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Abstract Polyvinyl chloride-based heterogeneous cation ex-
change membranes were modified by embedding carboxy
methyl cellulose in ionic transfer channels of membrane.
The effect of CMC to PVC blend ratios on properties of mem-
branes was studied. SOM images showed uniform distribution
and surfaces for prepared membranes relatively. The SEM
images showed uniform and dense structure for the mem-
branes. The XRD pattern also demonstrated amorphous struc-
ture for the membranes. Membrane water content was im-
proved from 25 to 39 % by increase of CMC concentration
up to 32 %wt. Similar trend was found for membrane surface
hydrophilicity. The membrane ion exchange capacity, fixed
ion concentration, membrane potential, charge density, trans-
port number, permselectivity, and ionic flux were enhanced
initially by increase of CMC ratio up to 16 %wt and then
began to decrease by increase in CMC concentration from
16 to 32 %wt. The membrane oxidative stability and areal
electrical resistance showed decreasing trends by utilizing of
carboxy methyl cellulose in the membrane matrix. Membrane
transport number and selectivity were also increased by in-
crease of electrolyte concentration. Similar trend was found
for the membrane electrical conductivity by increase of elec-
trolyte concentration. Also prepared membranes showed
higher transport number, selectivity, and areal electrical resis-
tance at pH 7 compared to other pH values.
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Introduction

Ion exchange membranes play important parts in environmen-
tal protection, treating industrial effluents, desalting brackish
waters, reconcentrating brine from seawater, production of
table salt, recovery of valuable metals, and food and pharmacy
processing as well as manufacturing of basic chemical prod-
ucts. In this kind of membrane, charged groups attached to
polymer backbone [1-9]. Knowledge of the electro-kinetic
and structural properties of ion exchange membranes are ma-
jor factors behind decisions about their applicability in specif-
ic processes [4, 10—12]. So, preparing inexpensive membranes
with special physico-chemical characteristics may be a vital
step in future applications [4, 13—16]. Functional groups’ var-
iation [17], selection of different polymeric matrices [18, 19],
polymers blending [20, 21], use of various additives such as
nanoparticles [22-24], alteration of cross-link density [25,
26], plasma treatment [27], polymer coating [6, 25], and use
of various solvents [28] are important ways to obtain superior
ion exchange membranes. It is well known that each slight
change in membrane fabrication process can affect the mem-
brane performance [23]. Blending is an inexpensive and ad-
vantageous method to obtain new structural materials. The
effect of polymer blending such as ABS/PS [20], PC/PVC
[21], CA/PVA [29], PES/CAP [30], and PVC/CA [31] on
membrane separation performance and morphology has been
examined.

Nowadays, numerous new functional materials from cellu-
lose are being developed for a broad range of applications
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Table 1 Chemical structures of

used polymers Polymer

Chemical structure

Polyvinyl chloride (PVC)

Carboxy methyl cellulose (CMC)
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because of the increasing demand for environmentally friend-
ly and biocompatible products. Carboxy methyl cellulose hav-
ing abundant hydroxyl and carboxyl groups can be used to
prepare membranes and hydro gels easily with fascinating
structures and properties [29].

In the current study, polyvinyl chloride-based heteroge-
neous cation exchange membrane was prepared by solution
casting techniques. The membranes were modified by embed-
ding carboxy methyl cellulose in ionic transfer channels of
membrane matrix for the application in electrodialysis pro-
cesses related to water recovery and water treatment.

Polyvinyl chloride is a flexible and durable polymer with
suitable biological and chemical resistance [32—34]. Carboxy
methyl cellulose is also one of the most applicable functional
polymers in fabrication of membranes due to its unique fea-
tures such as high hydrophilicity, ion exchange ability, and
low price [29]. Utilizing of these polymers can dedicate spe-
cial characteristics into the membranes.

