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Counterions in the growth of ionic micelles in aqueous electrolyte solutions: A small-angle
neutron scattering study
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Ionic micelles in aqueous solution usually grow in size on addition of the electrolytes. This paper deals with
the understanding of the reasons for different growths of micelles for different electrolytes. In this connection,
small-angle neutron scattering~SANS! experiments on aqueous micellar solutions of ionic surfactants cetylt-
rimethylammonium chloride~CTAC! and sodium dodecyl sulphate~SDS! in presence of various alkali-metal
halide electrolytes are reported. The measurements have been carried out from 0.1 M CTAC for varying
concentrations of KBr(50.0,0.03,0.05,0.07, and 0.1 M! and KCl(50.0,0.05,0.1,0.3,0.5,0.7, and 1.0 M!. It is
found that micelles grow on addition of KBr, but their size is constant over a wide range of KCl concentration.
When compared with similar data on CTAB micellar solutions, these data suggest that the differences in the
micellar growths in the above systems are not connected with the common ion effect. To examine the effect of
size and hydration behavior of ions of the electrolytes on the micellar growth, SANS measurements from SDS
micellar solutions have been carried out in presence of alkali halide electrolytes (AX,A5Na,K,Cs andX
5Cl,Br,I) for the fixed concentrations of surfactant~5 0.3 M! and the electrolyte~5 0.1 M!. It is found that
micellar growth strongly depends on the counterions and there is negligible effect of the coions. The growth is
more when the counterion hydration is smaller.

PACS number~s!: 61.12.Ex, 61.25.Hq, 82.70.Dd
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I. INTRODUCTION

Micelles are formed by the self-aggregation of the surf
tant molecules in aqueous solution. Micelles are ionic a
nonionic depending on whether the head groups of the
factant molecules ionize or not. The micelles formed at
low concentrations are spherical and their structure chan
with the concentration, temperature, and in presence of
additives, such as electrolytes, alcohols, and amines@1–5#.
For example, cationic micelles grow in size and become
lindrical on addition of electrolytes, such as KBr, NaSal
the micellar solutions@6–18#. In general, micellar growth is
quite sensitive to the nature of the electrolyte. The reas
for different growth rates for different electrolytes are, ho
ever, not fully understood. For example, it is not clear w
the micellar growth should be different when similar elect
lytes ~say, KCl or KBr! are added to cetyltrimethylammo
nium bromide~CTAB! solution. It has been seen that whi
the micelle size is constant over a wide range of KCl co
centration, there is significant micellar growth on addition
small quantities of KBr@19#. This difference in the micellar
growth rates for the above two electrolytes could be eit
because of the common ion effect or because of the dif
ences in the counterion size of Cl2 and Br2 ions. This paper
reports the results of the following small-angle neutron sc
tering ~SANS! measurements.

~i! To see the role of common ion effect, SANS measu
ments have been carried out on micellar solutions of catio
surfactant cetyltrimethylammonium chloride~CTAC! with
varying concentrations of KBr and KCl. The viscosity me
surements have also been carried out from CTAC/KCl a
CTAC/KBr micellar solutions. The preliminary results o
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these studies have been reported earlier@12#. The common
ion effect would suggest that micelles should grow in CTA
KCl and not in CTAC/KBr. This is especially so as it ha
been already seen that micelles grow in CTAB/KBr and n
in CTAB/KCl solutions@19#.

~ii ! To understand the effect of the varying sizes of t
counterion and the coion on the structure of ionic micell
SANS measurements have been carried out on aqueous
cellar solutions of anionic surfactant sodium dodecyl sulf
~SDS! in presence of various alkali-metal halide electrolyt
AX (A5Na,K,Cs andX5Cl,Br,I).

