67] 0.505, 0.790 [65], 0.710 [31] 0.504

a Average errors in CMC values were ±2.5%.

Fig. 3 Differential enthalpy of
dilution vs [surfactant] profiles
at 303 K. a Curve 1, enthalpo-
gram for XSDS=0.5; curve 2,
derivative plot of curve 1 to get
CMC from the minimum (see
text). b Curve I, enthalpogram
for pure SDS. AB and CD
denote the pre- and post-
micellar slopes, respectively.
Inset shows curves II and III.
Enthalpograms for XSDS=0 and
0.5. EF and QR denote
pre-micellar slopes; GH and ST
denote post-micellar slopes,
respectively
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micelles. The mixed micelles produced composition-depen-
dent intermediate nonpolarities. The highly nonpolar
pyrene molecule tends to reside in the interior of micelles.
The measured nonpolarity depends on its distance from the
head group region. Thus, for a small micelle, the non-
polarity index is expected to be higher than a large micelle.
Such was the experimental observation. For identical head
groups, the nonpolarity indexed by pyrene in alkyltrime-
thylammonium bromide micelles decreased with decreasing
chain length [42]. SDBS being larger than SDS, the I1/I3 of
its micelle was thus lower than the micelle of SDS.

Counter-ion binding of micelles

By virtue of appreciable surface charge density, ionic
micelles bind a fair fraction of their counter-ions. The
SDS, SDBS and SDS-SDBS combinations, therefore, bind
Na+ ions on their micelles, which can be estimated from the

ratio of the post- and the pre-CMC slopes of specific
conductance vs concentration plots using the relation,

β ¼ 1� S2=S1ð Þ ð2Þ
where β is the fraction of counter ions bound to a micelle,
and S1 and S2 are the pre- and post-CMC slopes in the
specific conductance vs concentration plot, respectively.
For m number of counter-ions bound to n number of
monomers in a micelle, β=m/n.

Equation 2 is frequently used [43–47] for its simplicity
and good evaluation potential. The results fairly agree with
that by the EMF method [48–51]. The conductance
increases with increasing concentration of a surfactant and
undergoes a change (decrease) in course at CMC because
of binding of a part of the free counter-ions at the micelle/
solution interface. The bound ions become incapable of
acting as charge carriers. The percent of counter-ions lost is
considered equivalent to the percent of ions bound to the
micelles. The phenomenon is manifested as a decrease in
the slope of the post-CMC line to the same extent as that of
the percent ions lost. This is a simple method and is
considered to help evaluation of fairly accurate β. Of
course, the other electrochemical method, using ion-
selective membrane electrodes to monitor the activity of
the counter-ions is a quantitative method of determining β
[48–51]. We have herein considered the slope ratio method
for the data analysis. A comparative study of this method
with the ionometric method is worthwhile to assess its
merits and demerits. In a recent study, Moriyama et al. [52]
have measured electrical conductivity and counter-ion
activity of ionic surfactants, dihydroperflouroalkyltrimethyl-
ammonium chlorides to estimate the aggregation numbers n

Fig. 4 ln I0=I vs [Q] plots for
XSDS=0.0, 0.5 and 1.0 at 303 K.
Inset shows Pyrene fluorescence
spectra of the mixture at
XSDS=0.7 ([SDS]=40 mM)
with varying [Q] from 2×10−5

to 1.6×10−4 M

Table 2 Aggregation number (n) and micellar polarity index (I1/I3)
a

values for SDS, SDBS, and their studied molar mixtures at 303 K

XSDS n I1/I3
Flua

0.0 62, 61 [24], 51 [38] 1.07
0.1 61 1.08
0.3 65 1.09
0.5 68 1.10
0.7 73 1.12
0.9 76 1.13
1.0 78, 80 [31],75 [65] 1.14

aError limit ±2%
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and the counter-ion binding per micelle m in terms of
theoretical analysis. Along with the activity of Cl−,
equations for the pre- and post-CMC slopes of the
conductance vs concentration plots were used in the
evaluation procedure of β or m/n. We have used the pre-
and post-micellar slopes of Moriyama et al. [52] to get m/n
by the slope ratio method and have found them to fairly
agree with the author’s calculation. This has strengthened
the use of the slope ratio method for the evaluation of β.