Currently, no reports have considered fabrication of (poly-
vinyl chloride/carboxy methyl cellulose) heterogeneous cat-
ion exchange membranes and the literature is silent on the
characteristics and functionality of electrodialysis ion ex-
change membranes modified by embedding CMC in ionic
transfer channels of electrodialysis membrane.

The effect of carboxy methyl cellulose (CMC) to polyvinyl
chloride (PVC) blend ratio on physico-chemical

Table 2 Compositions of casting solution for fabrication of cation
exchange membranes

Membrane® Blend ratios of polymers
(CMC to PVC), (wiw)

Sample 1 0.00:100

Sample 2 4.00:100

Sample 3 8.00:100

Sample 4 16.0:100

Sample 5 32.0:100

#Solvent (THF/PVC) (v/w), (20: 1); resin particles (resin/PVC) (w/w),
(1:1)
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characteristics of homemade cation exchange membranes
was studied. The obtained results are valuable in the electro-
membrane processes especially electrodialysis.

Materials and methods
Materials

PVC (grade S-7054; density, 490 g/1) supplied by BIPC,
Iran, and CMC (average MW 90,000, sodium form) sup-
plied by Sigma-Aldrich, USA, were used in membrane
fabrication. Tetrahydrofuran (THF, solvent) and cation ex-
change resin (Ion exchanger Amberlyst® 15, strongly
acidic cation exchanger, H" form—more than 1.7 meq/g
dry, spec. density 0.6 g/cm’), by Merck Inc., Germany,
were also used as solvent and functional groups agent,
respectively. All other chemicals were supplied by
Merck. Throughout the experiment, distilled water was
used. The chemical structure of used polymers is shown
in Table 1.

Fabrication of homemade membranes

The heterogeneous cation exchange membranes were pre-
pared by casting solution technique and phase inversion
method. For membrane preparation, resin particles were
dried in oven (SANEE. V. S. Co) at 30 °C for 48 h and
then pulverized into fine particles in a ball mill
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Fig. 1 Schematic diagram of test cell: (/) Pt electrode, (2) magnetic bar,
(3) stirrer, (4) orifice, (5) rubber ring, (6) membrane
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(Pulverisette 5, Fritisch Co.) and sieved to the desired
mesh size (—300 +400 mesh). The preparation proceeded
by dissolving the PVC into THF solvent in a glass reactor
equipped with a mechanical stirrer (Model, Velp Sientifica
Multi 6 stirrer) for more than 5 h. This was followed by
dispersing a specific quantity of CMC and grind resin
particle in the solution. The mixture was mixed vigorous-
ly at room temperature to obtain uniform particle distri-
bution in the polymeric solution. In addition, for better
dispersion of particles and breaking up their aggregates,
the solution was sonicated for 1 h using a sonication bath
instrument. The mixing process was repeated for another
30 min using the mechanical stirrer. The mixture was then
cast onto a clean and dry glass plate at 25 °C with 400 um
thickness. The membranes were dried at ambient temper-
ature (25 °C) for 1 h and immersed in distilled water for
1 day. As the final stage, the membranes were pretreated
by immersing in NaCl solution for 2 days. The membrane

Fig. 2 The SOM surface images
(x4 magnifications) of homemade
membranes with various ratio of
CMC: a (0.0: 100); b (4.0: 100); ¢
(8.0: 100); d (16: 100); e (32: 100)

(©) (8.0: 100)

thickness was also measured by a digital caliper device
(electronic outside micrometer, IP54 model OLR) around
80 wm. The composition of casting solution is depicted in
Table 2.

Test cell

The electrochemical properties measurements for the prepared
membranes were carried out using the test cell (Fig. 1). The
cell consists of two cylindrical compartments made of Pyrex
glass which are separated by membrane. One side of each
vessel was closed by Pt electrode supported with a piece of
Teflon and the other side was equipped with a piece of porous
medium. In order to minimize the effect of boundary layer
during experiments and to establish the concentration polari-
zation on the vicinity of membrane’s surface, both sections
were stirred vigorously.

