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The apparent molal volumes (�v) of NaCl, NaNO3, NH4Cl, CuCl2, CuSO4, CoSO4 and MgSO4 in water and
in water–SDS (Sodium dodecyl sulphate) solutions were determined from density measurements at 308.15,
313.15 and 323.15K respectively. The limiting apparent molal volume at infinite dilution (�ov ) which is
practically equal to the partial molal volume ( �VVo

2 ) of these electrolytes were found to be higher in water–
SDS solution systems than those in water solutions. Viscosity coefficients (A and B) for these systems were
also determined by Jones–Dole equation. All these electrolytes, except NH4Cl exhibit structure making
behaviour in water and in water–SDS solutions. Ammonium chloride showed structure breaking properties
in water and in 0.01 molar water–SDS solutions. In 0.1 molar SDS solution, it showed structure making
behaviour at the temperature range studied. The properties of these electrolytes in water and in water–SDS
solution systems have been discussed in terms of the charge, size and hydrogen bonding effect.

Keywords: Apparent molal volume; Viscosity coefficient; Activation parameters; Hydrogen bonding

1. INTRODUCTION

Surfactant molecules in water solution at low concentration exist in monomeric form
and behave like normal electrolyte or non-polar molecule. However, increase concen-
tration of the surfactant an abrupt change in several physicochemical properties of
the solution such as osmotic pressure, electrical conductance, surface tension, viscosity,
apparent molal volume etc. is observed. This behaviour of surfactant solution is
ascribed to be due to the formation of multi-molecular aggregates, called micelles [1].
Micelle formation is a typical hydrophobic process [2]. In water medium, surfactant
molecules with their long hydrophobic tails undergo hydrophobic hydration. The
concentration at which the micelle first appears is referred to as the critical micelle
concentration (CMC). Above this concentration micelles are in dynamic equilibrium
with monomeric form of the surfactant in the bulk phase. Surfactants in water solutions
generally form spherical micelles just above the CMC and associate further to form
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rod-like micelles at higher concentration. An increase in size and polydispersity of SDS
(sodium dodecyl sulphate) micelles with increase surfactant concentration in solutions
of high salt concentration has been reported by a number of researchers [3–5]. Ikeda
et al. [5] explained these changes as due to the equilibrium between two types of
micelles; a small micelle formed at the CMC and a larger micelle formed at a higher
concentration. A limited thermodynamic analysis of the growth of SDS micelles with
increase surfactant and electrolyte concentration has been studied earlier [6]. The
changes occur on addition of electrolyte to water solutions of SDS have been gaining
interest in recent years. Mazer and co-workers [3,4] reported that at a fixed SDS con-
centration and temperature, an increase concentration of added sodium chloride over
the range 0–0.6M resulted a dramatic increase in micellar weight and a change in
shape from roughly spheroidal aggregates to a polydisperse distribution of sphero-
cylindrical aggregates. The presence of rod-like micelles in water solution of SDS in
0.6M NaCl at temperature below 40�C was later confirmed by Young et al. [7].
Some limitations of these studies were pointed out by Hayashi and Ikeda [8] who inves-
tigated the effect of electrolyte on SDS micelles using classical light scattering methods.
A transition from spherical to rod-like-micelles was noted when the concentration of
added sodium chloride was increased beyond 0.45M and the concentration of the
SDS was well in excess of the CMC.
Here we report the effect of some simple inorganic electrolytes on the structure

of water and water–SDS solution systems using apparent molal volume and viscosity
coefficient data. Micelle forming molecules SDS may force water to be in certain
structural form in the water–SDS system. The perturbations of this forced structure
of water in water–SDS system, by some electrolytes are expected to be appreciable
than the perturbation caused by these salts in water system alone. Two types of electro-
lytes were chosen for the purpose. In one type the anions were same but the cations
were different. In other, the cations were the same but the anions were different. The
electrolytes possessing different charge and size of the ions may affect water and
water–SDS structure differently which may be reflected in the apparent molal
volume and viscosity coefficient data. This type of study on simple systems, sometimes
provides very useful information regarding the structure of many complex systems.

