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Polystyrene based strontium phosphate membranes (SPM) prepared by applying different pressures. The membrane potential was measured
with uni-univalent electrolytes (KCI, NaCl, and LiCl) solutions using saturated calomel electrode (SCEs). The effective fixed charge
density of these membranes was determined by TMS method and it showed dependence of membrane potential on the porosity, charge on
the membrane matrix, charge and size of permeating ions. The membranes were characterized by X-ray diffraction, scanning electron
microscopy, and IR spectroscopy. The order of surface charge density for electrolytes is found to be KCl > NaCl > LiCl. Other important
parameters such as transport number, distribution coefficient, charge effectiveness and related parameters were calculated. The membrane
was found to be mechanically stable, and can be operated over a wide pH range. Moreover, the experimental results were found to be quite

satisfactorily with theoretical values.
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Introduction

Membrane can be employed in several applications,
including drinking water treatment, waste water treatment
and reclamation, and industrial water treatment, to produce
high water quality. The membrane has also been applied to
water softening due to rejection efficiency for monovalent
and multivalent ions in hard water. It was found that an
increase of NaCl concentration or a presence of divalent
cations increased membrane fouling.' The behavior of
membrane systems has extensively been investigated by
studying  the transport properties of artificial membrane
used by some of the recent analytical and electronic,
techniques have added impetus to such investigations.>* The
inorganic precipitated membranes have acquired particular
significance in the last two decades. These membranes have
several advantages over organic ion-exchangers e.g. their
ability to withstand ionizing radiations and very high
temperatures without undergoing degradation and their
remarkably high selectivity for heavy toxic metals.

Variety of transport phenomena arise across a membrane
when subjected to different driving forces.*” Some of these
phenomenons such as ion migration, electro osmosis, self
diffusion, salt migration and membrane potential etc.
occurring across the ionic membrane have been described
by spiegler8 applying the principles of non-equilibrium of
thermodynamics.

A precipitated membrane is a system consisting of a thin
inorganic precipitate such that when in contact with salt
solutions containing some of the precipitated generating ions,
two oppositely charged layer at each membrane solutions
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interface are formed. These layers are due to the absorbed
ions on the precipitated membrane which can easily be
joined or removed from membrane. The electrical properties
of these membranes can dramatically change due to the
absorption, deposition or diffusion of ions into these
structures.

In this paper, we describe the preparation of strontium
phosphate membranes using an appropriate concentration of
polystyrene (25%) as a binder were found to be quite stable
by applying different pressures.” An attempt has been made
to examine the validity of the recently developed method
used for one determination of charge densities are based on
the equations for membrane potential using different
electrolyte concentration by Torell, Meyer, and Siever
(TMS)."*!"" The evaluation of charge density of membrane
which is an important parameter controlling the membrane
phenomenon have been used to calculate the membrane
potential at different electrolyte concentration using the
extended TMS theory to test the applicability of these
recently developed equation for membrane potential for
system under investigation.

TMS developed a theory of membranes with charges fixed
within the lattice. This theory has been described in detail by
Lakshminarayanaiah and has been applied by Siddiqi et al
for the determination of thermodynamic fixed charge
density of precipitated membranes.

Experimental

Preparation of membrane

Strontium phosphate membranes were prepared by
method suggested be Beg and coworkers.'>"> The main
reagents used for the synthesis are 0.2 mol trisodium
phosphate solution (E. Merch. India with purity of 99.90%)
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with 0.2 mol strontium chloride solution. The precipitate
obtained was well washed with deionized water to remove
free electrolyte and dried at 50 °C. The dried precipitate was
ground into fine powder by pestle mortar and then sieved
through 200 mesh (granule size <0.075 mm) pure
amorphous polystyrene (Otto Kemi, India , Analytical
reagent) used as a binder were also ground and sieved
through 200 mesh. For membrane of adequate mechanical
strength optimum quantity of binder to be embedded by
using ratio of precipitate and binder. The membranes
prepared by embedding 25 % of polystyrene were most
suitable for our experiment. Those containing large amount
of binder (>25 %) did not give reproducible results while
those containing lesser amount (< 25%) were quite unstable.
The temperature at which the membrane were mould was
kept at 90 °C and then mixture was kept into cast die having
diameter 2.45 cm and placed in an oven maintain at 200 °C
for about half an hour to equilibrate the reaction mixture,
then die was transferred to a pressure device (SL-89,UK)
and different pressures like 50, 70, 90 and 110 MPa were
applied.