II. EXPERIMENT

CTAC was purchased from Aldrich, SDS, and the alka
metal halide electrolytes were purchased from Sigma. T
D2O ~99.4 atom % D! was obtained from Heavy Water Di
vision, BARC. These chemicals were used as supplied.
micellar solutions were prepared by dissolving know
amounts of surfactants and electrolytes in D2O. The use of
D2O instead of H2O for preparing micellar solutions pro
vides a better contrast in SANS experiments. Small-an
neutron scattering measurements were carried out u
SANS spectrometer at CIRUS reactor, Trombay@20#. The
spectrometer makes use of BeO filtered beam and has a
lution DQ/Q of 15% atQ50.05 Å21. The angular distri-
bution of the scattered neutrons was recorded using one
mensional position sensitive detector. The accessible w
vector transferQ (54p sinu/L, whereL is the wavelength
of the incident neutrons and 2u is the scattering angle! range
of the instrument is between 0.02 to 0.32 Å21. The mean
neutron wavelength wasL55.2 Å. Experiments were carrie
out on 0.1 M CTAC for varying concentrations o
2947 ©2000 The American Physical Society
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KBr ( 50.0,0.03,0.05,0.07, and 0.1 M! and KCl
(50.0,0.05,0.1,0.3,0.5,0.7, and 1.0 M!. The samples during
the SANS experiments were held in quartz cell of thickn
0.5 cm. Viscosity measurements were made using Brookfi
cone/plate viscometer. The viscosity experiments were
ried out on 0.1 M CTAC as a function of the concentration
KCl and KBr in the concentration range of 0–2 M. Th
temperature of the samples were maintained at 3061 °C
both for SANS and viscosity measurements.

In the case of SDS micellar solutions, the measureme
were made on the fixed concentrations of the surfac
~50.3 M! and the electrolyte~50.1 M!. The temperature o
samples were maintained at 3561 °C. The samples thick
ness was once again 0.5 cm.

The measured SANS distributions were corrected for
background, empty cell scattering and the sample trans
sion. The resulting corrected intensities were normalized
absolute cross section units@20#. The absolute calibration ha
an estimated uncertainty of 10%. SANS data are shown
Figs. 1–3, 5, and 6. The data are plotted in the limitedQ
range of 0.02–0.15 Å21 for Figs. 1–3 and 0.02–0.2 Å21 for
Figs. 5 and 6. This is because the signal to background r
is poor for the higherQ values.

FIG. 1. SANS distributions from 0.1 M CTAC solution with
varying concentration of KBr. The distributions for KBr concentr
tions C50.05 and 0.1 M are shifted vertically by 2 and 4 uni
respectively.

FIG. 2. SANS distributions from 0.1 M CTAC solution with
varying concentration of KCl. The distributions for KCl concentr
tions C50.05 and 0.1 M are shifted vertically by 2 and 4 uni
respectively.
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III. SANS ANALYSIS

The coherent differential scattering cross sect
(dS/dV) for a system of monodisperse interacting micel
can be expressed as@21,22#

dS

dV
5n~rm2rs!

2V2@^F2~Q!&1^F~Q!&2@S~Q!21##1B,

~1!

wheren denotes the number density of the micelles,rm and
rs are, respectively, the scattering length densities of
micelle and the solvent, andV is the volume of the micelle.
The aggregation numberN of the micelle is related to the
micellar volumeV by the relationV5Nv, wherev is the
volume of the surfactant monomer. The volume of surfact
monomers of CTAC and SDS with the head groups as de
mined using Tanford’s formula are 560 and 410 Å3, respec-
tively. The volume of the corresponding head grou
N1(CH3)3 and OSO3

2 are 102 and 60 Å3, respectively. The
scattering length densities of CTAC and SDS micelles h
been estimated to be20.3831010 cm22 and 0.30
31010 cm22, respectively. The scattering length density
D2O is 6.3831010 cm22.

F(Q) is the single particle form factor andS(Q) is the
interparticle structure factor.B is a constant term that repre
sents the incoherent scattering background, which is ma
due to hydrogen in the sample. The single particle form f
tor has been calculated by treating the micelle as pro
ellipsoidal. For such an ellipsoidal micelle

^F2~Q!&5E
0

1

@F~Q,m!#2dm, ~2!

^F~Q!&25F E
0

1

F~Q,m!dmG2

, ~3!

F~Q,m!5
3~sinx2x cosx!

x3
, ~4!

x5Q@a2m21b2~12m2!#1/2. ~5!

FIG. 3. SANS distributions from 0.1 M CTAC solution with
varying high concentration of KCl. The distributions for KCl con
centrationsC50.5, 0.7, and 1 M are shifted vertically by 2, 4, and
6 units, respectively.
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wherea andb are, respectively, the semimajor and semim
nor axis of the ellipsoidal micelle.m is the cosine of the
angle between the directions ofa and the wave vector trans
fer Q.

