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Abstract Electrodialysis (ED) is a separation process
based on the transport of ions through ion exchange mem-
branes. Ion exchange membranes are the key factor of this
system. In this research, PVC/HIPS/ABS blended hetero-
geneous cation exchange membranes were made by solu-
tion casting method using tetrahydrofuran as solvent and
cation exchange resin. The blend of various ratios of these
polymers was prepared, and the best ratio was selected as
the polymeric matrix. Montmorillonite K10 nanoparticles
(with cation exchange characteristics) were then added to
the appropriate polymeric matrix to enhance the electro-
chemical properties of the membrane. All the electro-
chemical properties of the synthesized membranes (with
and without additives) were investigated. Montmorillonite
K10 particles enhanced the membrane properties due to
their cation exchange capacity. The best results were ob-
tained with PVC/ABS binder and 0.03 additive ratio,
where the membrane electrical resistance was decreased
37% while the IEC and transport number were improved
75 and 6%, respectively.
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Introduction

Electrodialysis (ED) is a separation process which is applied
in the production of potable water for more than 50 years. In
ED system, the cation and anion exchange membranes are
arranged in an alternating pattern between the anode and the
cathode. Ion exchange membranes are one of the advanced
separation membranes and the key part in an ED system [1, 2].
According to their structure and preparation method, ion ex-
change membranes can be classified into two main categories:
homogeneous and heterogeneous membranes. Homogeneous
membranes have good electrochemical properties but lowme-
chanical strength. On the other hand, heterogeneous mem-
branes have good mechanical strength but weak electrochem-
ical properties [3]. In general, in order to have a successful ion
exchange membrane, the membrane must possess high
permselectivity, low electrical resistance, and good mechani-
cal and chemical stabilities [2, 4, 5]. However, optimizing
these properties is very difficult, since the parameters that
determine different properties have opposite effects on each
other. The key elements that specify the membrane character-
istics are membrane raw materials and the type and concen-
tration of fixed ionic parts [3].

Preparation of heterogeneous ion exchange membranes
with viable electrochemical and mechanical properties is
achieveable by utilizing appropriate binders [3]. Using
polymeric matrices and their blends of convenient proper-
ties is a feasible procedure. Blending provides a conve-
nient way of combining the mechanical, physical, or ther-
mal properties of more than one material and results in
producing a new material with properties viable for spe-
cific applications. This procedure is also a viable method
as an alternative for synthesizing new polymers or copo-
lymerization. However, blends made from incompatible
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polymers are usually weak. The solution prepared from
miscible polymers is homogeneous and clear and does
not separate into discrete phases [6, 7]. Acrylonitrile-
butadiene-styrene (ABS) and high impact polystyrene
(HIPS) are common modifiers which are added to PVC
to improve its properties [6]. Polyvinyl chloride (PVC) is
a flexible and durable polymer with high chemical and
biological resistances. This polymer is inexpensive, avail-
able, and feasible to work with. Many researchers have
utilized PVC as a polymeric matrix in preparing heteroge-
neous cation exchange membranes. [8–15]. ABS is a mix-
ture of styrene, butadiene, and acrylonitrile. This polymer
provides suitable strength, rigidity, toughness, and chemi-
cal resistance while offers good workability, electrical in-
sulation characteristic, and relatively low cost [6, 7, 16].
HIPS has great toughness and impact strength, while its
tensile strength is not promising. Meanwhile, this polymer
is hydrophobic and has a brittle nature [6]. Synthesizing
heterogeneous cation exchange membranes by using
(ABS) and (HIPS) at different ABS to HIPS ratios is re-
ported. The membranes based on HIPS have better elec-
trochemical properties but lower mechanical and chemical
strengths in comparison with those based on ABS. The
best electrochemical properties were obtained by using
20 wt% ABS and 80 wt% HIPS, while the mechanical
stability was inadequate [17]. Since ABS/HIPS blend has
good electrochemical properties but a poor mechanical
stability; and also ABS and HIPS are introduced as com-
mon modifiers for PVC; in this research PVC was added
to the ABS/HIPS blend in order to enhance its mechanical
stability as well as electrochemical properties.

Heterogeneous ion exchange membranes can be prepared
through incorporation of ion exchange resin particles within a
polymeric matrix. The ion exchange particles perform as func-
tional groups and play a very effective role on the membrane
characteristics [18]. Amberlite IR120 is a strongly acidic cat-
ion exchange resin which was used as functional groups in
this research for the synthesis of membranes. This resin has
been also used in water and waste water treatment [19].