The β values obtained for the SDS and SDBS systems by
the use of Eq. 2 are shown in Table 1, wherein results on
the parent components obtained from other sources are also
presented. The experimental β values from conductance
measurements obtained in this study on SDBS were low
(only 21% counter-ions were bound to the micelles) as
against 51% in the case of SDS (∼50–80% counter ion
binding can be found in literature [37, 53–55]). In
agreement with our observation, Das Burman et al. [38]
have also reported ∼22% counter-ion binding for SDBS
micelles by the slope ratio method. Low values of β for
ionic surfactants are not commonly found. The micelles of
AOT (sodium bis-2-ethylhexylsulfosuccinate) have been
reported to bind ∼10% Na+ ions [56]. The primary micelles
of decyltriphenylphosphonium bromide and its 1:1 mixtures
with dodecyl-, tetradecyl- and hexadecyl- analogues have
also evidenced fairly low (∼25%) counter-ion binding.

In a recent study, Dai and Tam [57] have reported a
procedure for calculating β from the ITC enthalpograms in
aqueous medium. Like conductometry, the post- and pre-
micellar slopes of the enthalpograms were used to calculate
β of SDS at different temperatures and that of dodecyl-
trimethylammonium bromide, which agreed with literature

reports. In Fig. 3b, curves I, II, and III (curves II and III in
inset) denote the ITC enthalpograms for SDS, SDS–SDBS
(1:1 mole ratio), and SDBS, respectively. In them, the lines
corresponding to the pre- and post-micellar slopes are
indicated by AB, CD; EF, GH; and QR, ST respectively.
The computed β values by this method are shown in
Table 1. They are low but to a certain extent higher than the
β obtained by conductometry. A supportive evidence in
favor of low β values for pure and mixed micelles of SDBS
with SDS was obtained. In Fig. 5, the dependence of β (by
both the methods) on stoichiometric XSDS is illustrated. The
points fitted to two-degree polynomial equations; the
correlation for βcal was better than that for βcond. The mutual
correspondence between βcal and βcond, presented in the inset
of Fig. 5, has evidenced a good correlative fitting to a two-
degree polynomial equation,

βcond ¼ 0:379� 1:500βcal þ 3:458β2
cal

Correlation co�efficient ¼ 0:9950ð Þ
ð3Þ

Interfacial behavior of SDS and SDBS in pure
and mixed states

From tensiometric measurements, the Gibbs surface excess
at the CMC point (Γmax) was estimated from the relation,

Γmax ¼ � 1
2:303iRT

Lt
c!cmc

dg
d logC

mol m�2 ð4Þ

where γ is the surface tension, C is the surfactant
concentration in the solution, i is the number of species

Fig. 5 Plot of β vs XSDS for the
micelles of SDS, SDBS, and
their mixtures at 303 K. Open
square calorimetry, full circle
conductometry. Inset shows the
correlation between βcond and
βcal for the systems depicted
in the main illustration. The
fitted polynomial equation:
(correlation coefficient: 0.9950)
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formed in the solution by way of dissociation of a
surfactant molecule, T is the absolute temperature and R is
the gas constant. In the studied mixed SDS–SDBS system
(each of uni-univalent type electrolyte with common
counter-ion), the value of i was 2 for the pure systems
and 3 for the binary mixtures.

From the slopes of the linear plots between γ and logC,
the surface excess values were calculated at the CMC
points and are presented in Table 3. The minimum area per
head group (Amin) of the surfactants at CMC at the interface
was obtained from the relation,

Amin ¼ 1018

NAΓmax
nm2 molecule�1 ð5Þ

The standard Gibbs energy of adsorption ΔG0
ad

� �
at the

interface was obtained from the relation,

ΔG0
ad ¼ ΔG0

m � πCMC=Γmaxð Þ ð6Þ
where ΔG0

m is the standard Gibbs energy change for the
micellization process (to be discussed later), and πCMC is
the surface pressure (surface tension of water minus surface
tension of solution) at the CMC point. The standard state
was considered as the hypothetical state of ideal solution of
unit mole fraction.

