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Abstract. The influence of some salts (NaCl, KCl, NH4CI and MgCl,) on the critical micelle concentration
(CMC) and fraction of counterion dissociation («) of sodium dodecylbenzene sulphonate (SDBS) have been
determined by conductometric and dynamic light scattering (DLS) methods at 298.15 K. The CMC determination
involves fitting of experimental conductivity-surfactant concentration data into the integral form of Boltzmann-
type sigmoidal equation. The procedure provides much better results compared to the conventional and
differential methods for surfactant such as SDBS that exhibits a gradual transition from pre-micellar to the
post-micellar region. The decrease in CMC of SDBS was found to be the highest in the presence of MgCl, and
least in the case of NaCl among the studied salts. The fraction of counter ion dissociation decreases sharply at
lower concentrations of the salts (except NaCl) which have been discussed in terms of effective ionic charge on
the micelles. Using CMC and « value, the aggregation number of the micelle, micellar surface area and packing
parameter has been calculated and were seen to agree well with the corresponding literature values obtained by
using fluorescence and surface tension measurements. The effect of salts on the change in micellar size and the
surface charge has also been evaluated with the help of DLS experiments and transmission electron microscopy

(TEM) images.
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1. Introduction

It is well-established that critical micelle concentra-
tion (CMC) is the most significant parameter and is
usually determined by the point of intersection of
the two straight lines in conductivity-concentration
plots. '™ In such situations, the conductance is taken as
directly proportionate to the concentration of the surfac-
tant by ignoring the inter-ionic interactions. However,
such procedures present difficulties for plots exhibit-
ing weak curvatures, for instance, ionic surfactants
in non-aqueous solvent systems.>® Therefore, in the
present work, a more accurate method, proposed by
Carpena et al.,” has been used to analyze conductivity-
concentration data. It is based on fitting conductivity
as a function of surfactant concentration to the integral
form of Boltzmann equation as described in the Experi-
mental section. The best fit provides the values of CMC
and fraction of counter ion dissociation. This approach
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offers accurate results with less errors than the conven-
tional, differential conductivity method for systems that
exhibit a gradual transition from the pre-micellar to the
post-micellar region.

The investigations on the micelle formation in the
presence of salts are of special interest to the scientific
world®!* as these salts form the basis of many chemical
processes. The salts normally assist micelle formation
and influence the energetics of the process. Further, in
case of ionic surfactants, the effect of added salts on
micellar behaviour is dependent on the counter ions. '3

Although many studies have been devoted to the
effect of commonly used salts on such behaviour, such
reports on sodium dodecylbenzene sulphonate (SDBS)
are rare.'”2° Moreover, the relative effect of different
salts on micellar properties of SDBS is missing in these
studies. In addition, many researchers have reported
the fraction of counter ion dissociation («) of the ionic
micelles but there is no unified theory on the variation
in @ with salt concentration. These conflicting trends
encouraged us to investigate the factors responsible for
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the behavior of SDBS solutions in the presence of dif-
ferent types of salts. The main objective of the study is a
precise measurement of CMC and « value with the help
of iterative method. These values have further been uti-
lized to calculate aggregation number and surface area
per head group of the micelles. Results thus obtained
were found to be in good agreement with the literature
reports.?

2. Experimental
2.1 Chemicals

The anionic surfactant SDBS (99%) was obtained from Sigma
Aldrich (USA) and used as such without further purification.
All the salts NaCl (99.9%), NH4Cl (99.0%), MgCl, (98.0%)
and KCl (99.0%) were received from SD-Fine, Mumbai and
recrystallized twice before use.