Nanoparticles can be used as additives to improve the
properties of ion exchange membranes. Uniform disper-
sion of nanoparticles in the polymeric matrix enhances the
interactions among the polymeric matrix and fillers.
Therefore, the active sites, i.e., nanoparticles, act more
effectively to improve the membrane properties [20].
Nanoparticles affect the permeability, selectivity, hydro-
philicity, conductivity, mechanical, and thermal stabilities
of the polymeric membranes and thus improve the mem-
brane performance [21]. One of the nanoparticles with a
wide range of applications is nanoclay. Unlimited re-
sources in nature, low-cost, platelet structure bearing high
aspect ratio, high efficiency, hydrophilicity, and cation
exchange capacity are some interesting features of

nanoclay. Content and dispersion state of clay layers in
the polymeric matrix is a key factor that affects the mem-
brane physical and mechanical properties. To improve the
membrane properties, moderate dispersion of nanostruc-
tured particles is crucial. One of the advantages of using
nanoclay particles as filler is the disklike structure of
these particles. Thus, the polymer chains could penetrate
through the gaps between the disks and disorganize
nanoclay layered structure, making nanoparticles dis-
persed in the polymeric matrix uniformly [22, 23]. If the
membrane matrix was hydrophobic and did not possess
any hydrophilic agent, nanoclay particles would aggregate
in the matrix. In the presence of hydrophilic reagents,
intensive stirring and sonication might effectively reduce
the aggregation and separate the silicate layers. The exis-
tence of polar groups would improve the dispersion of
nanoclay particles, as the montmorillonite is rich of hy-
droxyl groups and thus polymers with hydrophilic agents
can diffuse within its layers [22]. Incorporating nanoclay
particles in direct methanol fuel cell membranes, such as
Nafion, sPEEK, PVA, and PVDF membranes, is reported.
These particles improved membrane mechanical and ther-
mal stability, enhanced proton conductivity (due to clay
cation exchange capacity), increased water absorption (as
a result of clay hydrophilicity), and decreased the metha-
nol permeability [23–28].

In this research a heterogeneous cation exchange mem-
brane was synthesized via an easy procedure. The effect of
polymeric binders and the addition of nanoparticles on the
membrane electrochemical and mechanical properties were
investigated. For this purpose, the blend of PVC/HIPS/
ABS was used as the polymeric matrix and Amberlite IR-
120, a strong acid cation exchange resin, was employed as
the functional groups. In order to modify and enhance the
membrane properties, incorporation of nanoclay particles
due to their suitable properties, such as unlimited sources
in nature, layered structure, hydrophilicity, and cation ex-
change capacity, was employed. Membranes were prepared
via solution casting followed by dry phase inversion.
According to the previous studies [18, 29, 30], the size of
resin particles, resin to polymer ratio, and polymer to sol-
vent ratio were considered constant at 39 μm, 1/1 (wt.
ratio), and 1/17 (wt./v), respectively.

This article is presented in two parts. In the first part, the
effect of the blend ratio on the membrane properties was in-
vestigated and the best polymeric matrix was chosen for the
incorporation of nanoclay particles. In the second part, the
effect of nanoclay particles on the membrane properties was
studied. To the best knowledge of the authors, the combina-
tion of PVC/HIPS/ABS blend as the polymeric matrix,
Amberlite IR120 as the functional groups, and nanoclay as
an additive for the heterogeneous cation exchange membranes
has not been reported so far.
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Experimental

Materials

Polyvinylchloride (PVC; grade 7054, density 490 g/L,
viscosity 105 cm3/g) was obtained from BIPC, Iran.
H i g h impa c t g r a d e po l y s t y r e n e (H IPS ) a nd
acrylonitrile-butadiene-styrene (ABS), were supplied by
T.P.C., Iran. Chemical structures of polymers are shown
in Table 1. Tetrahydrofuran (THF), which was used as
solvent, was obtained from Royalex Company. The cat-
ion exchange resin, Amberlite IR120, used as functional
group reagent (strongly acidic cation exchange resin)
and nanoparticles of montmorillonite K(10) clay
(100 nm, 220 m2/g, CEC = 0.92–0.1 meq/g [22, 28])
used as additive, were obtained from Sigma Aldrich.
Other Chemicals such as NaCl (purity: ≥ 99%), NaOH,
and HCl were obtained from Loba Chemie Co., India.

