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ABSTRACT: Polystyrene-based magnesium phosphate
membranes were prepared by a sol–gel method with vari-
ous 1 : 1 electrolytes at different pressures and concentra-
tions. The prepared membranes were characterized for
thickness, porosity, and moisture content and by Fourier
transform infrared (FTIR) spectroscopy and scanning elec-
tron microscopy (SEM). The FTIR spectra showed a nega-
tive shift from the normal polystyrene value due to
interaction with metal ions. SEM images revealed nonpre-
ferential orientation without any visible cracks. Teorell,
Meyer, and Sievers’s method was used to determine
the transport number of ions, mobility, distribution coeffi-

cient, and charge density of the membrane. The order
of surface charge density for a 1 : 1 electrolyte solution
was found to be KCl > NaCl > LiCl. However, the mem-
brane potential followed the reverse order. The membrane
was found to be stable in acidic and basic environments.
This study demonstrated the potential applications of inor-
ganic precipitate membranes in the field of separation sci-
ence. VC 2012 Wiley Periodicals, Inc. J Appl Polym Sci 124: E338–
E346, 2012
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INTRODUCTION

Composite materials based on organic polymer matrix–
inorganic precipitate ion exchangers are attractive
materials in membrane science and technology, as they
possess mechanical stability because of the presence of
organic polymeric species and the basic characteristics
of an inorganic ion exchanger with regard to its selec-
tivity for some particular metal ions.1–7 The synthesis of
a hybrid ion exchanger (via sol–gel methods) with con-
trolled functionality and hydrophobicity could open
new opportunities for organometallic chemistry, cataly-
sis, organic host–guest chemistry,8 analytical chemistry,
hydrometallurgy, antibiotic purification, and separation
of radioactive isotopes and could find large-scale appli-
cations in water treatment and pollution control.9

Membrane systems also played a vital role in the
purification of the earliest biotechnology prod-
ucts,10,11 and these were developed for blood fractio-
nation and the food, dairy and distillery industries.12

Important applications of these membranes include
the solution of two environmental problems, the re-
covery and enrichment of valuable ions and the re-
moval of undesirable ions from wastewater.9

Membrane potential studies have commonly been
used in the electrochemical characterization of mem-

branes.13,14 There are various parameters governing
the membrane phenomenon. Among these parame-
ters, the surface charge density (D) is the most effec-
tive; it controls the membrane phenomena and can
be calculated with the membrane potential values
for different electrolytes with the Teorell–Meyer–
Sievers (TMS) method.15–18 Some other parameters,
including the distribution coefficient, transport num-
bers, mobility ratio, and charge effectiveness, were
also calculated for polystyrene-based magnesium
phosphate membranes.
Polystyrene-based magnesium phosphate mem-

branes exhibit a large number of applications, which
make them attractive for filtration tasks in the bever-
age and textile industry, medicine, pharmacy, chemi-
cal industry, wastewater treatment, and others. These
applications are attributed to their high thermal resist-
ance, chemical resistance, and mechanical strength.19

In this study, we prepared and characterized mag-
nesium phosphate membranes via a sol–gel approach
using polystyrene as a binder by the application of
different pressures. The values for the membrane
potential were inversely proportional to electrolyte
concentration, that is, they increased with a decrease
in the external electrolyte concentration. This showed
that the membranes were cation selective.