2. EXPERIMENTAL

Sodium dodecyl sulphate and sodium nitrate (>98%), sodium chloride (>99%),
ammonium chloride (99%), copper chloride (>98%), copper sulphate (98%) and
magnesium sulphate (99%) were procured from E. MERCK. The chemicals with
quoted purities were dried first in an oven at 110�C and then at room temperature in
vacuum over phosphorus pentoxide for at least 24 h and were then used without further
purification. Doubly distilled water were used for making solution and density were
measured by using a 10mL bicapillary pycnometer previously calibrated by water.
Viscosity were measured by calibrated U-type Ostwald viscometer of the British
standard institution with sufficiently long efflux time to avoid kinetic energy correction.
Time of flow was recorded by a timer accurate up to �0.01 s. A METTLER PM-200
electronic balance with an accuracy of �0.0001 g was used for weighing. Temperatures
were controlled by a thermostatic water bath fluctuating to �0.1�C.
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3. RESULTS AND DISCUSSION

Volumetric properties of the electrolytes NaCl, NaNO3, NH4Cl, CuCl2, CuSO4, CoSO4
and MgSO4 in water and in water–SDS solutions were measured at 308.15, 313.15
and 323.15K respectively. The apparent molal volume (�v) of the electrolytes
were tabulated in Table I and their representative plots are shown in Figs. 1 and 2
(for similar nature, figures for the electrolytes in 0.01M SDS and for NaNO3,
CuSO4 and CuCl2 in water and in water–0.1M SDS solutions are not shown). The
apparent molal volume is found to be dependent upon the electrolyte concentration
as well as on the temperature. Plots of �v versus square root of the molality of the
electrolytes show a linear relationship. This relation is also seen in case of temperature
rise i.e. at higher temperature, the �v value is also higher at least at the chosen three
temperatures. The increase value of �v with molality of the electrolyte suggests that
the ion-solvent interactions increase with the increase in molality of the electrolytes.
At a fixed concentration of SDS and at a certain temperature the increase of �v with
the concentration of added electrolytes in the range 0.05–0.45M is probably due
to the increase in micellar weight and a change in shape from roughly spheroidal
aggregates to a spherocylindrical aggregates. The limiting apparent molal volume
(�ov) which is taken to be the partial molal volume of the solute slightly changes with
the temperature. Such temperature dependence may be interpreted using the model
suggested by Frank and Wen for water solutions of electrolyte [9]. According to this
model, water molecules from the intermediate region (region B), which is more
random, have been transferred to the more structured bulk region (region C) due to
thermal agitation resulting an increase in �ov . Due to the increased thermal energy at
higher temperature, the relaxation to the bulk of the electrostricted water molecules
from the solvation sphere of the ions results in a positive volume change. Increase
temperature may also decrease the water–water interactions thereby breaking the
tetrahedral cluster of bulk water giving a negative volume change. The predominance
of the positive contributions due to the former overcomes the small negative contri-
bution due to the latter effect giving rise a net positive change in volume. However, the
temperature coefficient of CuSO4, CoSO4 and MgSO4 are seen to be much higher than
any other salt in this study. Weak ion–water interactions in the case of large-sized SO2�

4

perhaps transfers water molecules from structure broken region to the structured
bulk region easily producing large positive volume change at higher temperatures.
The limiting apparent molal volume (�ov) reflects true volume of the solute and the

volume change arising from the solute–solvent interactions. The change in this property
for an additive as a function of surfactant concentration and temperature may reflect
the change in its environment in the micellar systems. Increase temperature may
cause the desolvation of micelle and their counterions providing thus an easier access
for additive into the more hydrophobic-like interior of the micelle. The value of �ov
for all the electrolytes studied are higher in water–SDS solutions than those in water
solutions only. This suggests that electrolyte molecules are likely to be in a micellar-
like environment where there is relatively less free space than in the electrolyte
in water environment.
The salt sodium chloride and ammonium chloride contain monovalent dissimilar

cations but same anion. The cations are of different nature. Both the ions are hydrated
by water dipole. The crystallographic radius of Naþ and NHþ

4 are 0.95 and 1.44 Å
respectiely [10]. According to Vaslows [11] concept of hydration, small cations normally
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enhance hydrogen bonded structural grouping in liquid water. As the radius of Naþ is
the smallest among the two, it may occupy the smallest space in the hydration sheath.
For the larger radius of NHþ

4 , it occupies large space in hydration sheath than the
Naþ, thus the limiting apparent molal volume of NaCl and NH4Cl in water and
in water–SDS solution should follow the order �ov NH4Cl > �ov NaCl. That is the inter-
action of these electrolytes with water dipole will increase in the order NaCl–H2O<
NH4Cl–H2O. This sequence is in reasonable agreement with the experimental values
obtained in this study (Table III).
In case of NaCl and NaNO3 the cations are the same but the anions are of different

nature. The cation is Naþ and anions are Cl� and NO�
3 . The latter ions must play

an important role in determining the structure of water and forces it to get final config-
uration of the solution [12]. For large size of Cl� and NO3