For the evaluation of membrane fixed charge density,
measurements of membrane potential were carried out by
constructing a concentration cell.

Measurement of membrane potential

The prepared membranes were placed between two
collared glass tubes each having a hole for introducing the
electrolyte solution and saturated calomel electrodes (SCEs).
The solutions were stirred by means of magnetic stirrers.
The cell potential was taken as a measure of membrane
potential. The measurements were carried out at 25 °C
(£0.1 °C). The Electrochemical cell of the type

SCE | solution | Membrane | solution| SCE

G Diffusion potential | C; |

Donnan potential Donnan potential

was used to measure electrical potentials arising across the
membrane by maintaining a tenfold difference in
concentration (C/C; = 10) and using. The various salt
solutions ( chloride of Li", Na" and K") were prepared from
analytical-grade reagents (BDH) with deionizer water. The
experiment and the potentials were measured  at 25 °C.

Characterization of Membrane

Water Content (% Total Wet Weight).

First, the membranes were soaked into water to elute
diffusible salt, blotted quickly with Whatsman filter paper to
remove surface moisture and immediately weighed. These
were further dried to a constant weight in a vacuum over
P,05 for 24 hours. The water content (total wet weight) was
calculated as,
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w_d

Total wet weight (in %) = %100

WW

where
W" is the weight of the soaked/wet membrane, and

W is the weight of the dry membrane.

Scanning electron microscopy (SEM)

The characterization, composite pore structure,
micro/macro porosity, homogeneity, thickness, cracks and
surface morphology of membranes have been well studied
by scanning electron microscope (SEM) micrographs'*'®
Fig. 1. In the SEM, different interactions give images based
on topography, elemental composition or density of the
sample. A SEM can magnify up to about 100,000 xs.

FTIR Studies

The FTIR spectrum of polystyrene (4), Composite of
strontium phosphate and polystyrene (B), and pure strontium
phosphate(C), dried at 40 °C, were taken by KBr disc
method at room temperature (Fig. 2).

XRD Analysis

Powder X-ray diffraction (XRD) pattern was obtained in
an aluminum sample holder for composite of strontium
phosphate and polystyrene in the original form using a PW,
1148/89-based diffractometer with Cu Ka radiations shown
in Fig. 3.

Effect of pH.

A series of solutions of varying pH in the range of 2 —11
were prepared, keeping the concentration of the relevant ion
constant (1x10~% mol L™"). The value of electrode potential
at each pH was recorded, and plot of electrode potential
versus pH was plotted Fig. 6.

Result and discussion

A number of investigators using Scanning electron
microscopy (SEM) have studied the characterization of
membrane morphology.'® From SEM images (Fig 1) well-
ordered precipitates, composite pore structure, micro/macro
porosity, surface texture homogeneity, thickness and crack
free membranes has been widely studied,'””'® SEM images
of the strontium phosphate membranes were taken at 50-110
MPa pressures (Fig 1).

The SEM images are composed of dense and loose
aggregation of small particles and formed pores probably
with non-linear channels. Particles are irregularly condensed
and adopt a heterogeneous structure composed of masses of
various sizes. The surface openings also seem to decrease
with increasing applied pressure from 50-110 MPa.
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d)

Figure 1. SEM images of polystyrene-based SPMs (a),
(b), (c) and (d) prepared at different applied pressures
(50, 70, 90 and 110 MPa ), respectively.
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The FTIR spectra were performed to a certain
composition and the possible addition sites of the strontium
phosphate membrane and pure polystyrene. The spectra
contained weak to strong intensity peaks assigned to various
functional groups in the material synthesized (Fig 2). The
peaks in the range 696 to 874 cm™ show the presence of
aromatic ringg in the polystyrene based strontium phosphate
membrane '°. The peaks 2852 and 2927 cm™ support the C-
H bond frequency due to stirring moiety in the material. The
characterization peaks of phosphate groups are present in
the spectra exhibiting the presence of phosphate group
attached to the metal in the composite. The IR result,
generally showing the negative shift in the spectra for most
of the functions in the synthesized material is shown in Fig
2.
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Figure 2. IR spectra of polystyrene (4), composite (B), strontium
phosphate (C).
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Figure 3. XRD pattern of polystyrene based strontium phosphate
composite material.