" (e)-(32: 100)
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Fig. 3 The SOM surface images
(x10 magnifications) of the
prepared membranes with various
ratios of CMC to PVC: a (0.0:
100); b (4.0: 100); ¢ (8.0: 100); d
(16: 100); e (32: 100)

Membrane characterization
Morphological studies

The behavior of prepared membranes is closely related to their
structure, especially the spatial distribution of ionic site [16].
The structures of prepared membranes were examined by
scanning optical microscopy (SOM, Olympus, model IX 70,
in transmission mode) and scanning electron microscopy
(SEM, Philips-X130 and Cambridge SEM). For the SOM
analysis, samples were cut in small pieces and then mounting
between lamellas, observation was made by the optical micro-
scope. For the scanning by SEM device, the membranes were
frozen in liquid nitrogen, fractured, and sputtered with gold,;
observation was undertaken using the electron microscope.

X-ray diffraction (XRD)

For micro-structural studies of prepared composite mem-
branes, X-ray diffraction patterns were carried out by an X-
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ray diffractometer (XRD, model X’Pert Pw 3373,
ksx=1.54 A°, Philips, Holland).

Water content

The water content was measured as the weight difference be-
tween the dried and swollen membranes. The wet membranes
was weighed (OHAUS, Pioneer ™, readability, 10* g,
OHAUS Corp.) and then dried in oven until the constant
weight was reached. The following equation [7, 16, 35] can
be used in water content calculations:

Wwet—W
Water content% = <M> x 100 (1)

W ary

Where Wy and Wy, are the wet and dry membranes
weight (g), respectively. To minimize the experimental errors,
measurements were carried out three times for each sample
and then their average value was reported.
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Fig. 4 Cross sectional SEM images of pristine and PVC/CMC

membranes

Water contact angle measurements

The water contact angle measurement was carried out between
water and the membrane surface using contact angle
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Unmodified membrane
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Fig.5 XRD patterns of unmodified membrane and PVC-co-CMC mixed
matrix membrane

measuring instrument to evaluate the membranes surface hy-
drophilicity and wetting characteristic. De-ionized water was
used as the probe liquid in all measurements. To minimize the
experimental error, the contact angle was measured in five
random locations for each sample and then their average
was reported. All experiments were carried out in the ambient
conditions.

Ion exchange capacity (IEC) and fixed ion concentration
(FIC)

The IEC determination was performed using titration method.
For the IEC measurements, the membranes in acid form (H")
was converted to Na" form by immersing in 1 M NaCl solu-
tion to liberate the H" ions. The H' ions in solution were then
titrated with 0.01 M NaOH and phenolphthalein indicator.
The IEC is calculated from the following equation [6, 16,
25, 35]:

- (5

Where a is the milli-equivalent of ion exchange group in
membrane and Wy, is the weight of dry membrane (g).
The fixed ion concentration also (F.I.C) can be calculated

by:
FILC = <L> 3)

Water content

Membrane potential, transport number, and permselectivity

The membrane potential is an algebraic sum of Donnan and
diffusion potentials determined by the partition of ions into the
pores as well as the mobilities of ions within the membrane
phase compared with the external phase [17, 18]. This param-
eter was evaluated for the equilibrated membrane with un-
equal concentrations of electrolyte solution (NaCl,
C;=0.1 M, C,=0.01 M at ambient temperature) on either
sides of membrane using two-cell glassy apparatus shown in
Fig. 1. The developed potential across the membrane was
measured by connecting both compartments and using satu-
rated calomel electrode (through KCl bridges) and digital auto
multi-meter (DEC, model DEC 330FC, Digital Multimeter,
China). The measurement was repeated until a constant value
was obtained. The membrane potential (Epjeasure) 1S €xpressed
using Nernst equation [16, 18, 35-37] as follows:

Eweasure = (2£/'-1) (R—§> In (a_1> (4)

n as

Where ¢ is transport number of counter ions in membrane
phase, R is gas constant, T is temperature, n is the

@ Springer
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Fig. 6 The effect of CMC to
PVC (w/w) blend ratios on water
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electrovalence of counter-ion, and a;, a, are solutions electro-
lyte activities in contact membrane surfaces.