�, they occupy relatively larger

FIGURE 1 Plots of apparent molal volume (�v) versus
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Molality

p
for (a) Sodium chloride (solid line) and

ammonium chloride (dotted line) in water; (b) Sodium chloride (dashed line) and ammonium chloride
(dashed–dotted line) in water–0.1M SDS solutions at 308.15, 313.15 and 323.15K respectively.
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space in the hydration sheath. The NO3
� is highly polar than Cl� due to its higher oxygen

content (three oxygen atoms) which may enhance the formation of hydrogen bond in
water solution [13]. This is clearly indicated in the higher �ov values of nitrate ion contain-
ing electrolyte than the Cl� containing electrolyte i.e. �ov of NaNO3>�ov of NaCl.
In water and in water–SDS solutions, the electrolytes CuSO4, CoSO4 and MgSO4

have the same anions (SO2�
4 ) but their cations are of different nature. The three cations

are divalent and their Crystallographic radius has very little difference [10] which influ-
ence the �ov values. The crystallographic radius of Cu

2þ is less than that of Co2þ [10].
Thus the limiting apparent molal volume of copper sulphate is expected to be less
than those of cobalt sulphate. The results obtained in this study (Table III) are in
reasonable agreement with the expected value on the basis of the ionic radius.

FIGURE 2 Plots of apparent molal volumes (�v) versus
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Molality

p
for (a) Cobalt sulphate (solid line)

and magnesium sulphate (dotted line) in water; (b) Cobalt sulphate (dashed line), magnesium sulphate
(dashed–dotted line) in water–0.1M SDS solutions at 308.15, 313.15 and 323.15K respectively.
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Copper(II) chloride (CuCl2) and copper(II) sulphate (CuSO4) contain same cations
but their anions are Cl� and SO2�

4 respectively. The behaviour of cations and anions
differ essentially in presence of each other which may influence the water
structure differently. The large size of Cl� and SO2�

4 anions may occupy larger space
in the hydration sheath. The SO2�

4 should be highly solvated than the Cl� due to its
higher electronegative group. Sulphate ion containing four oxygen atoms may enhance
the formation of hydrogen bond in water solutions [13]. The higher �ov values of
sulphate containing salt than those of Cl� containing salt can be accounted for by
this reasoning i.e. �ov of CuSO4> �ov of CuCl2.
The variation of �ov values with SDS molarity can be rationalized in terms of the

cosphere overlap model [14]. According to this model, the overlap of the cospheres
of two ions or polar groups and an ion with that of a hydrophilic groups, always
produces positive volume change. On the other hand the overlap of cosphere of an
ion with that of a hydrophobic group results in a negative volume change. In the
present ternary system, the overlap of cospheres of SDS–SDS and SDS–hydrophilic
groups of electrolyte interactions takes place. The overlap of cospheres of SDS gives
positive change in volume due to the relaxation of the electrostricted water molecules
from its cosphere to the bulk. The overlap of the cospheres of SDS with those of
hydrophilic group of salts results positive change in volume. The relaxation of the
electrostricted water molecules due to strong localized interactions from the cospheres
of both salts and SDS causes an increase in volume. The postive volume change due to
overlap of the cospheres of SDS with those of SDS and hydrophilic part of the salts
outweighs the negative volume change due to the overlap of hydrophobic part of
SDS and salts (negligible) giving greater �ov value in SDS compared to that in water.
The water–water and water–SDS interaction seems to be the same and do not produce
considerable change in volume.
The viscosity (�) and viscosity A and B-coefficient for the chosen electrolytes in water

and in water–SDS solutions at 308.15, 313.15 and 323.15K are shown in Tables II and
III respectively. The representative plots of � versus molality are shown in Figs. 3 and 4.
The values of � are seen to increase with the increase in molality for all studied
electrolytes except NH4Cl in both the solvent systems. The B-coefficient value for all
the electrolytes in water and in water–SDS solutions at all temperatures are seen to
be positive except NH4Cl. The value, is negative for NH4Cl salt in water and in low
concentration of SDS (0.01M) solution. The B-coefficient values for all the electrolytes
are seen to be higher in water–SDS solvent systems than those in water system alone
and show an increasing trend as the concentration of SDS is increased. The positive
value of the B-coefficient corresponds to the structure making behaviour and the
negative values correspond to the structure breaking behaviour of the solutes for
water. The negative B-coefficient values for NH4Cl clearly indicate that it acts as
water structure breaker.
It is seen from the Table III that in water solution CuCl2, CuSO4, CoSO4 and MgSO4