The results for Amin and ΔG0
ad are also presented in

Table 3. The experimentally determined Amin values
obtained from tensiometry were higher for the mixtures.
The higher values of Amin than their individual Amin values
were due to antagonistic behavior between DS− and DBS−

anions at the interface. This effect might also be prevalent
in the mixed micelles to be discussed in a subsequent
section. Γmax (SDS) was found to be greater than Γmax

(SDBS); greater mutual repulsion between the ions of the
second kind than the first was envisaged at the interface.
The combinations have produced Γmax values lower than
Γmax (SDBS) with a decreasing trend up to XSDS=0.5 after
it increased. The Amin values were complementary to Γmax.
The ΔG0

ad (SDBS) was more spontaneous than ΔG0
ad (SDS);

the former has shown preference for the interface than the

latter. With increasing XSDS, the free energy of adsorption
became continuously less spontaneous up to XSDS=0.5, and
then the spontaneity increased. For the binary combinations
compared to ΔG0

m, the magnitudes of ΔG0
ad were greater; the

transfer of surfactant monomers at the interface was
thermodynamically more favorable than their transfer from
the bulk in to the micel les . On the average ,
ΔG0

ad

�
ΔG0

m � 2:5, which was indicative of the difference
in the degree of spontaneity between the two processes.

Thermodynamics of mixed micelle formation

The thermodynamic parameters for the micellization of
SDS, SDBS, and their binary combinations were estimated
using both mass action and pseudo phase models [55]. The
following relations (Eqs. 10 and 14) were used. Thus,

ΔG0
m MMð Þ ¼ 1þ βð ÞRT lnXCMC

þ RT=nð Þ ln 2n2 1þ βð Þ� � ð7Þ
where ΔG0

m MMð Þ is the standard Gibbs energy change of
micellization process by the mass action model; the other
terms are already defined.

ΔG0
m PMð Þ ¼ 1þ bð ÞRT lnXCMC ð8Þ

where ΔG0
m PMð Þ is the standard Gibbs energy change of

micellization process by the pseudo phase model.
The calorimetrically determined enthalpy change [ΔHm

(CAL)] was considered as the standard enthalpy change of
micellization [24, 25]. The procedure for the evaluation of
enthalpy is presented with reference to Fig 3b, curve I. The
straight line drawn through the transition region in the
thermogram met the pre- and post-CMC dilution enthalpy
courses at points p and q, respectively. The vertical distance
between p and r (as shown in the diagram) was considered
as the enthalpy for the micellization process. As per the
previous statement,

ΔHm CALð Þ ¼ ΔH0
m CALð Þ ð9Þ

The following equations were used to evaluate the
entropy change of the process:

ΔS0m MMð Þ ¼ ΔH0
m CALð Þ � ΔG0

m MMð Þ� �
T

ð10Þ

where ΔS0m PMð Þ is the mass action model-based standard
entropy change for micellization. Again,

ΔS0m PMð Þ ¼ ΔH0
m CALð Þ � ΔG0

m PMð Þ� �
T

ð11Þ

where ΔS0m PMð Þ represents the pseudo phase model-based
standard entropy change for micellization.

The thermodynamic parameters are shown in Table 4. To
be consistent with the calculations, calorimetric CMC and

Table 3 Interfacial parameters of SDS, SDBS, and their studied
molar mixtures at 303 K

XSDS Γmax×106 (mol m−2) Amin (nm
2 mol−1) ΔG0

ad (kJ mol−1)

0.0 1.616 1.03(0.906) −57.1
0.1 1.179 1.41(0.921) −66.6
0.3 1.167 1.42(0.864) −68.1
0.5 1.110 1.50(0.826) −68.6
0.7 1.325 1.25(0.769) −62.1
0.9 1.493 1.11(0.739) −59.1
1.0 2.463 0.67(0.720) −48.3