The ionic permselectivity of membranes also is quantita-
tively expressed based on the migration of counter-ion
through the IEMs [18, 36, 37]:

l;n—lo

Py =
1-ty

(5)

Where ¢, is transport number of counter ions in the solution
[38].

Concentration of fixed charge on membrane surface

The excessive homogeneity, concentration, and uniform dis-
tribution of functional groups on the surface of membranes

Fig. 7 The ion exchange
capacity and fixed ion
concentration of prepared cation

Sample's number

provide more conducting regions in the membranes and im-
prove their electrochemical properties. Also, the existence of
greater conducting regions on the membrane surface can
strengthen the intensity of uniform electrical field around the
membrane and decreases the concentration polarization phe-
nomenon [39]. The concentration of fixed charge on the mem-
brane surface (Y) has been expressed in terms of
permselectivity as follows [10, 18, 36]:

_ 2CMcanPs

V1-P2

Y (6)

Where P; is the permselectivity and Cyjean 1S the mean
concentration of electrolytes.

—0— lon exchange capacity @ Fixed ion concentration
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Fig. 8 The effect of CMC ratio in
the casting solution on membrane
potential and surface charge
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lonic permeability and flux of ions

The measurements of ionic permeability and flux were carried
out using the test cell. A 0.1 M NaCl solution was placed on
one side of the cell and a 0.01 M solution on its other side. A
DC electrical potential (Dazheng, DC power supply, Model
PS-302D) with an optimal constant voltage was applied across
the cell with stable platinum electrodes. The cations pass
through the membrane to cathodic section. According to an-
odic and cathodic reactions, the produced hydroxide ions re-
main in cathodic section and increase the pH of this region.

Sample’'s number

Also based on the first Fick’s law, the flux of ions through
the membrane can be expressed as follows [15, 16]:

Ci—C,

N=P— (7)

Where P is coefficient diffusion of ions, d is membrane
thickness, N is ionic flux, and C is the cations concentration
in the compartments.

V. dC,

N:——X—_
A dt

Ci—C,
— (8)

_ - . . 0 0 0 0
2H,0 + 2¢ >H,1 +20H  (Cathodic reaction) (R—1) Ci =01 M, G;" =001 M, ¢, +C=C" + G
2CI'= Clpt + 2¢ (Anodic reaction) (R—-2) =0.11 M 9)
Fig. 9 Permselectivity and ‘ —0— Permselectivity (Ps) @  Transport number (Tn)
transport number of prepared
membranes with various ratio of (16:100)
CMC to PVC (w/w) 0.92 - (4:100) (©100) o 094
@ @
0.9
+0.92
0.88 4 (0:100)
) © c
o 086 (32:100) 109~
0.84 - o
+0.88
0.82 A
0.8 . . . . . 0.86
0 1 2 3 4 5 6

Sample's number

@ Springer



160 Page 8 of 13

J Polym Res (2016) 23: 160

Table 3 The effect of electrolyte

concentration on membrane Electrolyte concentration Pristine membrane (S1) Modified membrane (S4)

potential, transport number, and

permselectivity (pH 7) Mp (mV) Tn Ps Mp (mV) Tn Ps
(0.001/0.01) M 24 0.70 0.52 29 0.74 0.58
(0.010/0.10) M 48 0.90 0.85 52 0.94 0.90
(0.050/0.50) M 59 0.99 0.99 64 1 1

Mp membrane potential, 7 transport number, Ps permselectivity

Where A4 is the membrane surface area. Integrating of
Eq. (8) was as follows:

" (C"+C,°2Cy)  2PAt

(C,"-Cy") vd

(10)

The diffusion coefficient of cations in membrane phase is
calculated from Eq. (10) considering pH changes measure-
ments (Digital pH-meter, Jenway, Model: 3510) in cathodic
section.