The polymeric nature of the composite has also been
supported from the other studies (Vide Supra). And the X-
ray diffraction pattern of strontium phosphate cation
exchange material recorded in powdered sample exhibited
some sharp peaks in the spectrum in Fig 3. It is clear from
the figure that the nature of composite cation exchange
material is semi-crystalline.
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The characterization parameters of the polystyrene-
supported strontium phosphate membrane are given in
Table 1.

Table 1. Characterization parameters of SPMs at different pressure

P, Membrane H,O content Porosity,  Swelling
MPa | thickness, (wt. %, wet (unit less)  (wt.%, wet
(cm) membrane membrane
50 0.090 0.0476 0.0201 no swelling
70 0.080 0.0361 0.0150 no swelling
90 0.070 0.0240 0.0115 no swelling
110 0.060 0.0123 0.0067 no swelling

This membrane shows a negligibly small swelling when
immersed in sodium chloride solution. Porosity is
determined by relationship:

w W pd

ALp

€=

where is the weight of the dry membrane and W is the
weight of the wet membrane, p the density of water and L
and A the thickness and area of the membrane
respectively(g\(cm’.g\cm®))Like the swelling, the membrane
has low porosity. The electrical potential increases with
increasing pressure. The thickness of the membrane was
measured by taking the average thickness of the membrane
by using screw gauze and the swelling is measured as the
difference between the average thickness of the membrane
equilibrated with 1 M NaCl for 24 h and the dry membrane.
Membrane was tested for chemical resistance in strongly
oxidant, acidic and alkaline media. In acidic (1 M HCI) and
in alkaline media (1 M NaOH) few significant modifications
were observed after 24, 48 and 168 h, demonstrating that the
membrane was quite effective in such media. However, in
strong oxidant media the synthesized membrane 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 same amount of water,
where density of the ionisable groups are same throughout
the membrane.*’

When two-electrolyte solutions of different concentrations
are separated by a membrane, the mobile species penetrate
the membrane and various transport phenomenons like
diffusion potential, electro osmosis, are induced in the
system. This field maintains on macroscopic scale electro
neutrality by increasing the speed of slow moving ion and
decreasing that of the faster ion. The magnitude and sign of
the potential depend on the characteristics of the membrane
and the permeating species .If the membrane carries no
fixed charges or sites the electric potential across the
membrane would be the same as the liquid junction
potential .On the other hand, if the membrane carries some
charges the magnitude of the potential is usually determined
by the concentration of the electrolyte solution surrounding
the membrane and its sign by the nature of the fixed charge.

The charges fixed in the lattice are determined by the
theory developed by Teorell, Meyer and Sievers.”' In the
TMS method there is an equilibrium process at each solution
membrane interface which has a formal analogy with the
Donnan equilibrium. With this, there is an internal salt
diffusion potential, which was first represented by the
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Henderson equation and later by the more nearly correct
Planck expression.

According to TMS theory, the membrane potential in 87,
mV (applicable to a highly idealized system) is given by the
equation (1) at 25 °C.

Cy\4ct+D 4D
AY,, =59.2| log

Cl\/4C§ +D2 +D

J4C§ +D2 +UD

\/4C12 +D2 +UD

+U log

(1
where

U=(u-v)/(utv)
u and v are the mobilities of the cation and anion
(m* V' s™), respectively, in the membrane phase.

C;and G, are concentrations of the electrolyte solution
on either side of the membrane and

D is the charge on the membrane expressed in
equivalent per liter.

To evaluate this parameter for the simple case of a 1:1
electrolyte and a membrane carrying a net negative charge
of D =1 as well as D < 1, theoretical concentration
potentials across the membrane were calculated as a
function of —log C,, the ratio C,/C; being kept at a constant
value of 10 for different mobility ratios u/v and potted as in
graph by smooth curves in Fig. 4. The experimental 8%,
values for strontium phosphate with KCI electrolyte were

membrane potential(mV)

l—®— D 0.001
“x--P5t

.-
-@--pot
-

0.0 0.4 0.8 1.2 1.6 2.0 2.4 2.8 3.2
-logC_(mol/l)

plotted in the same graph as function of -log C,.