Membrane preparation

The heterogeneous cation exchange membranes were pre-
pared by distributing resin and additive particles in the poly-
meric solution followed by dry phase inversion. Cation ex-
change resins were dried in an oven at 50 °C for 24 h, pow-
dered in a ball mill, and sieved (mesh −300 + 400). The poly-
meric solution was prepared by dissolving 1 g of polymer
binder in 17 mL of THF solvent at room temperature while
stirring until a homogeneous solution was obtained. The ho-
mogeneity of the solution at room temperature while no stir-
ring was applied ensured the compatibility of the blend poly-
mers. Subsequently, 1 g of resin particles was added to the
polymeric solution and was stirred vigorously by means of a
mechanical stirrer. In the case of adding nanoparticles, the clay
and resin particles were simultaneously added to the polymer-
ic solution. For a better dispersion of particles and breaking up
any aggregation, the mixture was sonicated (ultrasonic

Table 1 Chemical structure of polymers [26]

Chemical structurePolymer

PVC

HIPS

ABS
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homogenizer, Bandeline) for 30 min. Prior to casting, the
mixture was further stirred by the mechanical stirrer for an-
other 15 min. The mixture was cast on a flat, clean, and dry
glass and was dried at room temperature overnight (dry phase
inversion). Afterwards, the membrane was immersed in de-
ionized water (wet phase inversion). The synthesized cation
exchange membranes were further treated with HCl (immers-
ing in 0.1 M HCl solution for 12 h) and NaCl (0.5 M for 24 h)
solutions. In all experiments, the ratios of resin to binder and
THF to binder were kept constant at 1/1 (w/w) and 17/1 (v/w),
respectively. Five membranes with different polymer ratios
were initially prepared and their properties were investigated.
The optimum polymer matrix was chosen to be modified by
nanoclay. The name and composition of the prepared mem-
branes are presented in Table 2.

Membrane characterization

Membrane morphology

Scanning electron microscopy (SEM) was used to study the
membrane structure as well as dispersion of functional groups
and nanoclay particles. The membrane samples were cut into
desired size and placed on a plate to be coated with gold. After
coating the membrane surface, the images were taken at three
magnifications of ×100, ×600, and ×1000.

Water content

In order to measure the membrane water content, it was im-
mersed in deionized water for 24 h. The surface of the mem-
brane was then wiped off by filter paper and weighed (Ww).
The membrane was subsequently dried in an oven for 12 h at
50 °C until the membrane weight became constant (Wd). The
difference betweenWw andWd represents the membranewater
content as calculated by Eq. 1. Since the weight measurement

of the wet and dry membranes is very sensitive, eachmeasure-
ment was repeated three times for every individual sample and
the average value was then reported.

watercontent %ð Þ ¼ Ww−Wd

Wd

� �
� 100 ð1Þ

Ion exchange capacity and fixed ion concentration

Acid-base titration procedure was applied in order to measure
the membrane ion exchange capacity (IEC). The membrane
was initially immersed in 1 M HCl solution for 24 h to make
sure that all of the exchangeable groups are converted to H+

form. The membrane was then washed and kept in deionized
water overnight to remove any excess H+. After that, the mem-
brane was placed in 1 M NaCl solution for 24 h. The content
of liberated H+ ions in the solution was calculated through
acid-base titration using 0.05 M NaOH solution and phenol-
phthalein as an indicator [17]:

IEC ¼ a� b
Wd

ð2Þ

where a is the volume (mL) of used NaOH and b is the nor-
mality of NaOH (meq/mL).

The fixed ion concentration (FIC) was then calculated
through the following equation [17]:

FIC ¼ IEC

watercontent
ð3Þ

Membrane potential and transport number

When two solutions of different concentrations are sepa-
rated by a permselective membrane, a potential difference
would be established between them. This potential differ-
ence is known as the membrane potential. The membrane
potential is the result of Donnan and diffusion potentials.
When both surfaces of an ion exchange membrane are in
contact with electrolyte solutions of different concentra-
tions, counter ions diffuse from the side of high concentra-
tion to that of low concentration, while the diffusion of co-
ions is abundant. In the case that solutions are separated by
a cation exchange membrane, the side of low concentration
would be charged positively and the side of high concen-
tration would be charged negatively. Thus the potential
difference (membrane potential) will be generated which
would hinder further diffusion of cations [31, 32].