Error limits: ±5% on Γmax, ±6% on Amin, ±3% on ΔG0
ad
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βcal were used in the equations. Both MM and PM models
were used in the evaluation. In the MM, n values obtained
from fluorimetry were used. The MM results were a little
less spontaneous than PM. Similar was our earlier
observations on SDBS [24] and alkyltrimethylammonium
bromides and their binary mixtures [23]. The maximum
difference between ΔG0

m estimated with βcal and that with
βcond was within ±5% in both MM and PM models. The
enthalpy values were small and negative, and the entropy
values were all fairly positive. The variable enthalpy for the
mixed systems with constant entropy suggested unaffected
structural organization of the overall system during the
process of micellization. The antagonistic interactions
between the two surfactants made the micellization process
less spontaneous and less exothermic.

The interdependence of ΔG0
m and ΔH0

m on XSDS and that
of ΔH0

m on ΔG0
m has been presented in Fig. 6. The

dependence of ΔG0
m was dome-shaped and broad with a

maxima at XSDS=0.5. The ΔH0
m was also broadened,

roughly maximized at the same mole fraction. In thermo-
dynamic sense, the micellization process was least sponta-
neous and least exothermic at equimolar proportion of the
components. The ΔH0

m � ΔG0
m correlation (inset) was

narrow and maximized at XSDS=0.5. It revealed the
composition-dependent enthalpy-free energy compensation
for the SDS–SDBS binary system under the condition of
constant entropy, a rarely observed process.

Fig. 6 Mutual dependence of
ΔG0

m and ΔH0
m on XSDS at

303 K. Inset shows dependence
of ΔH0

m on ΔG0
m at 303 K

Table 4 Thermodynamic parameters of SDS, SDBS, and their studied molar mixtures at 303 K

XSDS XCMC

(microcal)

ΔG0
m (PM)a

(kJ mol−1)
ΔG0

m (MM)a

(kJ mol−1)
ΔH0

m
(kJ mol−1)

ΔS0m (PM)
(J K−1mol−1)

ΔS0m (MM)
(J K−1 mol−1)

0.0 1.80 −31.9(−31.4) −31.5(−31.0) −3.06 95.2(93.5) 93.9(92.2)
0.1 2.20 −31.3(−31.3) −31.0(−30.9) −1.98 96.8(96.8) 95.8(93.1)
0.3 2.68 −31.5(−30.9) −31.2(−30.5) −1.53 98.9(96.9) 97.9(95.6)
0.5 3.32 −31.4(−30.5) −31.0(−30.2) −1.36 99.1(96.2) 97.8(95.2)
0.7 5.10 −31.8(−30.2) −31.4(−29.9) −1.46 100(95.0) 98.8(93.9)
0.9 7.61 −32.4(−32.1) −32.1(−31.8) −1.50 102(101) 101(100)
1.0 8.29 −33.4(−33.4) −33.1(−33.1) −2.54 102(102) 101(101)

Error limits: ΔG0
m ¼ �8%, ΔH0

m ¼ �5%, ΔS0m ¼ �8%
PM Pseudo phase model, MM mass action model
aThe values in parentheses are derived using β from conductance, while other values were derived using calorimetric β.

Colloid Polym Sci (2007) 285:457–469 465



Mutual interaction of SDS and SDBS in mixed micelles

The ideal behavior of mixed surfactants producing mixed
micelles can be rationalized by the equation of Clint [58].
Thus,

1
CMCmix

¼
X
i

Xi

CMCi
ð12Þ

where Xi and CMCi are the mole fraction of the ith species
and its CMC, respectively, and CMCmix is the CMC in the
mixed state.