Figure 4. Plots of membrane potential vs —log C, for SPMs
prepared at different pressures 50-110 MPa. Smooth curves are the
theoretical concentration potentials for D =1 at different mobility
ratio. Broken lines are the experimental values A ¥, for different
concentration of KCl solution.

For various electrolyte solutions the observed membrane
potential of SPM at 25 £ 1 °C are given in Table 2.

The magnitude of the membrane potential depends on
several factors, like the ratio of counter ion to co-ion
mobility, concentration of salt solution and the exchange
characteristics of the membrane material for various cations.
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Table 2. 87+ 0.5 mV across the strontium phosphate membranes in contact with 1:1 electrolyte solutions at different concentrations.

Concentration Applied pressure( MPa)
Cp, mol L 50 70 90 110
KCl NaCl LiCl KCl NaCl LiCl KCl NaCl LiCl KCl NaCl LiCl
1.0 16.3 19.0 20.0 17.9 20.0 20.5 18.2 21.0 22.2 19.5 22.9 23.8
0.50 18.4 25.9 26.6 19.2 25.6 27.0 20.1 36.5 37.4 21.2 37.2 39.1
0.10 25.5 26.4 28.0 323 35.2 36.6 35.6 37.0 38.0 36.4 38.8 39.9
0.05 423 453 46.2 49.1 48.5 49.0 51.5 52.6 533 52.0 53.0 535
0.01 51.2 52.0 52.5 52.6 53.2 54.0 55.0 55.5 56.0 57.0 56.5 57.0
0.001 52.0 52.5 53.0 53.0 54.5 54.8 55.5 56.0 56.3 58.5 57.0 57.5
The values of membrane potential (Table 2) reveal the " Cc.C
following order Li" > Na® > K'. The higher membrane Q¥ —_ RT In 7+%2%14 3)
potential observed with Li" is due to the fact that Li" is not don V. T ‘c.C
k Y£41%24

thermodynamically favoured in the membrane phase.

The coinciding curve for all membrane gave the values for
the charge density D within the membrane phase. The
values of the D obtained in this for various membrane
electrolyte systems are given in table 3. The surface charge
density D of strontium phosphate membrane is found to
depend on applied pressure. The increase in the values of D
with higher applied pressure may be due to increase of
charge per unit volume of the membrane and the order for
electrolytes used is KCI > NaCl > LiCL

Table 3. Calculated values of membrane charge density
(D+0.1x107 eqv. L) for various SPMs electrolyte systems using
TMS equation.

Applied pressure, Electrolyte, Dx10-3
MPa KCl NaCl LiCl
50 1.20 1.10 0.90
70 1.40 1.20 1.00
90 2.50 2.00 1.80
110 3.60 2.40 2.10

The values for the membrane potential are of the order of
positive mV and decrease with an increase of external
electrolytes concentration. This shows membrane is

. . : 22,23 S
negatively charge (cation selective)™” and selectivity of the
cation increases with dilution. The selectivity character of
ion exchan%e membrane with (1:1), (1:2), (1:3) has been
reported.’*?

This TMS method gave satisfactory result for fixed charge
density evaluation. This technique has been used to estimate
the capacity of thin polymer membranes of polyvinyl
chloride and poly vinyl acetate. It has also been used to
determine the charge of Keratin, to evaluate the fixed charge
on thin parlodian and parchment supported membranes. In
addition to the Eqn. (1), Teorell, Meyer and Sievers further
extended their theory and derived another equation for
membrane potential considering the total potential, as the
Donnan potential 8¥y,nan, between the membrane surfaces
and the external solutions, and the diffusion potential
8 Wy ,within the membrane.?*?’