THEORY

Fixed charge density theory of TMS

In the TMS theory, there is an equilibrium process at
each solution–membrane interface, which has a
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formal analogy with the Donnan equilibrium. The
assumptions made are that (1) the cation and anion
mobilities and fixed charge concentration are con-
stant throughout the membrane phase and are inde-
pendent of the salt concentration and (2) the trans-
ference of water may be neglected. The implications
of these assumptions have been discussed.14 A fur-
ther assumption, that the activity coefficient of the
salt is the same in the membrane and solution phase
at each interface, must also be made. The introduc-
tion of activities for concentrations can only be cor-
rected by the Donnan potential (DWDon) with the
integration of either the Planck or Henderson equa-
tion. According to TMS theory, the membrane poten-
tial (DWm,e) applicable to a highly idealized system is
given by the following equation at 25�C:

D �Wm;e ¼ 59:2 log
C2

C1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4C2
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where �U is the ratio of difference and sum of ionic
mobilities of cation and anion in the membrane; �u
and �v are the ionic mobilities of the cation and anion
(m2/v/s), respectively, in the membrane phase; C1

and C2 are the concentrations of the membrane; and
D is the charge density of the membrane (equiv/L).
The graphical method of TMS determines the fixed
D (equiv/L) and the cation-to-anion mobility ratio in
the membrane phase (x).

EXPERIMENTAL

Preparation of the membranes

Magnesium phosphate precipitate was prepared by
the mixture of 0.2M magnesium (II) chloride (99.98%
purity, E. Merck, Mumbai, India) with 0.2M triso-
dium phosphate (99.90% purity, E. Merck, Mumbai,
India) in a 100-mL solution. The precipitate was
washed well with deionized water (water purification
system, Integrate, Lucknow, Uttar Pradesh, India,
whose RO conductivity was 0–200 ls/cm and Uttar
Pradesh (UP) resistivity was 1–18.3 M X cm) to
remove free electrolyte and then dried and powdered.
Membranes with a suitable ratio of binder (1 : 3)
were prepared.20 The precipitate was ground into a
fine powder and sieved through 200-mesh Bronze
Standard Sieve (BSS) standard (granule size < 0.07
mm). Pure crystalline polystyrene (Otto Kemi, India,
analytical-reagent grade) was also ground and sieved
through 200 mesh. The magnesium phosphate, along

with an appropriate amount of polystyrene powder,
was mixed thoroughly with a mortar and pestle. The
mixture was then kept in a cast die having a diameter
of 2.45 cm and placed in an oven (Oven–Universal,
Memmert type) maintained at 200�C for about 1 h to
equilibrate the reaction mixture.21,22 The die contain-
ing the mixture was then transferred to a pressure de-
vice (SL-89, London, United Kingdom), and various
pressures, including 100, 120, 140, and 160 MPa, were
applied during the fabrication of the membranes.
Our effort was to prepare membranes of adequate

chemical and mechanical stabilities. The membranes
that we prepared by embedding 25% polystyrene
were found to be mechanically the most stable and
gave reproducible results. Those containing larger
amounts (>25%) of polystyrene did not give repro-
ducible results, whereas the one containing smaller
amounts (<25%) were found unstable.23 The total
amount of the mixture used for the preparation of
the membrane contained 0.125 g of polystyrene (200
mesh) and 0.375 g of magnesium phosphate (200
mesh). The membranes were subjected to micro-
scopic and electrochemical examinations for cracks
and homogeneity of the surface, and only those
which had a smooth surface and generated repro-
ducible potentials were considered.

Measurement of the membrane potential

The membrane potential was measured with a digi-
tal potentiometer (Electronics India, model 118,
Chandigarh, Punjab, India). The freshly prepared
charged membrane was installed at the center of the
measuring cell, which had two glass containers, on
either side of the membrane. The various salt solu-
tions (chlorides of Kþ, Naþ, and Liþ) were prepared
from BDH (analytical-reagent grade) chemicals with
deionized water. Both collared glass containers had
cavities for introducing the electrolyte solution and
saturated calomel electrodes (SCEs). The half-cell
contained 25 mL of the electrolyte solution, whereas
the capacity of each of the half cells holding the
membrane was about 35 mL. The electrochemical
setup used for uni-ionic potential and membrane
potential measurements may be depicted as follows:

Characterization of the membrane

The prerequisite criterion for understanding the
performance of an ion-exchange membrane is its
complete physicochemical characterization, which
involves the determination of all such parameters
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that affect its electrochemical properties. These pa-
rameters were the membrane water content, poros-
ity, thickness, swelling, and so on. These were deter-
mined as described elsewhere.8

Water content (total wet weight percentage)

The conditional membrane was first soaked in water,
blotted quickly with Whatman filter paper to remove
surface moisture, and immediately weighed. These
were further dried to a constant weight in a vacuum
over P2O5 (dehydrating agent) for 24 h. The water
content (total wet weight) was calculated as follows:

Total ðwetwt %Þ ¼ Ww �Wd

Ww
� 100

where Ww is the weight of the soaked/wet mem-
brane and Wd is the weight of the dry membrane.

Porosity

Porosity was determined as the volume of water
incorporation in the cavities per unit membrane vol-
ume from the water content data:

Porosity ¼ Ww �Wd

ALqw

where A is the area of the membrane, L is the thick-
ness of the membrane, and qw is the density of
water.24

Thickness

We measured the thickness of the membrane by tak-
ing the average thickness of the membrane with
screw gauze.

Swelling

Swelling was measured in accordance with the pro-
cedure described by Arfin and Rafiuddin.24 It was

calculated as the difference between the average
thicknesses of the membrane equilibrated with 1M
NaCl for 24 h and that of the dry membrane.

Chemical stability

Chemical stability was evaluated on the basis of the
ASTM D 543-m95 method. The membrane was
exposed to several media that are commonly used.
The membrane was evaluated after 24, 48, and 168
h; we analyzed alterations in color, texture, bright-
ness, decomposition, splits, holes, bubbles, curving,
and stickiness.25

Scanning electron microscopy (SEM) investigation
of the membrane morphology

SEM imaging was used to confirm the microstruc-
ture of the fabricated porous membrane. The mem-
brane morphology was investigated by a ZEISS EVO
series scanning electron microscope EVO 50, Port-
land, Oregon, USA at an accelerating voltage of 20
kV. The sample was mounted on a copper stub and
sputter-coated with gold to minimize the charging.

Fourier transform infrared (FTIR) spectra of the
membrane

The IR spectrum of the magnesium phosphate mem-
brane was done by an Interspec 2020 FTIR spectrom-
eter (Spectrolab, London, United Kingdom). The
sample compartment was 200 mm wide, 290 mm
deep, and 255 mm high. The entrance and exit beam
to the sample compartment was sealed with a coated
KBr window, and there was a hinged cover to seal it
from the environment.

RESULTS AND DISCUSSION

The values of the observed membrane potentials,
measured across magnesium phosphate polystyrene
based membranes in contact with various 1 : 1 elec-
trolyte solutions at 25 6 1�C, are given in Table I.
These values were found to be concentration

TABLE I
Observed Membrane Potential (mV) across the Magnesium Phosphate Membranes in Contact with Various 1 : 1

Electrolytes at Different Concentrations and Pressures at 25 6 1�C

Applied pressure

100 (MPa) 120 (MPa) 140 (MPa) 160 (MPa)

Membrane potential (mV)

C2 (mol/L) KCl NaCl LiCl KCl NaCl LiCl KCl NaCl LiCl KCl NaCl LiCl
�1 7.5 8.6 9.5 8.5 9.5 10.7 9.4 10.2 11.6 10.5 11.2 12.5
—0.1 11.2 12.3 13.1 12.0 13.2 14.2 12.8 13.5 14.5 13.4 14.5 15.6
—0.01 24.4 26.8 27.2 25.5 27.6 28.4 26.2 28.3 28.6 26.8 29.5 30.4
—0.001 48.2 49.4 50.6 49.0 50.2 51.5 49.6 50.8 52.5 50.4 51.6 53.2
—0.0001 52.0 53.2 54.4 52.6 53.9 55.0 53.3 54.6 55.7 54.6 55.8 56.4
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dependent. At low concentration, the potential was
found to be high, whereas with increasing concen-
tration of electrolytes, the potential decreased. The
membrane potential offered by the various 1 : 1 elec-
trolytes followed the order LiCl > NaCl > KCl. Our
results were similar to those reported in the litera-
ture.26 The low observed membrane potential was
usual behavior for magnesium phosphate mem-
branes, and therefore, the magnesium phosphate
membrane was cation selective.