For the studied two-component system, SDS and SDBS,
the Clint equation takes the form,

1
CMCmix

¼ XSDS

CMCSDS
þ 1� XSDS

CMCSDBS
ð13Þ

A nonideal mixture (components interacting) would
show deviation from the equation, and CMCmix would be
either lower or higher than Clint’s prediction for synergistic
or antagonistic interactions. In Fig. 7, the correlation of the
CMCs with Clint equation is illustrated. In the plot, the
CMC values by calorimetry, tensiometry, and conducto-
metry are presented in curves I, II, and III, respectively. It is
seen that while calorimetry and conductometry have
diagonized antagonism, tensiometry has evidenced close-
ness with Clint’s formalism with minor deviations. None of
the calorimetric CMCs fitted to the ideal course, non-
ideality ran throughout. The Amin values have evidenced
antagonism between DS− and DBS− at the interface. We
have processed the calorimetric results for quantification of
the antagonism effect.

In this direction, different theories have been proposed
[15–17] of which Rubingh’s approach [15] is well-
recognized and used for its relatively simple premise. We
have analyzed our results in the light of Rubingh’s
equation. Thus,

X R
SDS

� �2
ln CMCmixXSDS

CMCSDSX R
SDS

	 


1�X R
SDS

� �2
ln CMCmix 1�XSDSð Þ

CMCSDBS 1�X R
SDSð Þ

� � ¼ 1 ð14Þ

The equation was iteratively solved for X R
SDS, which was

used in the following relation to get the interaction
parameter g.

g ¼
ln CMCmixXSDS

CMCSDSX R
SDS

	 


1�X R
SDS

� �2 ð15Þ

The calculated g and X R
SDS values are given in Table 5.

Positive g values indicated antagonistic interaction. The
activity coefficients of both SDS and SDBS ions in the
mixed micelles were obtained from the following equations,

f RSDS ¼ exp g 1� X R
SDS

� �2h i
ð16aÞ

f RSDBS ¼ exp g X R
SDS

� �2h i
ð16bÞ

Fig. 7 Dependence of CMC on
stoichiometric XSDS for the
SDS–SDBS system at 303 K. I
Calorimtery, II Tensiometry (in-
set), III Conductometry (inset).
The curves are by Clint; points
are experimental
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The positive g values showed an increasing trend with
XSDS in the mixture. The mole fractions of SDS in the
mixed micelles X R

SDS

� �
were much lower than the stoichio-

metric mole fraction (XSDS). Thus, SDBS constituted the
major portion of the mixed micellar species. The f RSDS and
f RSDBS values obtained at different XSDS were fairly different;
the former was ∼2.3–2.8 times greater than the latter except
at XSDS=0.9. The sparsely populated component (SDS) was
thermodynamically more active in the mixed micelle. Such
higher component activity was observed in the past by our
group and others [8, 20, 57, 68].

Like Rubingh, the Lange–Shinoda formalism [59] also
evidenced non-ideality in the mixed surfactant system
comprising SDS and SDBS. Similar was the case with
C12PyBr–C12QBr analyzed by Maeda [60]. On the basis of
Gibbs–Duhem relation and the proposal of Hall with
consideration of counter-ion binding, Maeda has advanced
a general thermodynamic analysis of charged binary mixed
micelles of nonionic–ionic and like-charged ionic–ionic
types. We have tested our results on SDS–SDBS mixed
system also in the light of Maeda’s analysis. The micellar
mole fraction of the higher CMC-yielding component SDS
XM
SDS

� �
in relation to CMCmix, the Corrin–Harkins [61]

constant K (which is β in the present notation), and the
stoichiometric mole fraction of SDS (XSDS) can be
expressed as:

XM
SDS ¼ XSDS � XSDS 1� XSDSð Þ 1þ βð Þ dln CMCmix

dXSDS

� �

ð17Þ

The activity coefficients of the components ( f MSDS and
f MSDBS) and the resultant excess free energy (Gex) can be
calculated from the following relations:

f MSDS ¼ CMCmix

CMCSDS

� �
XSDS

XM
SDS

� �
ð18Þ

f MSDBS ¼ CMCmix

CMCSDBS

� �
1�XSDS

1�XM
SDS

� �
ð19Þ

Gex ¼ XM
SDS ln f MSDS þ 1� XM

SDS

� �
ln f MSDBS ð20Þ

The nonelectric activity coefficients and the excess free
energy can be obtained from the relations shown below:

f M;non
SDBS ¼ CMCmix

CMCSDBS

� � 1þbð Þ 1�XSDS

1�XM
SDS

� �
ð21Þ

f M;non
SDS ¼ CMCmix

CMCSDS

� � 1þbð Þ XSDS

XM
SDS

� �
ð22Þ

Gex;non ¼ XM
SDS ln f M;non

SDS þ 1� XM
SDS

� �
ln f M;non

SDBS ð23Þ
In the above equations, f terms are activity coefficients,

and the Gex terms are excess free energies. They were
computed for all the compositions of the binary mixtures of
SDS and SDBS.

The βSDS (0.505) and βSDBS (0.210) are widely different.
In such a case for mixed systems, the use of average value
of β is recommended [59]. Since the individual β values for
the binary combinations are available to us, we have used
them in the calculation. The results are given in Table 6. Up
to XSDS=0.5, the XM

SDS, f
M
SDS f M;�non

SDS

	 

were all negative,

and Gex and (Gex,non) values were all very small, but
positive (except that at XSDS=0.5). With greater proportion of
SDS in the mixture than 0.5, all the parameters were positive
and of appreciable magnitude. Repulsive or antagonistic
interaction between the components was envisaged in the

Table 5 The interaction parameter (g), micellar mole fraction X R
SDS

and activity coefficients f RSDS and f RSDBS in SDS/SDBS mixed micelles
at 303 K according to Rubingh’s model

XSDS (mixture) g (R) X R
SDS f RSDS f RSDBS

0.1 0.858 0.011 2.31 1.00
0.3 0.882 0.037 2.27 1.00
0.5 1.080 0.080 2.49 1.01
0.7 1.460 0.150 2.87 1.03
0.9 2.006 0.580 1.42 1.96

Table 6 The micellar mole fraction of SDS XM
SDS

� �
and the thermodynamic parameters for the mixed SDS/SDBS micelles at 303 K according to

Maeda’s formalism

XSDS (mixture) CMC/mM XM
SDS f MSDS f M;non

SDS

� �
f MSDBS f M;non

SDBS

� �
Gex(Gex,non)

0.1 2.2 −0.020 −1.35(−1.09) 1.08(1.11) 0.077(0.110)
0.3 2.7 −0.040 −2.46(−1.95) 1.01(1.10) 0.009(0.096)
0.5 3.3 0.026 7.65(6.17) 0.941(1.08) −0.006(0.125)
0.7 5.1 0.238 1.81(1.59) 1.12(1.47) 0.224(0.406)
0.9 7.6 0.671 1.23(1.20) 1.28(2.02) 0.221(0.352)

The values in parentheses in columns 5, 6, and 7 correspond to nonelectric representative.
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micelles as also found from Rubingh’s treatment (Table 5).
Chemical structural difference between the head groups of
SDS and SDBS or the mismatch might have caused mutual
antagonism. Nonideal behavior throughout the whole range
of compositions has been reported by Maeda for the binary
C12PyBr–C12QBr system. There, the excess free energies
were positive. The Rubingh’s formalism has been found to
be applicable for the whole composition range of the mixed
SDS and SDBS, whereas Maeda’s approach was clearly
valid only for XSDS>0.5. This might have arisen because of
the observed CMCSDS/CMCSDBS ratio=4.6, which was
greater than 4.0, the maximum CMC ratio of the mixed
components required for the Regular Solution Theory to
hold [17]. More experiments on different systems and data
analysis are required to establish the generality of the
Maeda’s proposition.