2.2 Instruments and Methods

2.2a Conductivity:  The conductivity was measured
using microprocessor-based conductivity meter (Systronics-
306, India). The solutions were kept at constant temperature
(298.15 K) by circulating water through the glass jacket sur-
rounding the conductivity cell. Double distilled or deionized
water was used for the preparation of all the solutions. The
CMC was determined by fitting the specific conductivity, K,
and [surfactant], x, to the following equation. 17

l_i_e(xfxo)/Ax
rema D

Here, the specific conductance of the solution is k) when
x = 0; the pre- and post-micellar slopes are represented by
A1 and A,, respectively, and the width of transition about
central point, xg, representing CMC is given as Ax. The data
has been fitted by initially guessing the A1, A, xg, and Ax in
Eq. 1 to obtain an approximate value of specific conductivity,
approxe ., corresponding to each surfactant concentration. Chi-
square, %2, has been defined as,

X2 — Z:l:l(Ki _ approxKx)2 (2)

Here, n is the number of data points, the experimental and
approximate conductivity at a given total surfactant con-
centration are denoted by «; and “PP"*;, respectively. The
best estimate of the model parameters (A1, Az, x9, and Ax)
is given by the minimum value of x?2. Ionic micelles bind
sufficient amount of counter ions in order to stabilize the self-
aggregated surfactant system or the micelles by neutralizing
the charge on the micelle. It lowers the intermicellar repulsion
potential which results in a sharp decrease in k at the onset
of micellization leading to the break in the k versus [surfac-
tant] plot. The degree of counter ion dissociation (o) for ionic
micelles is evaluated from the ratio of the postmicellar and
premicellar slopes (@ = Aj/Aj), following the procedure
proposed by Evans.?!

K(x) = kK0) + Alx+ Ax (Ay — A in
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2.2b  Dynamic Light Scattering (DLS): The hydrody-
namic diameter (Dy) and zeta potential (¢) were obtained from
DLS measurements performed at 298.15 K on Zeta-Sizer
Nano-ZS light scattering apparatus (Malvern Instruments,
UK) equipped with He-Ne laser in backscattering mode at
a scattering angle of 173°. The samples were filtered using a
membrane filter with a pore size of 450 nm in order to elimi-
nate contamination.

2.2¢  Transmission Electron Microscopy (TEM): TEM
imaging was carried out using a JEM-2100 electron micro-
scope at a working voltage of 200 kV. A drop of a freshly
prepared micellar solution of SDBS was placed on a carbon-
coated copper grid (300 mesh) and the residual solution was
blotted out. The sample was then dried in air for 24 h. Both
DLS and TEM measurements were made on samples prepared
with micellar solution at a concentration twice the observed
CMC of the mixed system.

3. Results and Discussion
3.1 Critical Micelle Concentration (CMC)

The CMC value of SDBS was obtained from the k versus
[SDBS] plots (Figure 1) as explained above and were
seen to agree well with the literature.?>?* In order to
obtain the effect of various salts on micellar properties,
the CMC values in presence of these salts have also been
determined and are presented in Table 1. The error in
CMC measurement thus occurred was calculated to be
+5x 1072 mmol dm~>. For each salt, the dependence of
CMC on [salt] was fitted using the following relation: >

_ (a+Dbx)

YT U+ ©)

Here, y is CMC and x is [salt] in mol dm™. In the case
of NaCl, the experimental data has been fitted to the
equation where,
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Figure 1. Specific conductance versus concentration plot