The membrane potential was also seen to be
largely dependent on the applied pressure during
membrane formation.20 The application of high pres-
sure on the magnesium phosphate membranes
caused a reduction in thickness, a contraction in
pore volume, and consequently, a progressively
higher fixed D,27,28 which in turn led to a higher
membrane potential, as shown in Table I.

Inorganic precipitate membranes were found to
have the ability to generate potentials when inter-
posed between electrolyte solutions of different con-
centrations because of the presence of a net charge
on the membranes.29,30 These charges play crucial
role in the transport of electrolytes.31 The membrane
potential data obtained with magnesium phosphate

membranes with various 1 : 1 electrolytes were plot-
ted as a function of �log C2 (Fig. 1).
The results of the thickness, swelling, porosity,

and water content capacity measurements of the
magnesium phosphate membranes are summarized
in Table II. The water content of a membrane
depends on the vapor pressure of the surroundings.
In case of most of transport measurements, only the
membrane water content at saturation is needed and
that, too, mostly as a function of solute concentra-
tion. Thus, a low order of water content, swelling,
and porosity with a lower membrane thickness sug-
gests that the interstices are negligible and diffusion
across the membrane would occur mainly through
exchange sites.24

The membranes were tested for chemical resist-
ance in acidic, alkaline, and strongly oxidant media.
In acidic (1M H2SO4) and alkaline (1M NaOH)
media, few significant modifications were observed
after 24, 48, and 168 h; this demonstrated that the
membrane was quite effective in such media. How-
ever, in strong oxidant media, the synthesized mem-
brane became fragile in 48 h and broken after 168 h,
losing mechanical strength. In general, membranes
having the same chemical composition were found
to absorb the same amount of water, where density
ionizable groups were the same throughout the
membrane.32 Moreover, in membrane transport phe-
nomenon, the membrane water content as a function
of solute concentration at saturation is needed. Thus,
a low order of water content, swelling, and porosity
with a lower membrane thickness suggested that the
interstices were negligible and diffusion across the
membrane occurred mainly through exchange sites.
The characterization of membrane morphology

has been studied by a number of investigators using
SEM.33,34 The surface morphologies of the mem-
branes showed a uniform arrangement of particles,
whereas cross-sectional SEM images showed no visi-
ble cracks. The composite pore structure, micro-
porosity/macroporosity, homogeneity, thickness,
cracks, and surface texture/morphology have been
studied.35,36 The SEM, surface, and cross-sectional
images of the magnesium phosphate membranes
prepared at 100, 140, and 120 MPa of applied pres-
sure, respectively, are shown in Figures 2(a–c) and 3.

Figure 1 Plots of the observed membrane potentials
against the logarithm of concentration for magnesium
phosphate membrane with various 1 : 1 electrolytes at 100
MPa of pressure. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

TABLE II
Characterization of the Magnesium Phosphate Membranes

Applied
pressure (MPa)

Thickness of
the membrane

(cm)

Water content
(wt % of the

wet membrane) Porosity

Swelling
(wt % of the

wet membrane)