Amphiphile packing in micelle

The packing of SDS and SDBS in pure and mixed micelles
was examined in the light of Israelachvili’s model [62], in
which a packing parameter (P) has been defined by the
relation,

P ¼ v=Al ð24Þ
where A is the head-group cross-sectional area of the
surfactant monomer, l is the critical length per surfactant in
the micelle (given in Eq. 9), and v is the volume of the
hydrocarbon chain of the monomer. The l and v of the
hydrophobic chain of a surfactant monomer were calculated
using Tanford’s expression [63],

l ¼ 0:154þ 0:1265Cnð Þ nm ð25Þ

v ¼ 0:0274þ 0:0269 Cnð Þ nm3 ð26Þ
In case of mixed micelles, v was calculated by the

relation,

v ¼
X
i

X R
i vi ð27Þ

In Eq. 27, the subscript i refers to the ith species. The X R
i

values obtained from Rubingh’s equation (Eq. 19 and given
in Table 5) were used in the calculation. In the case of a
mixture, l was considered to be that of the component with
higher tail length (SDBS in the present case) since lSDBS>
lSDS. In the calculation of lSDBS, Cn was taken to be 15.5
considering the contributions of three and a half carbon
atoms for the benzene ring [64].

In the calculation of P, choice of A is important. In
earlier work, [15] the head group cross-sectional area at
CMC, i.e., Amin was used, which refers to a property of the
surfactant monolayer at the air/water interface. The actual

value of A at the micellar surface is expected to be different.
Here, in the calculation of P, we have used both Amin and A
from the geometrical relation (A=4πl2/n). In the calculation
of A (values in parenthesis in column 3, Table 3), n
determined by fluorimetry was used. The values of v and P
are reported in Table 7. The shape and type of amphiphile
aggregates can be predicted [62] from the magnitude of P.
For spherical bodies, P<0.333; for nonspherical shape,
0.333<P<0.50; for vesicles and bilayers, 0.50<P<1, and
for inverted structures, P>1. The P values herein obtained
by the use of Amin and A, although differed in the values,
were all less than 0.333 and suggested spherical micellar
shape in all the cases. Since pure micelles of both SDS and
SDBS appeared to be spherical, their mixtures also resulted
in spherical species. In the light of packing parameter,
nonspherical micelles of Brij-56 and spherical micelles of
both CPC and CTAB were reported [15]. Their mixed
compositions with fair shares of Brij-56 produced non-
spherical assemblies whereas with lower fraction of Brij-56,
the mixed micelles were almost spherical [14]. Such
predictions of micellar shapes from the packing parameter
(P) require experimental support by small-angle neutron
scattering and/or dynamic light scattering measurements
[65]. Such facilities are not presently available to us.

Conclusions

The following conclusions can be drawn from the results.

1. The CMC of mixed SDS–SDBS obtained from
conductometry and calorimetry fairly agreed with each
other; the tensiometric values were lower.

2. The aggregation number of SDBS was approximately
20% lower than that of SDS because of differences
between the hydrophobic tails and the polar heads.

Table 7 The v values and packing parameters for the pure and mixed
micellesa of SDS and SDBS at 303 K

αSDS v (nm3) Pb

0.0 0.444 0.204 (0.232)
0.1 0.443 0.149 (0.228)
0.3 0.440 0.147 (0.242)
0.5 0.436 0.137 (0.248)
0.7 0.430 0.163 (0.265)
0.9 0.389 0.166 (0.250)
1.0 0.350 0.247 (0.230) 0.360c

a l=2.1075 nm, since lSDBS> lSDS; lSDBS is used throughout the
calculations.
b Values not enclosed in parentheses were calculated using Amin

in Eq. 24; values in parenthese were obtained using A=4πl2 /n
(see text).
c Obtained fromDLS and SANSmeasurements on pure SDSmicelles [65]
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Their mixtures produced intermediate values depending
on micellar compositions.

3. The counter-ion binding (β) for the SDBS micelle was
much lower than that of SDS; the β for the mixed
micelles were consequently low.

4. The thermodynamic treatment has shown large and more
or less constant entropy of micellization and variable
free energy and enthalpy. An overall comparable
environmental condition prevailed during the micelliza-
tion of the mixed species in solution.

5. SDS and SDBS were found to interact antagonistically
in the mixed micelles and yielded f RSDS > 1 like other
reported antagonistically interacted binary surfactant
combinations.

6. The packing parameter of the amphiphiles in the
micelles (both pure and mixed) advocated spherical
geometry of the assemblies.
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