FElectrical resistance

The electrical resistance of equilibrated membrane was mea-
sured in NaCl solution with 0.5 M concentration (at 25 °C)
following the procedures described earlier [25, 35].
Measurement was carried out by an alternating current bridge
with 1500 Hz frequency (Audio signal generator, Electronic
Afzar Azma Co. P.J.S). The membrane resistance is calculated
using difference resistance between the cell (R;) and electro-
lyte solution (R,) (R, =R;—R,). The areal resistance was
expressed as follows:

r= (Rmd) (11)

Where r is areal resistance and A4 is the surface area of
membrane.

Membrane oxidative stability

The prepared membranes were immersed into 3 % H,0,
aqueous solution containing 4 ppm Fe®* at 25 °C for up to

Table 4 The effect of electrolyte pH on membrane potential, transport
number, and permselectivity (0.01/0.1 M)

Electrolyte pH Pristine membrane (S1) ~ Modified membrane (S4)

Mp (mV) Tn Ps Mp (mV) Tn Ps

4 21 0.68 047 26 072 0.54
7 48 090 085 52 094 090
10 26 072 054 27 0.73  0.56

Mp membrane potential, 7n transport number, Ps permselectivity

@ Springer

60 h. The weights of dried samples before and after the exper-
iment were compared. Drying was done at 50 °C for 4 h [19].

Results and discussion
Morphological studies

SOM studies have been carried out to evaluate the spa-
tial distribution of resin particles and CMC in the mem-
brane matrix. The SOM images with x4 and x10 mag-
nifications are shown in Figs. 2 and 3. The polymer
binder and particles are clearly seen in the images.
The particles are observed as dark spots. Images show
uniform surface for the prepared membranes relatively.
The uniform distribution of particles (resin/CMC) pro-
vides more conducting regions for the membrane and
generates easy flow channels for counter ions transpor-
tation. This also strengthens the intensity of uniform
electrical field around the membrane and decreases the
concentration polarization phenomenon [39]. The uni-
form distribution of solid particles in the casting solu-
tion also improves the polymer chains relaxation/
conformation with particles surfaces which enhances
the membrane selectivity [40].

The cross-sectional SEM images of unmodified and PVC/
CMC membranes are given in Fig. 4. The SEM images
showed uniform and dense structure for the prepared mem-
branes. The structures of membranes were also studied by X-
ray diffraction. As shown in Fig. 5, there is no peak in XRD
pattern for virgin membrane and PVC/CMC modified ones.
The results demonstrated amorphous structure for prepared
membranes.

Water content and contact angle measurements

Results (Fig. 6) demonstrated that increases of carboxy
methyl cellulose ratio in the casting solution led to in-
crease of water content in prepared membranes. This is
due to hydrophilic characteristic of CMC which in-
creases the amount of absorbed water in the membranes
matrix. Moreover, gelatinous behavior of CMC in
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Fig. 10 The effect of CMC
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aqueous solution accommodates more water molecules
in the membrane body. In general, high water content
can provide more and wider transfer channels for the
co/counter ions transportation and decrease the ion
selectivity.

Moreover, Fig. 6 shows the effect of CMC blend ratio on
contact angle and wettability of surface of prepared mem-
branes. The results exhibited that increase of CMC percentage
ratio in the membrane matrix led to decrease of water contact
angle for the prepared membranes. This is due to abundant
hydrophilic hydroxyl and carboxyl groups of CMC which is
hydrated by water molecules and enhances the surface
hydrophilicity.