S(Q) specifies the correlation between the centers of
ferent micelles and it is the Fourier transform of the rad
distribution functiong(r ) for the mass centers of the micell
In the analysis of the data,S(Q) has been calculated usin
mean spherical approximation~MSA! as developed by Hay
ter and Penfold@21,23#. This theory is applicable if there i
no angular correlation between the particles. This assu
tion is quite reasonable for charged micelles especially w
the surfactant concentration is low and the ratio of the axe
not much greater than unity. It may be mentioned that sa
factory data analysis procedures for ellipsoidal particles h
not been developed. Though the approximation of trea
ellipsoid as a sphere has been often used in the literature
consequences on size parameters are not fully understoo
this approximation micelle is assumed to be a rigid equi
lent sphere of diameters52(ab2)1/3 interacting through a
screened Coulomb potential, which is given by

u~r !5u0

s

r
exp@2k~r 2s!#, r .s, ~6!

where k is the Debye-Huckel inverse screening leng
~which depends on the CMC, fractional charge on the
celle, and the concentration of the added electrolyte! andu0
is the contact potential. The fractional chargea (5z/N,
wherez is the micellar charge! is an additional parameter i
the calculation ofS(Q).

The above approach to calculateS(Q) ~Hayter and Pen-
fold type analysis! assumes a screened Coulomb repuls
between the micelles, but neglects the attractive van
Waals interaction. This is a reasonable approximation
ionic micellar solutions since the van der Waals interaction
much weaker than the Coulomb interaction. However,
situation is different when the large amount of an electrol
is added to the micellar solution. The increase in the io
strength of the solution screens out the Coulomb for
thereby making it comparable to the van der Waals inter
tion. Thus the total interaction potential can be expresse

u~r !5uc~r !1uvW~r !. ~7!

The second termuvW(r ) is the van der Waals interactio
and for spherical particles it is given by@22#

uvW~r !52
A

12F s2

r 22s2
1

s2

r 2
12 ln

r 22s2

r 2 G ~8!

whereA is the Hamaker constant. While analytical expre
sions are available for the calculation ofS(Q) in the MSA
for the screened Coulomb potential, it has been calcula
numerically under the Rogers and Young~RY! approxima-
tion @24# when both the types of interactions are present.

Although micelles are known to form polydisperse sy
tems, we have assumed them as monodisperse for the
plicity of the calculation and to limit the number of unknow
parameters in the analysis. The analysis of the data invo
calculatingdS/dV and comparing it with an experimenta
-

f-
l

p-
n
is
s-
e
g
its
. In
-

i-

n
er
r
s
e
e
c
s

c-
as

-

d

-
im-

es

data. The unknown parameters are determined by the no
ear least squares fitting. We have analyzed the data assu
micelles to be monodisperse ellipsoids with dimensionsa
3b 3b. The fits givea.b, which suggests that micelles ar
prolate ellipsoidal. The similar method of data analysis h
been used earlier also@6–10,17,19,21,22,25–27#. The di-
mensions of the micelle, aggregation number, and the f
tional charge have been determined from the analysis.
Hamaker constant has also been determined. The aggr
tion number (N), semiminor axis (b5c), and the fractional
charge (a) are the parameters in analyzing the SANS data
terms of Eq.~1!. The semimajor axis is calculated by th
relationa53V/4pb2.

IV. RESULTS AND DISCUSSION

A. Comparison of micellar growth in CTAC ÕKBr
and CTACÕKCl

The SANS distribution from a pure 0.1 M CTAC micella
solution~Fig. 1! shows a well defined correlation peak at t
wave vector transferQ;0.06 Å21, and is in good agree
ment with the literature@25–27#. This correlation peak is an
indication of strong repulsive interaction between the po
tively charged CTAC micelles. The peak usually occurs
Qm;2p/d, whered is the average distance between the m
celles. The peak position is related to the concentration
the aggregation number or the size of the micelle. The wi
of the peak gives the charge on the micelles. When the c
centration of the surfactant molecules is increased, the p
shifts to the higherQ values due to decrease in the avera
distance between the micelles. Similarly, at constant conc
tration if the micelles grow with the change in the solutio
conditions, the peak will shift to lowerQ values due to in-
crease in the average distance between the micelle@5#.