Membrane potential can be directly measured in an elec-
trolytic cell by standard electrodes (such as calomel elec-
trodes). This potential was used for the calculation of mem-
brane transport number and permselectivity. The cell that was
used in this research is shown in Fig. 1. Two electrolyte

Table 2 Name and composition of prepared membranes

Membrane PVC
(wt.%)

HIPS
(wt.%)

ABS
(wt.%)

Nanoclay (wt.%)
(nanoclay/(resin + polymer))

A 0 80 20 –

B 20 60 20 –

C 40 40 20 –

D 60 20 20 –

E 80 0 20

EC
0:5

80 0 20 0.5

EC
1

1

EC
3

3

EC
5

5
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solutions of different concentrations (C1 = 0.1 M and
C2 = 0.01 M) were placed in two compartments and the con-
centrations were kept constant by circulating fresh solutions to
both sides. The compartments were also stirred vigorously by
means of mechanical stirrers to avoid any concentration po-
larization during the experiments. The potential which was
developed across the membrane was measured by calomel
electrodes (Azar electrode, Iran) and a digital multimeter
(Em). By using the measured potential and Eq. 4, the transport
number of cation exchange membrane was calculated:

Em ¼ 2tþ−1ð Þ RT
FZ

ln
a1
a2

ð4Þ

where t+, T (K), R (J/mol.K), F (J/V.geq.), z, and a1/a2 are the
transport number of cations, temperature, gas constant,
Faraday constant, valence of cation, and the activity ratio of
solutions in contact with both sides of the membrane,
respectively.

The experiments were continued for 15 min and the poten-
tial was measured every 3 min until a constant value was
achieved.

Permselectivity

Permselectivity or selectivity between co-ions/counter-ions
was calculated by using the transport numbers of cation in
the membrane and in the solution (Eq. 5) [18]:

Ps ¼ tþ−t0
1−t0

ð5Þ

In the above equation, t0 is the cation transport number in
the solution which is calculated through the cation mobility in
the solution [18].

Donnan equilibrium

Donnan equilibrium which is established between the electro-
lyte solution and the ion exchangemembrane is represented as

the ratio of cation concentration in the membrane to that in the
adjacent electrolyte solution [18, 30].

K
0 ¼ Ci

Ci

 !1=zi

ð6Þ

In Eq. 6 K″, zi, and Ci are Donnan equilibrium constant, the
valence of the ion (absolute value), the cation concentration in
the membrane and in the adjacent solution, respectively.
Donnan equilibrium constant (K″) can be calculated through
the electroneutrality basis in the cation exchange membrane.
The concentrations of cations and anions are calculated by
Eqs. (7) and (8), respectively [18, 30]:

Cþ ¼ FIC

2
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 þ FIC

2

� �2
s

ð7Þ

C− ¼ −FIC
2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2 þ FIC

2

� �2
s

ð8Þ

where C is the concentration of electrolyte solution. The ratio
of cation/anion concentrations in the membrane phase deter-
mines the membrane selectivity between counter-ions and co-
ions [18, 30].

Electrical resistance

In order to measure the membrane resistance, the mem-
branes were immersed in 0.5 M NaCl solution for 24 h.
Both compartments of the cell (Fig. 1) were filled with
0.5 M NaCl solution at room temperature and were fixed.
An alternative current (frequency of 1500 Hz generated
by an audio signal generator) was established across the
cell. The cell resistance was measured with (R1) and
without (R2) the membrane incorporation within the cell.
Membrane electrical resistance (Rm) was calculated from
the difference between R1 and R2 (Rm = R1 − R2). The
membrane total electrical resistance was calculated as
follows [17]:

r ¼ Rm � A ð9Þ

where A is the membrane surface area.

Membrane mechanical resistance

In order to study the mechanical stability of the prepared
membranes, the tear resistance of the membranes was
measured according to ASTM D1922–03 (Daventest, E
350/127, Wewlyn Garden City, England). To apply this
measurement, all of the samples were cut into the stan-
dard shape and each test was repeated for five times for

Fig. 1 Schematic diagram of the potential cell
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each and every individual sample. The average value of
the measurement was then reported.