(Fitted line) for SDBS at 298.15 K.
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Table 1. Micellization parameters of SDBS in presence of salts at 298.15 K.
Salt  [Salt}/mM CMC/mM a A, /Scm~2mol~!
NaCl 0.00  2.7340.04 (2.58)* (2.90)® 0.52+0.06 138.45+0.79
0.50 2.14 +£0.04 0.55+£0.04 143.68 £0.82
1.00 1.78 £0.02 0.58 £0.07 152.14 £0.67
2.00 1.62 £0.04 0.60 £0.03 154.37£0.32
3.00 1.53 £0.03 0.63 £0.04 163.49 £0.88
4.00 1.47 £0.05 0.61 £0.06 158.47 £0.96
5.00 1.42 £0.01 0.56 £0.05 150.32£1.02
7.50 1.37 +£0.02 0.49+£0.04 147.61 £1.04
10.00 1.34 £0.03 0.38 £0.04 14494 £0.76
NH4Cl 0.50 1.91 £0.04 0.44+£0.02 129.64 £0.58
1.00 1.60 +0.03 0.37£0.04 120.33 £0.62
2.00 1.47 £0.02 0.39+£0.03 117.46 £0.47
3.00 1.40 £0.05 0.47+£0.05 131.25+£0.88
4.00 1.31 £0.01 0.53+£0.03 146.62 £0.64
5.00 1.25 £0.03 0.55+£0.04 151.44£0.96
7.50 1.20 £ 0.04 0.46 £0.04 138.57£0.97
10.00 1.16 = 0.02 0.41£0.06 129.61 £1.02
MgCl, 0.50 1.54 £0.03 0.59+£0.05 162.14+£0.76
1.00 1.31 £0.02 0.41£0.07 155.47 £0.58
2.00 1.22 +£0.01 0.36 £0.03 146.38 £0.37
3.00 1.10£0.01 0.33£0.04 139.74 £0.48
4.00 1.01 £0.02 0.29+£0.04 133.21 £0.95
5.00 0.96 £0.02 0.30£0.06 122.25+0.84
7.50 0.93 £0.02 0.48 £0.02 147.96 £0.67
10.00 0.90 £0.03 0.57£0.07 164.54 £0.98
KCl 0.50 1.77 £ 0.04 0.51+£0.05 157.49£0.63
1.00 1.41 £0.02 0.34£0.03 144.62 £0.54
2.00 1.31 £0.03 0.27+£0.04 132.47 £0.87
3.00 1.25+0.02 0.47+0.02 138.96 £1.06
4.00 1.16 £0.02 0.55+£0.05 14278 £1.02
5.00 1.12 £ 0.01 0.59£0.04 155.04 £0.99
7.50 1.10 £ 0.02 0.61 £0.05 149.63 £0.86
10.00 1.08 £0.03 0.63 £0.04 164.28 £0.85

a Ref [22]; P Ref [23].

a = 0.0079 £+ 0.0003, b = 0.0543 4+ 0.0079 and
c =76.04 £4.23 (R* = 0.996)

For all the other salts, values of coefficients are:

NH,Cl:a = 0.0075 £ 0.0005, b = 0.0474 +
0.0143, ¢ =95.27 £7.63 (R* = 0.995)
KCl:a = 0.0084 + 0.0003, b = -0.2692 +
0.0634, c = 84.68 & 6.89 (R* = 0.991)
MgCl,:a = 0.0076 £+ 0.0002, b = 1.7321 &+

0.3194, ¢ = 2184 443 (R* = 0.989)

In the presence of salts with different cations, the CMC
of SDBS decreases as the salt is added in aqueous SDBS
solution which is due to the compression of the elec-
tric double layer at the interface due to electrostatic
interactions. This facilitates the adsorption of surfac-
tant molecules at the interface and thus reduces the
CMC.?'-2* Among the various salts, the CMC of SDBS

follows the sequence: MgCl, < KCI < NH,CI <

NaCl as shown in Figure 2. It can be explained by
considering the ratio of valence (Z) and van der Waals
radius (R), Z/R. The cations having larger Z/R value
are more hydrated and water structure makers. '® These
ions tend to decrease the CMC values more as they pos-
sess a strong ability to salt out the hydrophobic groups of
the surfactant from the aqueous phase. Since Z/R value
is maximum (9.62) for divalent Mg2+ ions and lowest
(4.35) for Na™ among monovalent ions,'* the decrease
in CMC s highest in the presence of MgCl, and the least
for NaCl.

3.2 Influence of different salts on o

The decrease or increase in « value (Table 1) for dif-
ferent salts varies with the type and composition of the
salts. In case of Na*t ions, o value initially increases
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Figure 2. Effect of salts on the CMC of SDBS. Drawn lines
are guide to the eye.

with [salt] and then starts to decrease after reaching a
maximum (Figure 3). The initial increase in o at low
concentrations is either due to the micellar growth or
increase in the screening of the charge.? This increase
in the micellar size would result in a decrease in the
charge density causing the release of the counter ions.
At higher concentrations (7.5 and 10 mM) of Na™ ion,
the o values decrease due to binding of a large number
of counter ions to the micellar surface, resulting in a
decrease in o value?® in aqueous solutions possessing
high ionic strength. In case of NH] ions, the o value
decreases initially; after reaching a minimum, the value
starts to increase and then decreases at higher [salt] sim-
ilar to that for Na™ ion. However, for Mg** and K™ ions,
the effective ionic charge is the highest among the stud-
ied cations. Therefore, the decrease in « value is sharp
at low salt concentrations. Hence, the CMC of SDBS
decreases drastically in the presence of Mg*™ and K™ in
comparison to NH; and Na™ ions.