When KBr is added to the 0.1 M CTAC micellar solutio
the peak in the measured distribution broadens and shift
lower Q as shown in Fig. 1. The peak shifts to lowerQ is an
indication of the growth of CTAC micelles with the additio
of KBr. The broadening of the peak is due to the screening
the repulsive interaction between the micelles in presenc
electrolyte. The same is not the case in CTAC/KCl solutio
where the peak broadens without a significant shift in
peak position~Fig. 2!. This shows that CTAC micelles do
not grow with the addition of KCl. At high KCl concentra
tions ~Fig. 3!, where the Coulomb interaction has be
screened out, the measured distributions do not show
peak in theQ range of the experiment. The monotonical

FIG. 4. The viscosity of CTAC/KBr and CTAC/KCl micella
solutions with varying concentration of salts.
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TABLE I. Micellar parameters for 0.1 M CTAC1 C M KBr solutions.

System

Aggregation
number

N

Fractional
charge

a

Semiminor
axis

b5c(Å)

Semimajor
axis

a ~Å! a/b

0.1 M TAC 120 0.13 21.5 34.7 1.61
0.1 M CTAC10.05 M KBr 148 0.11 21.5 42.8 1.99
0.1 M CTAC10.1 M KBr 227 0.07 21.5 65.6 3.05
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decreasing distributions in Fig. 3 are very similar to tho
from nonionic micellar solutions where the interactions a
dominated by the van der Waals forces.

The viscosity of CTAC micellar solutions in presence
KBr and KCl is shown in Fig. 4. It is seen that the viscos
of CTAC/KBr solutions is almost constant up to electroly
concentration of 0.1 M and thereafter it increases rapidly.
the other hand, viscosity of CTAC/KCl solutions does n
alter up to a concentration which is ten times higher. T
also suggests that on the addition of electrolyte mice
grow in size for CTAC/KBr and not for CTAC/KCl. It may
be mentioned however that the viscosity of micellar so
tions responds to the changes in both the structure and
mutual interactions. Thus one should be careful in analyz
the viscosity data in terms of the shape transition because
different equiviscous solutions of a surfactant system co
have micelles which differ in their sizes@28,29#.

The quantitative analysis of the SANS data involved co
paring the measured distribution with calculated cross s
tion as given by the Eq.~1!. It may be noted that SANS
distributions at largeQ(.0.07 Å21), whereS(Q);1, are
mainly decided by the intraparticle structure factorP(Q) of
the micelle. It is observed that the measured distributions
thus P(Q) are independent of the electrolyte concentrat
for Q.0.07 Å21. This is possible if micelles are ellipsoida
and the smaller dimension is independent of the electro
concentration. Micelles were assumed to be prolate ellip
dal (aÞb5c). The measured distributions were first calc
lated by using the method of Hayter and Penfold and
worked reasonably well for KBr and KCl in the concentr
tion range 0–0.1 M. However, it produced very poor fit f
the high KCl concentrations~.0.1 M!. This is due to the
omission of van der Waals interaction. The solid lines
Figs. 1 and 2 are the fits of the Hayter and Penfold ty
analysis and the solid lines in the Fig. 3 are obtained us
the method which takes account of Coulomb as well as
der Waals interactions. In the van der Waals interaction,
value of the Hamaker constant was determined from the
corresponding toC51.0 M for CTAC/KCl, as the Coulomb
effects are small at such a high concentration of KCl. T
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value has been found to be 14.7kBT, and it is comparable to
that reported in the literature@30#.