Fig. 11 The areal electrical
resistance of the prepared
membranes: pristine membrane 19 -

(0:100) and modified ones
(16:100); (CMC/PVC), (w/w)
NE 16 -
O
e
[}
2
s 13
7}
n
e
©
@ 10
<
7

Sample's number

Ion exchange capacity (IEC) and ionic concentration
(FIC)

The use of CMC up to 16 %wt in membrane matrix initially led
to an improvement in ion exchange capacity for the prepared
membranes (Fig. 7). This is attributed to the fact that carboxyl
groups of CMC provide more ionic functional groups for the
membrane and enhance the ion exchange possibilities. The ion
exchange capacity was decreased again by more increase of
CMC blend ratio from 16 to 32 %wt. This is due to resin
particles surrounded by the CMC particles at its high concen-
tration which restricts the activity of sulfonate groups in resin
particles and so declines the membrane IEC slightly.

‘ B Areal electrical resistance

o B

o B

(0: 100) (S1) (16: 100) (S4)

Sample's number
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Table 5 The effect of electrolyte

concentration/pH on membrane Electrolyte Pristine membrane (S1) Modified membrane (S4)
areal electrical resistance pH
AE.R (Q.com?) AER (Q.cm?) AE.R (Q.cm?) AER (Q.cm?)
(0.1 M) 0.5M) 0.1 M) 0.5 M)
Nil 12.6 Nil 5.1
7 475 16.1 33.1 9.1
10 Nil 10.5 Nil 8.6

A.E.R areal electrical resistance

There is a relationship between the IEC and water content
and so their effects during the process are open to optimiza-
tion. For the purpose, FIC or equivalent of functional group
per absorbed water content can be used. The membrane FIC is
shown in Fig. 7. The high fixed ion concentration can have
better control on the pathways of counter ions traffic in the
matrix of membrane and increases the ionic selectivity.

Membrane potential, charge density, permselectivity,
and transport number

When both surfaces of an ion exchange membrane are in
contact with a solution which has different concentrations,
an electrical potential would be developed across the mem-
brane. Magnitude of this parameter depends on the electro-
chemical characteristic of the membrane along with nature
and concentration of electrolyte solution [17, 18]. Figures 8
and 9 showed that membrane potential, transport number, and
permselectivity were increased initially by increase of CMC
ratio up to 16 %wt in prepared membranes. This is attributed
to increase of membrane fixed ionic concentration (Fig. 7) and
membrane charge density (Fig. 8) which enhances the Donnan
exclusion [17, 18, 41]. The increase of conducting regions on
the surface and in the bulk of membrane matrix also enhances
the intensity of uniform electrical field around the membrane

which declines the concentration polarization phenomenon.
The potential, transport number, and permselectivity were de-
creased again by more increase of CMC concentration from
16 to 32 %wt. This is due to decrease of membrane FIC and
surface charge density which facilitate the co-ions percolation
through the membrane. In addition, increase of membrane
water content and its swelling by increase of CMC ratio make
wide ionic transfer pathways for the membrane and reduce the
ionic sites domination on ions traffic which decline membrane
selectivity/transport number.

The effect of concentration and pH on transport number
and selectivity

Table 3 exhibited that membrane potential, transport number,
and selectivity all were improved by increase of electrolyte
concentration. This may be attributed to high concentration
of counter ions in electrolyte environment at high electrolyte
concentration which increases the possibility of counter ions
interaction with membrane surface. This leads to enhanced
Donnan exclusion. The obtained results are significantly in
contrast with Donnan equilibrium theory [3, 25]. Also obtain-
ed results (Table 4) revealed that prepared membranes have
higher potential, transport number, and selectivity at pH 7
compared to other pH values. This is because of the difference