have large positive B values. This indicates that these electrolytes exhibits structure
making behaviour in water. The divalent cations of these electrolytes are of same
nature and their size is approximately equal to one another [10]. The viscous ability
as well as structure making ability of these electrolytes are seen to be approximately
equal and their viscosity coefficient B is very similar. Their B values are comparatively
larger than those of the other electrolytes containing chloride as the anion. This
indicates that in presence of SO2�

4 the structure making ability of these electrolytes is
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higher than those in presence of the Cl�. The high structure making ability of SO2�
4 is

due to its electrostatic charge and four oxygen atoms which may enhance the formation
of hydrogen bond in water solution [13]. Thus the solution is highly viscous in presence
of SO2�

4 and the viscosity coefficient B is large. This tendency is also observed in partial
molal volume properties (described earlier).
The increase in B-coefficient value for CuCl2, CuSO4, CoSO4 and MgSO4 with

the increase in SDS molality reveals that these electrolytes must be in a progres-
sively more structured environment as SDS molarity is increased. In ternary
(H2Oþ SDSþ electrolytes) solutions, SDS–polar group interactions disrupt the less
structured region around them and the water molecules move towards the more
structured bulk region resulting in an increase in viscosity.

FIGURE 3 Plots of viscosity (�) versus molality for (a) Ammonium chloride (solid line) and sodium nitrate
(dashed line) in water; (b) Ammonium chloride (long dashed line) and sodium nitrate (dotted line) in water–
0.1M SDS solutions at 308.15, 313.15 and 323.15K respectively.
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The SDS–hydrophobic group interactions decrease the structure enforcing ability
thereby decreasing the viscosity. The predominance of SDS–polar group interactions
over SDS–hydrophobic group interactions gives a net increase in viscosity. The SDS–
electrolytes, SDS–SDS and SDS–water interactions progressively enhance the overall
structure of the solution as the molality of SDS is increased accounting thereby for
the increase in B-Coefficient value with the molality of SDS.
In case of NaCl and NaNO3 the viscosity coefficient B is very small and positive

in water solution. Small sizes as well as the monovalent nature of the cations and
anions of the electrolytes are in agreement with its low viscous ability. The B-coefficient
value for NaCl and NaNO3 increases with the increase in SDS molality. The viscosity
(�) of NaCl and NaNO3 solutions in SDS–water are smaller than the viscosity of SDS–
water only. SDS contains Naþ and the electrolytes also contain Naþ. For the common

FIGURE 4 Plots of viscosity (�) versusmolality for (a) Copper (II) chloride (solid line) and copper sulphate
(dashed line) in water; (b) Copper (II) chloride (dotted line) and copper sulphate (long dashed line) in water–
0.1M SDS solutions at 308.15, 313.15 and 323.15K respectively.
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ion effect, probably the viscosity of those solutions becomes less than the viscosity of
the solvent.
For NH4Cl in water and in water–0.01M SDS solution the viscosity decreases

slightly with the concentration of salt and in water–0.1M SDS solution the viscosity
first decreases, then after certain concentration of the salt, the viscosity starts increasing
(shown in Fig. 3). This indicates that NH4Cl behaves as structure breaker in pure water
and in dilute (0.01M) SDS–water solution. The plots of the viscosity against molality
for NH4Cl (Fig. 3) in water–0.1M SDS solution show a minimum, after which
the viscosity starts increasing with the increase in salt molality. The initial decease in
viscosity may be attributed to the destruction of the tetrahedrally bonded water
clusters. However, the increase in viscosity with the increase in molality after the
minimum may de due to the stiffness of the solution resulting from the hydrodynamic
distortion of the fluid streamlines by the relatively large number of ions because such
incremental contribution overcome the decrease in viscosity due to water structure
breaking effect. The B-coefficient for NH4Cl is positive in 0.1 molar SDS solution.
Due to high concentration of (0.1 molar) SDS the water molecules are probably
more structured. The NH4Cl salt, a relatively weaker water structure breaker, perhaps
cannot overcome the structure making ability of SDS solution at high concentration
(0.1M SDS solution) causing the B-coefficient value for NH4Cl positive.
For an ion to fit into a cavity formerly occupied by water molecule, its radius must