The analysis shows that CTAC micelles are ellipsoid
with the dimensionsa534.7 Å and b521.5 Å in pure
CTAC solutions. The aggregation number is 120 and
fractional charge on the micelle is 0.13. The parameters
CTAC micellar solutions in presence of KBr and KCl a
given in Tables I and II, respectively. To fit the data at hi
KCl concentrations~Fig. 3!, we have used the fixed aggre
gation number, fractional charge, and semiminor axis as
tained from the data of low KCl concentrations~Table II! but
taking account of both the screened Coulomb and van
Waals interactions. It is seen that the value ofa/b in CTAC/
KBr increases by a factor of about 2 on varying the K
concentration fromC50.0– 0.1 M. However,a/b is found
to be independent of KCl concentration in CTAC/KCl, eve
when the KCl concentration is increased to 1.0 M. The
observations, together with the viscosity measurements,
gest that CTAC micelles grow on addition of small quantiti
of KBr and not with KCl. It may be mentioned that fits i
Figs. 1–3 assuming micelles as monodisperse ellipsoids
not be unique, as polydisperse spheres could also fit the d
However, the large changes in viscosity in CTAC/KBr sy
tem with the increase in KBr concentration~Fig. 4! are re-
flection of prolate ellipsoidal micelles. This will not happe
if the micelles were polydisperse spheres.

The earlier studies on CTAB/KCl and CTAB/KBr ha
shown that micelles grow on addition of KBr and not KC
@19#. In view of this and the results reported above, we co
clude that the common ion effect is not the reason for
differences in the micellar growth in CTAC/KBr and CTAC
KCl solutions. We believe that the intermicellar interactio
are different in CTAC/KBr and CTAC/KCl for similar elec
trolyte concentrations, leading to the differences in mice
growth and the viscosities. It seems that Cl2 and Br2 ions
screen the head group charges differently because of
different sizes and the hydration behavior and thus effect
intermicellar interaction differently. In the following, we ex
amine the effect of varying sizes of the counterions a
coions on the structures of ionic micelles. SANS measu
TABLE II. Micellar parameters for 0.1 M CTAC1 C M KCl solutions.

System

Aggregation
number

N

Fractional
charge

a

Semiminor
axis

b5c(Å)

Semimajor
axis

a(Å) a/b

0.1 M CTAC 120 0.13 21.5 34.7 1.61
0.1 M CTAC 1 0.05 M KCl 120 0.13 21.5 34.7 1.61
0.1 M CTAC 1 0.1 M KCl 122 0.12 21.5 35.2 1.64
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ments have been carried out from the micellar solutions
SDS in presence of various alkali halide electrolytesAX
(A5Na,K,Cs andX5Cl,Br,I). It may be noted that unlike
CTAC which is positively charged, SDS micelles are neg
tively charged, and thus it is the variation in cation whi
will mainly decide the growth of the SDS micelles.

B. Growth of SDS micelles with various alkali halide
electrolytes

SANS distributions from 0.3 M SDS micellar solution
and in presence of 0.1 M NaBr, 0.1 M KBr, and 0.1 M Cs
are shown in Fig. 5. These electrolytes have the same c
but the different counterions. All the SANS distribution
show a correlation peak, which is an indication of a repuls
interaction between the ionic micelles. The 0.3 M SDS d
has the peak atQm;0.07 Å21, and is in good agreemen
with the literature@31,32#. The parameters of 0.3 M SDS a
obtained by Hayter and Penfold type analysis are given
Table III. Micelles have the aggregation numberN 5 106
and the fractional chargea50.15. The semimajor and
semiminor axes of the micelles are 17.0 and 35.8 Å, resp
tively.

When the above electrolytes are added to the mice
solution, it is observed that there is shifting and the bro
ening of the correlation peak. These observations are sim
to those found in CTAC/KBr solutions. The shifting of pea
to lower Q indicates the micellar growth on the addition
electrolyte. The broadening of the peak is due to the scre
ing of the repulsive interaction between the micelles in pr
ence of electrolyte. The effect becomes more importan
we go from NaBr to CsBr. In all the cases, it is seen t
aggregation number increases and the fractional charge
creases with the addition of electrolyte~Table III!. The minor
axis does not change on the addition of electrolyte. The

FIG. 5. SANS distributions from 0.3 M SDS and in presence
0.1 M NaBr, 0.1 M KBr, and 0.1 M CsBr.
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gregation number in presence of NaBr, KBr, and CsBr
122, 145, and 170, respectively. The corresponding fr
tional charge on the micelles are 0.13, 0.11, and 0.10, res
tively. These results thus show that micellar growth depe
on the counterions.

The effect of varying coions on the 0.3 M SDS is show
in Fig. 6. SANS distributions in presence of 0.1 M KCl, 0
M KBr, and 0.1 M KI are shown. These distributions a
very similar, indicating that there are no significant chang
in the micellar parameters~Table IV!. In particular, it is seen
that micelles in these solutions have almost the same ag
gation number and the fractional charge.