The o values decrease at lower concentrations of the
studied salts (except NaCl) which can be attributed to
the strong interactions of SDBS micelles with Mg”*, K*
and NH} in comparison to Na* ion. Among the stud-
ied cations, the net ionic charge is more in the case of
Mg”" ions even though the hydration of these ions is
the highest. Thus, the decrease in « value among the
cations follow the sequence: Mg®* > K* > NH}. In
case of NaCl, the o value increases at lower concentra-
tions because Na* ions are more screened as compared
to K™ and NHJ ions as the hydration of Na*ions is more
than that K* and NH; ions. Further, the CMC values of
SDBS decrease drastically in the presence of Mg*" and
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Figure 3. Effectof salts on o values for SDBS. Lines drawn
are guide to the eye.

K* in comparison to that of Na* and NH] ions (Fig-
ure 2) as the effective ionic charge on Mg*" and K*
ions are the highest among the studies of electrolytes.

3.3 Influence of various salts on derived parameters

The aggregation number (N) for SDBS has been calcu-
lated as,?’

N = K([Counterion™],,)" 4)

Where, [C ounteri 0n+]aq represents the composition of
counter ions (in moles) supplied by both added salts
and SDBS. K and y are constants that depend upon the
length of the alkyl chain®® and their values for SDBS are
158 and 0.16, respectively. The term [C ounteri 0n+]uq
is given by the following relationship: %’

[Coum‘erion*]aq =a[SDBS]+ (1 —a)CMC
+ [salt] 5)

The values of N thus obtained are presented in
Table 2 and agree well with those obtained using
fluorescence measurements.” Since the electrostatic
repulsions between the head groups decrease in the pres-
ence of salt'!, therefore, the N values increase with [salt]
and this increase is more in the presence of Na™ ions.
The radius of the micelle, r, has been obtained from, >’

3 1/3
r= [E (27.4 +26.9n,) N] (0)

Here, the number of carbon atoms per hydrocarbon
chain of the surfactant is exhibited by .. Since the val-
ues of r are directly proportional to N, hence, these
values also increase with [salt]. From the knowledge of
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Table2. Aggregation number (N), surface area per head group (A,), pack-
ing parameter (P,), volume per surfactant molecule (Vp), hydrodynamic
diameter (Dy,) and zeta potential (¢) for SDBS at 298.15 K.

Salt [Salty/mM N Ao/A? Py Vp/A’ Dpmm  ¢/mV
NaCl 0.00  57(61)¢ 78(74° 031 55723 29 —82.1
0.50 65 71 033 45862 32 —64.4
1.00 69 65 035 42358 33 682
2.00 72 61 036 41125 43 =551
3.00 73 59 038 372,66 6.6 —50.4
4.00 76 54 040 352.84 87 —456
5.00 79 52 041 33891 129 —479
7.50 71 49 037 29655 183 —43.8
10.00 59 44 036 244.68 278 —432
NH4CI 0.50 59 75 032 47657 32  —63.1
1.00 61 71 032 463.09 3.5 —685
2.00 64 68 033 45216 47 512
3.00 68 65 035 43927 6.7 —48.8
4.00 71 62 034 41685 11.0 —452
5.00 73 60 035 391.62 17.5 —46.5
7.50 68 56 036 365.08 26.1 —42.1
10.00 61 52 038 33126 349 —41.6
MgCl, 0.50 58 75 033 52368 3.8 —553
1.00 59 70 034 50424 42 472
2.00 62 68 034 473.82 47 —414
3.00 64 66 035 46251 59 387
4.00 65 65 034 43766 8.6 —332
5.00 63 62 037 39287 199 —32.1
7.50 58 58 035 37462 254 317
10.00 62 55 037 33584 456 —282
KCl 0.50 59 74 034 48952 35 584
1.00 62 72 033 47106 3.9 —47.6
2.00 64 71 035 44538 49 —489
3.00 63 65 036 41127 6.8 —432
4.00 68 60 034 381.66 102 —40.3
5.00 71 56 035 34857 18.6 —382
7.50 77 52 035 32654 287 —36.6
10.00 84 47 037 28635 394 351
¢ Ref [23].