100 0.090 0.10 0.14 No swelling
120 0.085 0.08 0.12 No swelling
140 0.080 0.06 0.09 No swelling
160 0.075 0.04 0.06 No swelling
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SEM images provided ideas regarding the prepa-
ration of well-ordered crack-free membranes. The
membranes had random nonpreferential orientation

with no visible cracks and appeared to be composed
of dense and loose aggregations of small particles.
The SEM image was dense in nature and formed
pores probably with a nonlinear channel but not
fully interconnected. The particles were irregularly
condensed and adopted a heterogeneous structure
composed of masses of various sizes. Because of the
strong interactions between the styrene particles and
the membrane pore walls, the particles did not per-
meate through the membrane.
The distributions of D and mobile species within

the pores were assumed to be uniform. The diame-
ters of the polystyrene particles were clearly much
smaller than the pore diameters of the membrane
used.37

Inorganic composite membranes have the ability
to generate potential when two electrolyte solutions
of unequal concentration are separated by a mem-
brane and driven by different chemical potential act-
ing across the membrane.38,39 The migration of
charged species is regulated by the electrical behav-
ior of the membrane, and the diffusion of electro-
lytes from higher to lower concentration takes place
through the charged membrane. In fact, the mobile
species penetrate into the membrane at different
magnitudes, and various transport phenomena,
including the development of potentials across it,
are induced into the system.40 The fixed-charge con-
cept of the TMS model15–18 for a charged membrane
is an appropriate starting point for the investigations
of the actual mechanisms of ionic or molecular proc-
esses that occur in the membrane phase. The mem-
brane potential applicable to an idealized system
according to TMS is represented by eq. (1).
The D values of inorganic membranes were esti-

mated from the membrane potential measurement

Figure 2 SEM images of the polystyrene-based magne-
sium phosphate membranes at (a) 100 MPa and 5000�, (b)
100 MPa and 12,000�, and (c) 140 MPa and 5000�. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 3 SEM image of the polystyrene-based magne-
sium phosphate membrane at 120 MPa and 12,000�
(cross-sectional view). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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and could also be estimated from the transport num-
ber. To evaluate this parameter for the simple case
of a 1 : 1 electrolyte and a membrane carrying vari-
ous D’s of 1 or less, the theoretical potential and
observed potential were plotted as a function of
�log C2, as shown by solid and broken lines, respec-
tively, in Figure 4. Thus, the coinciding curve for
various electrolyte systems gave the value of D
within the membrane phase, as shown in Table III.
D of magnesium phosphate membranes was found
to depend on the applied pressure to which the
membrane was subjected to its initial stage of
preparation.

The thickness of the magnesium phosphate mem-
branes diminished continuously from 0.090 to 0.075
cm with a progressive increase in the applied pres-
sure. The increase in the values of D with higher
applied pressure was due to the successive increase
of charges per unit volume and the decrease in pore
volume of the magnesium phosphate membranes,
and therefore, the degree of selectivity for ions was
enhanced with the modification in the surface micro-
structure of the membrane.

D values of the membranes with 1 : 1 electrolytes
(KCl, NaCl and LiCl) were plotted against the pres-
sures (Fig. 5), and the order of D values for the elec-
trolytes used was found to be KCl > NaCl > LiCl.
The TMS eq. (1) can also be expressed by the sum

of DWDon values between the membrane surfaces
and the external solutions and the diffusion potential
(DWdiff) within the membrane:41,42

D �Wm;e ¼ DWDon þ D �Wdiff (2)

DwDon ¼ � RT

VkF
ln

c26C2
�C1þ

c16C1
�C2þ

� �
(3)

where R is the gas constant (J/K/mol), T is the tem-
perature, F is the Faraday constant (C/mol), c16 and
c26 are the mean ionic activity coefficients, and C1þ
and C2þ are the cation concentrations in the first and
second membrane phases, respectively. The cation
concentration is given by the following equation:

�Cþ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Vx

�D

2Vk

� �2

þ c6C
q

� �2
s

� Vx
�D

2Vk
(4)

where Vk and Vx refer to the valencies of the cation
and fixed-charge group on the membrane matrix, c6
is the mean ionic activity coefficient, and q is the
charge effectiveness of the membrane and is defined
by the following equation:

q ¼
ffiffiffiffiffiffiffi
c6
K6

r
(5)

where K6 is the distribution coefficient, expressed as

K6 ¼
�Ci

Ci
; �Ci ¼ Ci � �D (6)