8 ¥ine=8 Waont8 Wity 2
where
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R, F and T have their usual significance, ¥, and Y, are the
mean ionic activity coefficient Cj. and C,, are the cation
concentration on the two sides of the charged

2
¢\ D

N E (4)
q 2Vk

2
VD

2Vk

c, =

where Vi and V refer the valency of cation and fixed charge
group on the membrane matrix, q is the charge effectiveness
of the membrane and is defined by the equation (5).

©)

(6)

where C; is the /™ ion concentration in the membrane phase
and C;is the ith ion concentration of the external solution.
The diffusion potential, 8 Py was expressed in the form

(@+1)Cy, +(¥x /7 ) D
(@+1)C, + (/R )P

(N

RTw -1
= x In

Vka+1

8 gir

Here @ = u/v is the mobility ratio of the cation to anion in
the membrane phase. The total membrane 8¥,,. potential
was, thus, obtained by simple addition of Eqns. (3) and (7).
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. _ RTw —1 (w+l)C2++(Vx/VK)D
™ pFeer | (a+1)cy, + (1 /1) D
®)

C
Ay/m:%(qﬂ_)lnc—z ©)

1
M (10)

t v

In order to test the applicability of these theoretical
equations for the system under investigation, the Donnan
potential and diffusion potential were separately calculated
from membrane potential measurement using a typical
membrane prepared at 70 MPa pressure. Eqs.(9) and (10)
were first used to get the values of transport numbers #. and
t. from experimental membrane potentigl data and
consequently, the mobility ratio @ =%/ within the
membrane phase. The values of mobility tatio (1)) of the
electrolytes in the membrane phase were found to be high at
lower concentration of all electrolytes (KCI, NaCl, LiCl).
Further increase in concentration of electrolytes led to a
sharp drop in the values of [1 as given in Fig 5.

mobility ratio

T T
0.0 0.5 1.0 15 2.0 25 3.0 35
-logC,(mol/l)

Figure 5. Plots of mobility ratio against —log C, for SPM using 1:1
electrolytes.

The higher mobility is attributed to higher transport
number of comparatively free cations of electrolytes and
also be similar trend as the mobility in least concentrated
solution. The values of # calculated from observed
membrane potential are given in Table 4.

Here, ¢, is not a true transport number since water
permeation has not been taken into account, however , in
dilute solutions the values of ¢, approach closer to the true
values. Fig. 6 shows that the transport number decreases
with increase in concentration of the salt solution.
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Fig. 6. Plots of 7. (transprot number) of various electrolytes

As the concentration of the electrolytes increased, the
values of distribution coefficient decreased, thereafter, a
stable trend was observed as shown in Fig. 7. The large
deviation in the value at lower concentration of electrolytes
was attributed to the high mobility of comparatively free
charges of the strong electrolyte.

1.84

=
&
1

distri'klution coefficient
N
1

T T T T
0.0 0.5 1.0 15 2.0 25 3.0

-logC,(mol/l)

Figure 7. Plots of the distribution coefficient against —log C, for
SPM using various 1:1 electrolytes.

Donnan potential at various electrolyte concentration were
then calculated from the parameters, Cs+ gz , ¢ and K, by
using Egs. 3-7 and values of the parameters derived for the
systems have been given in Table 5. The values of y. were
the usual values for electrolytes. For comparison, the
experimentally obtained values of membrane potentials for
the system have also been drawn in the same figure. It may
be noted that the experimental data follow the theoretical
curve quite well. Whereas some deviations may be due to
various non-ideal effects, such as swelling and osmotic
effects, membrane inhomogeneity and hydrophobic/hyd-
rophilic effects which were prominent and simultaneously
present in the membrane.”’ These effects are often
simultaneously present in charged membranes.
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Table 4. The calculated values of the parameters (¢, , K, , G, , and gz ) of SPM prepared at a pressure of 70 MPa with different

concentration of electrolytes using Egs. (4)- (6), (9) and (10).