Results and discussion

Identification of the optimum blend ratio

The operational behavior of the prepared membranes depends
on the membrane morphology; drying time (dry phase

inversion time) has a great impact on the membrane morphol-
ogy. By increasing the drying time, the membrane porosity is
decreased. In other words, by increasing the solvent evapora-
tion time, membrane pores become smaller and a dense mem-
brane was obtained at a drying time of 24 h [18].

A heterogeneous cation exchange membrane composed of
two different phases: continuous phase (polymer matrix) and
dispersed phase (cation exchange resin particles). A mem-
brane without the existence of resin particles although is
completely homogeneous but would be incapable to transfer

Fig. 2 SEM images of prepared
membranes with different
polymeric blend with 100
magnification. a PVC:HIPS:ABS
= 0:80:20, b PVC:HIPS:ABS =
20:60:20, c PVC:HIIPS:ABS =
40:40:20, d PVC:HIPS:ABS =
60:20:20, e PVC:HIPS:ABS =
80:0:20
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cations. Resin particles are the conductive regions and provide
appropriate paths for cation exchange process; the polymeric
matrix has no role in the ion exchange process [33]. The qual-
ity of dispersion of ion exchange resin particles has a great
impact on the membrane behavior. When the cation exchange
resin particles distribute uniformly in the polymeric matrix,
adequate paths for the transfer of cations are formed, the ac-
cessibility to the resin particles would be enhanced and thus
more conductive regions are developed. As such, the mem-
brane transport number and permselectivity are enhanced and
the membrane electrical resistance is reduced. The presence of
more conductive regions in the membrane would intensify the
uniform electrical field in the vicinity of the membrane and
consequently decreases the concentration polarization [17,
18]. SEM images were taken in order to evaluate the mem-
brane morphology and distribution of resin particles (Fig. 2).
Both polymeric binder and resin particles are clearly specified
in the images of this figure. As can be seen, by increasing the

PVC to HIPS ratio, the membrane surface becomes more uni-
form and the distribution and dispersion of resin particles in
the polymeric binder is enhanced. As it is also seen, the resin
particles have been aggregated in the membrane containing
almost no PVC.

By increasing the PVC to HIPS ratio, the amount of
polar groups in the polymeric matrix increases, which is
due to the polar group of chloride in PVC. The latter
increases the interactions among the polymeric binder
and resin particles and improves the distribution of
charged particles, thus the accessibility to the particles is
enhanced. In such a condition, the transfer of cations
through the membrane is facilitated while the passage of
anions is restricted and the membrane transport number
and permselectivity are increased [18, 30]. The transport
number and permselectivity of the prepared membranes at
various blend ratios are shown in Fig. 3. By increasing the
PVC content in the casting solution, dispersion of resin

Fig. 3 Effect of polymeric blend
ratio on membranes transport
number and permselectivity

Fig. 4 Effect of polymeric blend
ratio on the membranes electrical
resistance
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particles is improved, and as a result, the transport number
and permselectivity of the membrane are increased.

Adequate dispersion of resin particles and hydrophilicity of
the membrane surface would result in reducing the electrical
resistance of the membrane, as well. In the synthesized mem-
branes, where the content of ion exchange groups (resin par-
ticles) is similar, by improving the dispersion of resin parti-
cles, i.e., a more uniform and hydrophilic surface, the electri-
cal resistance is decreased. By adequate distribution of parti-
cles, the ion exchange paths are improved and the ion mobility
in the membrane is increased; therefore, the electrical resis-
tance is decreased [18, 30, 34]. The obtained results are shown
in Fig. 4. As it is seen, the increment of PVC in the membrane
results in reduction of the electrical resistance.

The water content of the membranes versus the blend ratio
is demonstrated in Fig. 5. By increasing the PVC percentage
in the polymeric matrix from 0:80:20 to 20:60:20,
(PVC:HIPS:ABS) the membrane water content is increased.

This observation is attributed to the addition of polar group of
chlorides to the matrix and thereby increasing the hydrophi-
licity of the membrane. On the other hand, by increasing the
PVC content to 40%, the membrane water content is de-
creased. When the resin particles distribute more uniformly
in the membrane, the membrane free spaces that can accom-
modate water are reduced and the total water content de-
creases. Meanwhile, by decreasing the amount of HIPS, the
free volume which is due to the presence of HIPS phenyl rings
is also reduced. However, by further increase in the PVC
content, i.e., increase in the chloride polar groups, the mem-
brane hydrophilicity enhances which subsequently increases
the water content of the membrane.