Figure 4 Plots of the membrane potential (mV) versus
�log C2 (mol/L) at different concentrations of KCl electro-
lyte solution for magnesium phosphate membranes pre-
pared at different pressures of 100–160 MPa. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE III
Derived Values of D (31023 equiv/L) for Various

Magnesium Phosphate Membrane Electrolyte Systems as
Calculated with the TMS Equation

Applied
pressure (MPa)

D � 10�3

KCl NaCl LiCl

100 1.41 1.19 0.09
120 1.74 1.31 1.10
140 1.83 1.42 1.25
160 2.07 1.73 1.31

Figure 5 Plot of D of the magnesium phosphate mem-
brane for the 1 : 1 electrolytes (KCl, NaCl, and LiCl) ver-
sus the pressure. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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where Ci is the ith ion concentration in the mem-
brane phase and Ci is the ith ion concentration of
the external solution. The transport of electrolyte sol-
utions in pressure-driven membrane showed that
the transport properties of the membrane were also
controlled by ion distribution coefficients. It
appeared that the use of eq. (6) for evaluating the
distribution coefficients gave low values at lower
concentrations, and as the concentration of electro-
lytes increased, the value of distribution coefficients
sharply increases and thereafter, a stable trend was
observed, which is presented in Table IV.

DWdiff is expressed in the following form:

D �Wdiff ¼ � RT

VkF

�x� 1

�xþ 1
� ln

�xþ 1ð Þ�C2þ þ Vx=Vkð Þ�D
�xþ 1ð Þ�C1þ þ Vx=Vkð Þ�D

� �
(7)

where x ¼ u/v. The total DWm,e was thus obtained
by the simple addition of eqs. (3) and (7):

D �Wm;e � RT

VkF
ln

c26C2
�C1þ

c16C1
�C2þ

� �
� RT

VkF

�x� 1

�xþ 1

� ln
�xþ 1ð Þ�C2þ þ Vx=Vkð Þ�D
�xþ 1ð Þ�C1þ þ Vx=Vkð Þ�D

� �
ð8Þ

To test the applicability of these theoretical equa-
tions for the system under investigation, DWDon and
DWdiff were calculated separately from the mem-
brane parameters obtained from membrane potential
measurements with a typical membrane prepared at
a pressure of 100 MPa.

The transport properties of the membrane in vari-
ous electrolyte solutions are important parameters to
further investigate the membrane phenomena, as
shown in eq. (9):

D�wm ¼ RT

F
tþ � t�ð Þ lnC2

C1

tþ
t�

¼ �u

�v
(9)

Equation (9) was first used to get the values of the
transport numbers of the cation (tþ) and anion (t�)
from the experimental membrane potential data, and
consequently, x ¼ u/v and U were calculated and
are given in Table IV. The mobility (x) of the electro-
lyte in the membrane phase was found to be high,
and the order was LiCl > NaCl > KCl, as shown in
Figure 6.
The high mobility was attributed to the higher

transport number of comparatively free cations of
electrolyte; this was also found to have a similar
trend to the mobility in the least concentrated solu-
tion. The transport numbers of the cations of the
various electrolytes (KCl, NaCl, and LiCl) increased
with decreasing concentration of electrolytes and fol-
lowed the increasing order KCl < NaCl < LiCl, as
shown in Figure 7.
DWDon and DWdiff at various electrolyte concentra-

tions could be calculated from the parameters c16,
c26, C1þ, C2þ, x, Vx, and Vk, and the experimentally
derived values of D with eqs. (3) and (7). The values
of the parameters K6, q, and Cþ derived for the sys-
tem are also shown in Table IV. The values of c6
were the usual charted values for the electrolytes
(KCl, NaCl, and LiCl).