be less than or equal to that of water molecule (1.38 Å). This type of ions should fit
into such cavity without disruption of the water structure (the primary and secondary
hydration layers about this cavity) [13]. Ammonium ion whose radius is 1.44 Å [10]
would be expected to disrupt the primary hydration layer. Furthermore this would
also result in a disruption of the secondary hydration layer. This disruption should
lead to a weakening of the bonds holding this water molecules together in these
hydration layer. These disruptions are always leads to structure breaking effects in
water and in water–0.01M SDS solution. Thus the large monovalent NHþ

4 ions
generally have a net structure breaking or entropy increasing effect. Because of the
dipole–dipole repulsion between solvation shell molecules, the relatively weak
electrostatic field about such ions can cause polarization, immobilization and electro-
striction of water molecules only in the first layer. Beyond this layer a strong structure
breaking effect persists. Thus ions such as NHþ

4 and Cl
� actually increase the fluidity

of solvent.
The coefficient ‘A’ represents the solute–solute interactions coupled with size and

shape effect of the solute and to some extent solute–solvent interactions. Due to the
lack of adequate theoretical knowledge its significance is not understood [15]. In the
present study no regularity in ‘A’ value is found. Majority of ‘A’ values are positive.
These positive ‘A’ value represents that the increase in viscosity with solute concen-
tration is due to some additional factors other than the solute–solvent interactions
(i.e. B-coefficient). Not only the solute–solvent interaction imparts positive contribu-
tion to the increase in viscosity with the increase electrolyte concentration, positive
and negative contributions may also be operative as represented by the positive and
negative sign of the A-coefficient respectively.
It is seen in the Table III that the free energy of activation per mole of solute (�Goz)

for viscous flow of all the electrolytes in water, water–0.01M and in water–0.1M SDS
solutions at the studied temperatures is positive. A positive �Goz value indicates that
the viscous flow is not favoured. During the viscous flow the molecules have to
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overcome the transition state of higher energy compared to that of the ground state.
The positive free energy of activation of viscous flow has been studied earlier [13].
According to this concept, kinetic species involved in the viscous flow move into a
cavity as hole and the work involved in forming this hole in the liquid medium is
given by the work required in forming the hole against surface tension of the liquid.
The higher positive �Go¼ value indicates strong solute–solvent interaction rendering
the solution more structured and difficult for hole creation. The positive �Goz value
indicates that the viscous flow is not favoured. This may be attributed to the fact
that the ground state of the ternary system is more organized than the transition
state which the system has to traverse during the viscous flow. In traversing the transi-
tion state significant bond breaking takes place resulting a positive free energy of acti-
vation for viscous flow. This means that the ground state is more organized and
structured while the transition state is comparatively disordered due to the break
down of the bond responsible for enforcement of solvent structure. As the concentra-
tion of SDS increases the ground state becomes more organized, as a result the net
work done in traversing the transition state during viscous flow increases.

4. CONCLUSION

Volumetric and viscometric studies on the inorganic electrolytes in water and in water–
SDS solutions reveal the following:

1. The electrolytes NaCl, NaNO3 and NH4Cl in water and in water–SDS solutions
interact with the solvent differently. Sodium chloride and sodium nitrate interacts
with the solvent and acts as a weak structure maker for water. Ammonium chloride
on the other hand exhibits structure breaking behaviour for water in water and in
water–0.01M SDS solution. In 0.1M SDS solution NH4Cl acts as structure
maker i.e. the structure breaking tendency of NH4Cl is overcome by the structure
making behaviour of SDS in solution.

2. Copper (II) chloride, copper sulphate, cobalt sulphate and magnesium sulphate exhi-
bits structure making behaviour in water and in water–SDS solutions.

3. The higher structure making ability of all the studied electrolytes are higlier in
water–SDS solution than those in water solutions indicates that electrolyte
molecules are likely to be in a micellar like environment in water–SDS solution
where there is relatively less free space than in the electrolyte in water environment.
At a fixed SDS concentration and temperature, an increase concentration of added
electrolytes results an increase in micellar size and micellar weight.

4. The positive free energy of activation, �Goz for viscous flow for these electrolytic
solutions indicate that the viscous flow is not favoured. As the concentration of
SDS increase the ground state becomes more organized, as a result the net work
done in traversing the transition state during viscous flow increases.
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