The membranes based on HIPS have higher ion exchange
capacities than the membranes based on PVC or ABS, due to
the presence of phenyl rings in HIPS structure which act as
steric hindrance and increase the free space among the poly-
meric chains. As such, in HIPS membranes the free volume is

Fig. 5 Effect of polymeric blend
ratio on membranes water content
and IEC

Fig. 6 Effect of polymeric blend
ratio on membranes FIC and the
ratio of concentration of counter-
ions to co-ions
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increased. In such a condition, the access to the ion exchange
groups (resin particles) is enhanced and the membrane ion
exchange capacity is improved. On the other hand, the pres-
ence of more polar groups such as chloride and nitrile in the
membrane matrix enhances the interactions between the solu-
tion and the membrane surface which can facilitate the ion
transfer through the membrane [17]. The results presented in
Fig. 5 show that the membrane with the most HIPS content
has the highest IEC. This observation is despite the fact that
more polar groups are present in other membranes. By adding
PVC to the membrane matrix, which results in a reduction in
the free spaces, the IEC decreases. By further addition of PVC

from 20 to 40%, the polar groups in the membrane increase
and an increase in the IEC is observed. However, further in-
crease in PVC (more decrease in HIPS) lowers the membrane
ion exchange capacity.

The ratio of counter-ion (Na+) concentration to that of co-
ions (Cl−) in the membrane matrix, is only a qualitative eval-
uation of the membrane selectivity. It is worth to mention that
in the theory of Donnan equilibrium, the effects of concentra-
tion polarization, which can affect the membrane selectivity,
have not been taken into account [34]. The fixed ion concen-
tration is the ratio of IEC to water content (an independent
parameter). The membrane with higher IEC and lower water
content has a higher FIC. The variation of FIC versus the
polymeric blend ratio is shown in Fig. 6. As it is shown, the
highest FIC belongs to the membrane C, which has the lowest
water content. The trend of variation of is very similar to that
of FIC. By increasing FIC, the concentration of counter-ions
in the membrane is increased while it is vice versa for the co-
ions, i.e., electroneutrality. Thus, the concentration ratio of
counter-ions to co-ions would be enhanced.

One of the advantages of polymeric blends is the improve-
ment in the mechanical properties of the products [6]. The

Fig. 7 SEM images of
membranes surfaces with ×600
magnification

Table 3 The effect of
polymeric blend ratio on
membrane mechanical
resistance

Membrane Tear resistance
(g.force/μ)

A 10.44

B 11.75

C 14.29

D 17.70

E 20.57
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mechanical stability of the prepared membranes was investi-
gated by tear resistance test. The obtained results which are
presented in Table 3 demonstrate that by increasing the PVC
content in the prepared membranes the mechanical stability is
improved. HIPS has a more brittle structure than PVC and
ABS, due to the presence of phenyl rings which have abun-
dant mobility and rotation of the polymeric chains. Therefore,
by reduction of HIPS content in the polymeric blend, the me-
chanical stability is increased. Moreover, by increasing the
polar groups in the polymeric matrix, the interactions among

the polymeric chains are enhanced and that would reinforce
the membrane stability [17].

Incorporation of nanoclayparticles into the membrane

In this research, the membrane matrix with the most hydro-
philic agents is membrane E (80 wt% PVC and 20 wt%ABS).
Meanwhile, membrane E possesses the highest mechanical
resistance and better electrochemical properties among all pro-
duced matrices. As such, various contents of nanoparticle (ra-
tio of nanoparticle to total solid) (w/w) of 0.5/100, 1/100,
3/100, and 5/100 were added to the matrix.

Membrane morphology

In order to study the membrane morphology as well as disper-
sion of nanoclay, SEM images were taken from the surfaces of
the prepared membranes (Fig. 7). The resin and nanoparticle
regions are specified in the images. As can be seen, resin and
nanoclay particles are very well distributed in the matrice, due
to the presence of chloride and nitrile polar groups.
Meanwhile, increasing the nanoclay ratio has led to a more
uniform dispersion of resin particles. By increasing the addi-
tive ratio, the content of particles (nanoclay and resin) in the
casting solution is increased, which leads to decrease of ran-
dom distribution of the particles in the polymer solution and
subsequently in the membrane matrix. Uniform dispersion of
resin and nanoclay particles would result in a more uniform
distribution of ionic sites on the membrane surface and thus
more conducting regions are developed. The latter improves
the electrochemical properties of the membranes [30, 35]. The
SEM image of the membrane cross section is shown in Fig. 8
to emphasize the dense structure of synthesizedmembrane. As
can be seen, a completely dense structure is obtained.