r, the micellar surface area per head group (A,) may be
found using,

(7

v is the volume corresponding to the hydrophobic chain
of the micelle?' and is given by v = 27.4426.91n,A% A,
value in aqueous solution of SDBS is understandably
higher (Table 2) than the value of minimum area (A;,)
reported in the literature.”® These values decrease with
increase in [salt] due to close packing of the adsorbed
molecules as a consequence of better screening of the
head groups in presence of salts.!'' The packing param-
eter, P,,, has been calculated as,

®)

[ = 1.5+ 1.265n, and represents the hydrophobic chain
length. For spherical micelles,P,, = 0.33; cylindrical
micelles P,, = 0.50 and for disks and bilayers, P, =
1. Generally, P, is calculated by taking A, value as
an approximation to A, value. But, we have estimated
the accurate values of P, using A,. From Table 2, it
can be seen that P,, value increases slightly with [salt]
indicating formation of larger micelles. The volume of
each molecule of surfactant in the shell of the micelle
(Vp) has been obtained as,?®

y, = 37 5)3 — 3 9
P—3—N[(r+)—")] 9)

The calculated value of Vp (Table 2) decreases with
the increase in [salt] and the decrease is more in the
case of NaCl. The limiting ionic equivalent conductance
for SDBS micelles (A,) has also been evaluated using
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Figure 4. TEM image of SDBS micelles in (Left) aqueous solution; (Right) 10 mM NaCl solution.

Stokes-Einstein equation.?

o Nae, F

o

6rnr (10)
Here, 1 is the viscosity of water; F is the Faraday con-
stant and e, is the charge. In the presence of the studied
salts, the value of A~ for SDBS micelles changes differ-
ently with [salt] as the charge (Na) depends upon the
kind and [salt] added. Hence, A decreases and increases
in the same range of [salt] as a.

3.4 Hydrodynamic diameter and Zeta potential

DLS experiments were performed to measure the hydro-
dynamic diameter (Dy,) of SDBS micelles in aqueous
solutions of different salts. Dy, for SDBS micelles (with-
out salt) is 2.9 nm which is lower than 3.4 nm obtained
previously for SDS micelles?®* although both the surfac-
tants have the same dodecyl chain in their monomers. It
can be understood based on the fact that SDBS monomer
has one extra benzene ring. As a consequence, the head
groups cannot come close beyond a certain limit due to
the repulsive interactions of the m-electron cloud of the
benzene ring present at the micellar surface. Therefore,
the hydrocarbon chain of SDBS acquires folded confir-
mation and hence Dy, of SDBS is expected to be less
than that of SDS.

The increase in D, of SDBS micelles with [salt] is due
to anincrease in electrostatic repulsion between the head
groups as shown clearly in the TEM image (Figure 4).
However, the increase in Dy, is not much at lower [salt]
but beyond 5 mM, the size of SDBS aggregate increases
suddenly, which is an indication of the shape change as
confirmed by P, values. The magnitude of zeta potential
(¢) provides a measure of the stability of the colloidal
system. The negative values of ¢ is due to the charge

on SDBS micelles. The magnitude of ¢ decreases with
increasing [salt] as a result of a decrease in thickness of
the electric double layer (Gouy-Chapman layer). Both
D, and ¢ values supplement the observations from con-
ductivity measurements.

4. Conclusions

A precise and iterative method has been used to study
the influence of some salts on the CMC and fraction of
counter ion dissociation of SDBS in aqueous solutions.
All the studied salts decrease the CMC of SDBS accord-
ing to the sequence: MgCl, < KClI < NH,Cl <
NaCl which has been attributed to the difference in
their charge to radius ratio. The aggregation number
increases whereas surface area per head group decreases
with [salt]. DLS studies exhibit an increase in D, upon
addition of salts which is further confirmed by TEM
images. The ¢ values were negative whose magnitude
decreases in the presence of salts due to the decrease
in the thickness of the electric double layer. The limit-
ing equivalent conductance of SDBS micelles is more
in the presence of Na* and K* in comparison to NH;
and Mg”" ions.
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