It may be recalled that the micelles are formed by t
competition of two opposing forces, namely, the attract
hydrophobic interaction of the tails and ionic or steric rep
sion of the head groups. The geometry of the micelle is giv
by the packing parameterp5v/Al, wherev is the volume,A
is the effective head group area, andl is the length of the
surfactant molecule@33#. The effective head group areaA is
the measure of the repulsion and depends on the the natu
the head group. For ionic micelles, the effective head gro
area is decided by the fractional charge on the head gro
When the electrolyte is added to the ionic micellar solutio
it has a tendency to neutralize the charge on the micelle.
neutralization of the head group charge results in a sma
effective head group area and hence there is a change in
micellar size.

The effect of different electrolytes on the micellar stru
ture is different. This is because they have the different t
dency to neutralize the charge on the micelle. The SA
results~Tables III and IV! show that micelle grow on addi
tion of electrolytes in the SDS solutions. The structure
micelle varies when the counterion is changed. The effec
counterions is in the same order as given by the lyotro
series@34#. This series denotes the relative order of influen

f FIG. 6. SANS distributions from 0.3 M SDS and in presence
0.1 M KCl, 0.1 M KBr, and 0.1 M KI.
TABLE III. Micellar parameters for 0.3 M SDS1 0.1 M ABr (A5Na,K,Cs) solutions.

System

Aggregation
number

N

Fractional
charge

a

Semiminor
axis

b5c(Å)

Semimajor
axis

a ~Å! a/b

0.3 M SDS 106 0.15 17.0 35.8 2.11
0.3 M SDS1 0.1 M NaBr 125 0.13 17.0 42.4 2.49
0.3 M SDS1 0.1 M KBr 147 0.11 17.0 49.7 2.92
0.3 M SDS1 0.1 M CsBr 165 0.10 17.0 55.8 3.28
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TABLE IV. Micellar parameters for 0.3 M SDS1 0.1 M KX (X5Cl,Br,I) solutions.

System

Aggregation
number

N

Fractional
charge

a

Semiminor
axis

b5c(Å)

Semimajor
axis

a ~Å! a/b

0.3 M SDS1 0.1 M KCl 145 0.12 17.0 49.0 2.89
0.3 M SDS1 0.1 M KBr 147 0.11 17.0 49.7 2.92
0.3 M SDS1 0.1 M KI 147 0.11 17.0 49.7 2.92
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exerted by ions on various phenomenon. The effect of va
tion of coions is negligible as the coions do not alter t
micellar charge.

There are several studies which deal with the investi
tion of the micellar properties and their structures in prese
of alkali halide electrolytes@7–10,12,13,19,35–39#. The
present studies show that the interaction of ion with wa
most certainly plays an important role in deciding the grow
of the micelle in aqueous electrolyte solution. It seems if
hydrated size of the counterion is smaller, it has higher t
dency to screen the charge on the micelle. The hydrated
of the Na1,K1, and Cs1 ions are 3.6, 3.3, and 3.3 Å, respe
tively @40#. The fact that the bare sizes of Na1,K1, and Cs1

ions are 0.95, 1.33, and 1.69 Å, respectively, shows
smaller ions are more hydrated than than larger ions.
studies show that aggregation number of the SDS mice
increase as the hydration of the counterion decreases
short, we find that micellar growth depends on the hydra
,
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ionic size of the counterion and the growth is more when
counterion hydration is smaller.

V. CONCLUSIONS

Small-angle neutron scattering and viscosity measu
ments from CTAC micellar solutions with varying conce
trations of KBr and KCl have been discussed. It is seen t
micelles grow on the addition of KBr, but their size is co
stant over a wide range of KCl concentration. When co
pared with similar data on CTAB micellar solutions, the
results suggest that the differences in the micellar growth
the above systems are not connected with the common
effect. To examine the role of size and hydration behavior
counterions and coions on the micellar growth, SANS m
surements from SDS micellar solutions in presence of v
ous alkali halide electrolytes have also been discussed.
seen that micellar growth strongly depends on the count
ons and there is negligible effect of the coions. We furth
find that smaller the size of the hydrated counterion, large
the growth of the micelles.
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