Fig. 9 Effect of nanoclay ratio on
membranes water content and
IEC

Fig. 8 The SEM image of membrane cross section with ×1000
magnification
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Water content

The amounts of water content of the membranes after adding
nanoparticles are presented in Fig. 9. Since montmorillonite
K10 is rich in hydroxyl groups and thus is very hydrophilic,
by adding its particles to the membrane matrix the membrane
hydrophilicity is enhanced, and the water content is increased.

Ion exchange capacity

The ion exchange capacity versus nanoclay ratio is demon-
strated in Fig. 9. By adding nanoclay particles to the mem-
brane matrix, due to the cation exchange capacity of montmo-
rillonite K10, the IEC of the membrane is enhanced [22, 28,
36, 37]. As it can be seen, the membrane IEC is increased up
to 3 wt% of nanoclay particles. Despite the well distribution of
the nanoparticles in the membrane (see Table 2) due to the
existence of polar groups, the IEC decreased at this ratio. This

reduction is attributed to the coverage of the particles by poly-
meric chains and thus the accessibility to the particles and their
cation exchange sites is decreased.

Fixed ion concentration and Donnan equilibrium

The variation of FIC versus additive ratio is presented in
Fig. 10. As FIC is not an independent parameter, it shows a
particular trend, according to the variations in the water con-
tent and IEC of the membrane. The variation in the concen-
tration ratio of counter-ions/co-ions is similar to that of FIC.
Higher FIC means higher concentrations of counter-ions and
lower concentrations of co-ions in the membrane.

Transport number and permselectivity

The transport number and permselectivity of the membranes are
shown in Fig. 11. Both transport number and permselectivity of

Fig. 10 Effect of nanoclay ratio
on membranes FIC and electrical
resistance

Fig. 11 Effect of nanoclay ratio
on membranes transport number
and permselectivity
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the membranes are enhanced up to 3 wt% of nanoclay content
and then decreased by further addition of nanoclay to the matrix.

Montmorillonite K10 has a high cation exchange capac-
ity and could increment the ionic sites. Therefore, by uni-
form distribution of nanoclay particles in the membrane
matrix, the content of ionic sites on the membrane surface
is increased. So the interactions among the ions in the so-
lution and the membrane surface are increased. Thus the
ion transfer through the membrane is facilitated and the
Donnan exclusion is improved where better conducting
regions are provided. Moreover, since the clay particles

are placed into the ion transfer channels, the functional
groups (resin particles) can control the ion transfer.
Therefore, the selectivity between co-ions and counter-
ions is improved [18, 22, 30].

The transport number and permselectivity are increased
upon addition of additive up to 3 wt% and then decreased
by further addition of additive particles up to 5 wt%. Despite
the uniform dispersion of additive particles at all ratios, at
5 wt%, the nanoclay particles are covered with the polymeric
chains and the accessibility to the resin particles is decreased.
So the interactions among the ions in the solution and the

Table 4 Comparison between the electrochemical properties of the prepared membranes in this research and some commercial ones

Membrane IEC (meq/g) Permselectivity (%) Resistancea (Ω.cm2)

Modified membrane (EC3) 2.7 >72b <4

MEGA a.s., Czech Republic

Ralex® CMH-PES (heterogeneous) 2.2 >92c <10.0 [13, 38]

Ralex® CMH-5E 2.2 − <12 [4]

Bhavnagar India

CSMCRI® HGC (heterogeneous) 0.67–0.77 87b 4.0–6.0 [13]

CMI-7000 (heterogeneous) 1.6 ± 0.1 94d <30 [41]

IONAC MC-3470 (heterogeneous) 1.4 – – [42]

Ionics Inc., USA

61CZL386 (heterogeneous) 2.6 – 9 [13, 39]

CR61-CMP 2.2–2.5 – 11 [4]

CR67-HMR 2.1–2.45 – 7–11 [4]