TABLE IV
Values of t1, U, x and K6, q, and Cþ Evaluated with eqs. (9), (6), (5), and (4),

Respectively, from the Observed Membrane Potentials for Various Electrolytes
at Different Concentrations for Magnesium Phosphate Membranes Prepared at

100 MPa of Pressure

C2 (mol/L) tþ U x K6 q Cþ

KCl (electrolyte)
1.000 0.57 0.14 1.32 0.998 1.002 0.9965
0.1000 0.59 0.18 1.43 0.985 1.015 0.0971
0.0100 0.71 0.42 2.44 0.859 1.164 0.0072
0.0010 0.91 0.82 10.1 �0.410 2.439 5.8401
0.0001 0.94 0.88 15.6 �13.100 0.076 0.0005

NaCl
1.000 0.58 0.61 1.38 0.999 1.001 0.9988
0.1000 0.61 0.22 1.56 0.998 1.002 0.0996
0.0100 0.73 0.46 2.70 0.981 1.019 0.0096
0.0010 0.92 0.84 11.5 0.810 1.234 0.0006
0.0001 0.96 0.92 24.0 0.900 1.111 0.00002

LiCl
1.000 0.59 0.18 1.43 0.999 1.001 0.9980
0.1000 0.62 0.24 1.63 0.990 1.010 0.0980
0.0100 0.74 0.48 2.84 0.902 1.108 0.0080
0.0010 0.93 0.86 13.2 0.020 50.000 0.00000002
0.0001 0.97 0.94 32.3 �8.800 0.113 0.0003
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The FTIR spectra were obtained to ascertain the
composition and possible addition sites of the mag-
nesium phosphate membranes. The spectra con-
tained weak to strong intensity peaks assigned to
various functional groups in the material synthe-
sized. The peaks showed slight negative shifts in
comparison to the free polystyrene or magnesium
phosphate membranes. The peaks in the range 696–
874 cm�1 showed the presence of an aromatic ring
in the polystyrene-based magnesium phosphate

membrane.43 The peaks at 2852 and 2927 cm�1 sup-
ported the CAH bond frequency due to a stirring
moiety in the material. The characterization peaks of
the phosphate groups present in the region of 1079
cm�1 in the IR spectra ascertained the presence of
phosphate groups attached to the metal in the
composite.44

The IR spectra of the polystyrene-based magnesium
phosphate membranes, as shown in Figure 8, showed
a negative shift for most of the functional groups rela-
tive to the noncoordinated free functions.44 The IR

Figure 7 Plot of the transport number of the cation of the
magnesium phosphate membrane for the 1 : 1 electrolytes
(KCl, NaCl, and LiCl) versus the concentration. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 8 IR spectra of the polystyrene-based magnesium phosphate membrane.

Figure 6 Plot of the mobility ratio of magnesium phos-
phate membrane for the 1 : 1 electrolytes (KCl, NaCl, and
LiCl) versus the concentration. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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spectral results were in line with the other studies dis-
cussed previously, in which the polymeric nature of
the composite was confirmed.

CONCLUSIONS

Polystyrene-based magnesium phosphate membranes
were prepared by a sol–gel method, and these were
found to be quite stable and did not show any dis-
persion in water or in other electrolyte solutions. The
surface charge model could be used as a tool to
improve the performance of the membrane filtration
process and the selectivity of ion exchange. The
membrane potential offered by the electrolytes fol-
lowed the decreasing order LiCl > NaCl > KCl, and
the membranes were found to be cation selective.

The experimental results were analyzed on the ba-
sis of the TMS approach. The values of D evaluated
were the central parameter governing the transport
phenomena in the membranes, and it depended on
the feed composition and the applied pressure due
to the preferential adsorption of some ions; it, in
turn, accounted for the performance of the mem-
brane. The order of D for the electrolytes used was
KCl > NaCl > LiCl.
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