KCl(electrolyte)C, t, K. g G =
1.00 0.65 0.99 1.00 0.9937 1.760
0.50 0.66 0.996 1.001 0.4937 2.220
0.10 0.77 0.98 1.009 0.0938 4.00
0.05 0.89 0.962 1.018 0.0439 6.020
0.01 0.94 0.820 1.104 0.0051 13.89
0.001 0.95 0.80 1.118 0.0007 15.56
NaCl(electrolyte)C, t, K. q G -
1.00 0.66 0.997 1.001 0.9916 1.94
0.50 0.70 0.995 1.002 0.4916 2.53
0.10 0.79 0.976 1.012 0.0918 4.20
0.05 091 0.952 1.024 0.0421 7.55
0.01 0.95 0.76 1.147 0.0041 15.56
0.001 0.96 1.40 1.245 0.0009 16.81
LiCl(electrolyte)C, t, K. q G =
1.00 0.67 0.996 1.002 0.990 2.02
0.50 0.73 0.994 1.003 0.490 2.63
0.10 0.89 0.974 1.013 0.091 4.70
0.05 0.92 0.948 1.027 0.415 8.14
0.01 0.96 0.740 1.162 0.004 16.81
0.001 0.97 1.600 1.390 0.0001 18.26

The pH response profile for the membrane was tested by
use of (1 x 1072 mol L") electrolytes solution over the pH
range 2.0 — 11.0. The pH was adjusted by introducing small
drops of hydrochloric acid (0.1 M) or sodium hydroxide (0.1
M) into the solutions. The influence of the pH response on
the composite membrane electrode is shown in Fig 8.

75

Electrod potential(mV)
P (o2}
(&2} o
1 1

w
o
1

154

pH

Fiqure 8. The effect of pH of the KCI solutions (1 x 10> mol
L") on the potential response of membrane.

As seen in figure, the potential remained constant from pH
2.0 to 7.0, beyond which some drifts in the potentials were
observed. The observed drift at higher pH values could be
due to the formation of some Hydroxyl complexes of cations
( K', CI', Li") the solution. At the lower pH values, the
potentials increased, indicating that the membrane
responded to protonium ions, as a result of the some extent
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protonation of phosphorus atoms of the phosphate. In the
other hand, at lower pH values H;O" ions start to contribute
to the charge transport process by the membrane, thereby
causing interference.

Conclusions

With uni-univalent electrolyte (KCI, NaCl, and LiCl)
solution membrane potential were measured for inorganic
membranes using saturated calomel electrodes. The
membrane potential offered by electrolytes is in the order
LiCl > NaCl > KCI and the obtained data indicates that the
behavior investigated membrane is cation selective and the
order of selectivity of cation transporting through the
membrane has been found as K" > Na" > Li". The effective
fixed charge densities and transport number of strontium
phosphate membrane were evaluated by a TMS method.
Charge density values obtained, by the frequently used TMS
procedure, has been used to test the recently extended TMS
equation by computing membrane potentials at different
concentrations. Membranes prepared at high pressure (110
MPa) carry higher charge density and have narrow surface
openings and low porosity. And the strontium phosphate
membranes work well in the pH range 2.0-7.0. The
theoretical predictions for membrane potential are borne out
quite satisfactorily by our experimental results for all
membranes.

Nomenclature

C..G Concentration of electrolyte solution either side
of the membrane (mol L™)
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C Cation concentration in membrane phase 1
(mol L)
Cor Cation concentration in membrane phase 2
(mol L)
C; i™ jon concentration of external solution
(mol L)
D Charge density in membrane (eq L™)
F Faraday constant (C mol™)
K, Distribution coefficient of ions
Jon Distribution coefficient of ions (electrolyte
solution C,)
P Pressure (5-11 MPa)
q Charge effectiveness of membrane phase 1
Q> Charge effectiveness of membrane phase 2
R Gas constant (J K mol™)
SCE Saturated calomel electrode
SEM Scanning electron microscopy
TMS Teorell, Meyer and Sievers
XRD Powder X-Ray diffraction
FTIR Fourier Transform Infrared Studies
t Transport number of cation
L Transport number of anion
u Mobility of cations in the membrane phase
(m*V's™h
U (u-vl(utv)
V Mobility of anions in the membrane phase
Vi Valency of cation
V. Valency of fixed charge group
7;, , }/; Mean ionic activity coefficient for electrolytes
solution C, and C,
T Mobility ratio (TMS extension theory)
AY¥, Membrane potential (mV)
8 Ve Membrane potential (mV) (TMS extension
theory)
8 Yion Donnan potential (mV)
8 Vit Diffusion potential (mV)
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