Asahi Glass Co. Ltd. Japan

HJC (heterogeneous) 1.8 – – [39]

CMV 2.4 – 1.5–2.5 [39]

RAI Research Corp., USA

R-1010 1.2 86b 0.2–0.4 [9, 39]

R-5010-H 0.9 97b 1.5 [39]

Fumasep®

FKE >1.0 >98c <3.0 [13]

FKD >1.0 >95c <3.0 [13]

FKB 0.9–1 – 5–10 [4]

FKS 0.9 – 2–4 [4]

Neosepta®

CMX 1.5–1.8 >96b 1.8–3.8 [39]

CMS 2 – 1.5–2.5 [39]

Tianwei Membrane Co. Ltd., China

TWCED 1.4–1.6 – <4 [4]

TWCDD 1.6–2.0 – <4 [4]

TWCDEI 1.2–1.4 – <8 [4]

The significant improvement in related properties compare to other commercial membranes were emphasized by making the data bold
aMeasured in 0.5 M NaCl solution
bMembrane potential measured across the membrane between 0.1 M and 0.01 M NaCl solution
cMembrane potential measured across the membrane between 0.5 M and 0.1 M NaCl solution
dMembrane potential measured across the membrane between 0.5 M and 0.1 M KCl solution
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membrane surface are reduced and thus transport number and
permselectivity are decreased.

Electrical resistance

Uniform distribution of the ion exchange groups and additive
particles, and thus higher hydrophilicity of the membrane sur-
face, lead to reduction of the membrane electrical resistance
[18, 30, 34]. In the prepared membranes, by adding nanoclay
particles to the membrane matrix, the electrical resistance is
significantly decreased. The latter is due to increase in the
amount of cation exchange groups, as well as improving the
membrane hydrophilicity. The results of this part of investiga-
tion are shown in Fig. 10.

The properties of the prepared membrane in this research
and some commercial membranes are given in Table 4.
Results show that the ion exchange capacity and electrical
resistance of the modified lab-made membrane in this study
is comparable with that of commercial ones [4, 9, 13, 38, 39].
The IEC of the prepared membrane is better than those of
commercial homogeneous and heterogeneous membranes,
while its permselectivity (measured in NaCl solution) is lower.
The electrochemical properties of an ion exchange membrane
can oppose each other. Higher values of IEC result in increas-
ing the water content and decreasing the electrical resistance.
It also causes stronger swelling of the membrane due to hy-
drophilicity of the ion exchange groups. Water content has a
strong effect on the membrane permselectivity, since the
permselectivity depends on the ratio of IEC/water content
[40]. In this research, the membrane IEC and electrical resis-
tance were improved significantly, but as the ratio of IEC/
water content decreased the membrane permselectivity was
also decreased. Therefore, although the obtained results are
very promising in terms of ion exchange capacity and electri-
cal resistance, they still need further modifications to obtain
better permselectivity.

Conclusions

The synthesis and characterization of heterogeneous cation ex-
change membranes were studied in this research. The effect of
the blend ratio (PVC/HIPS/ABS) on the membrane properties
was investigated. The results showed that by adding PVC to
HIPS/ABS blend, the dispersion of resin particles in the mem-
brane was improved and the membrane water content, transport
number, permselectivity, and mechanical stability were in-
creased. Membranes A (80/20: HIPS/ABS) and B (20/60:20
PVC/HIPS/ABS) are very brittle. Membrane C (40/40/20:
PVC/HIPS/ABS) had the highest IEC, FIC, and the ratio of
counter-ion/co-ion. In order to improve the membrane perfor-
mance, nanoclay particles were chosen due to their appropriate
properties (unlimited sources in nature, layered structure, and

cation exchange capacity). As these particles are very hydrophil-
ic, the matrix E, which had more polar groups and hydrophilic
nature as well as the highest mechanical resistance and better
electrochemical properties, was chosen to be modified by these
particles. The results show a homogeneous dispersion of parti-
cles in the membrane matrix at all particle ratios. The best mem-

brane in this research is EC
3 with a matrix composition of 20/80:

ABS/PVC, and 3 wt% nanoclay (additive to total solid ratio).
Ion exchange capacity, transport number, permselectivity, and
electrical resistance of this membrane are 2.66 (meq/g), 0.8265,
0.7201, and 3.93 (Ω.cm2), respectively.
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