Table 6 Comparison between

the electrochemical properties of Membrane IEC Permselectivity” Electrical

prepared membranes in this study (meq/g) (%) resistance® (Q2.cm’)

and some commercial/studied

membranes [14, 31, 44] This study (PVC-CMC membrane—S4) 1.68 >90 <9.1
PVC-CA blend membrane 1.54 >65 <11
RAIR. Corp., USA R-5010-H 0.9 95 8.0-12.0
Ralex® CMH-PES 22 >92 <10.0
CSMCRI, India (HGC) 0.67— 87 4.0-6.0

0.77

Neosepta® CMX 1.5-1.8 >96 1.8-3.8
Neosepta® CM-1 2.0-2.5 >96 1.2-2.0
Fumasep® FKE >1.0 >98 <3.0
Fumasep® FKD >1.0 >95 <3.0
Tokuyama Soda Co. Ltd. (Neosepta CMX) 1.5-1.8 97 1.8-3.8
Ionics Inc., USA (61CZL386) 2.6 - 9

#Measured in sodium chloride ionic solution
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in dissociation of membrane functional groups at various pH
values which has important impact on the charge nature of
membrane matrix [17] and enforces the ionic sites domination
on ions traffic. At suitable electrolyte pH, more dissociation
and higher activation of ion exchange functional groups in the
membrane matrix increase the membrane charge density and
strengthen the dominations of ion exchange functional groups
on ions traffic.

Ionic permeability and flux of ions

The ionic permeability and flux (Fig. 10) were enhanced by
increase of CMC blend ratio up to 16 %wt in the casting
solution. This is attributed to formation of suitable ionic path-
ways in membrane matrix by utilizing of CMC which pro-
vides wide transfer channels in membrane matrix by its gelat-
inous behavior. The increase of membrane IEC, FIC, and sur-
face charge density due to abundant hydroxyl and carboxyl
groups of CMC facilitates the ions transportation through the
membrane matrix. Moreover, hydrolysis phenomenon of
CMC at high pH values increases the negative charge of mem-
brane matrix [42, 43] and improves the ionic permeability and
flux.

The ionic permeability and flux were decreased again by
more increase of CMC concentration because of decrease on
membrane IEC, FIC, and also surface charge density which
reduces the counter ions interactions with membrane and so
declines the ionic permeability and flux.

Electrical resistance

The electrical resistance is practically important due to its
relation with energy consumption in the process [35]. The
areal electrical resistance of the prepared membranes
(Fig. 11) was decreased sharply by utilizing of CMC in casting

solution. This is because of increase in membrane water con-
tent, membrane IEC, and also membrane swelling by using of
CMC which provides suitable ionic transfer channels in mem-
brane matrix and declines the areal electrical resistance.

The effect of concentration and pH on membrane electrical
resistance

The effects of electrolyte concentration and pH variations on
electrical resistance of prepared membranes are given in
Table 5. The significant increase in membrane resistance at
lower salt concentration is attributed to the diffusion boundary
layer resistance which is more significant at lower salt con-
centration. Moreover, at high electrolyte concentration, the
membrane swelling decreases the electrical resistance. The
obtained results also showed that membrane electrical resis-
tance was increased initially by increase of pH value and then
began to decrease. Variations of membrane conductance may
be explained with respect to membrane selectivity at the given
electrolyte environment. In general, less selective membranes
have lower membrane resistances but this is not always true
and depends on the membrane structure and its properties [17,
44].

A comparison between the electrochemical properties of
prepared membranes in this study and some commercial/
studied membranes is given in Table 6. Results show that
modified membrane in the present study is comparable with
that of other reported ones.

Membrane oxidative stability

The obtained results (Fig. 12) indicated that oxidative stability
of prepared membranes was declined by increase of CMC
content ratio in membrane matrix. This may be due to hydro-
philic characteristic of CMC which facilitates the diffusion of

Fig. 12 The effect of CMC 45 -
content ratio on oxidative stability
of prepared cation exchange 0
membranes
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oxidant solution into the membrane matrix. The slight in-
crease of oxidative stability at high additive concentration is
attributed to gelatinous behavior of CMC in aqueous solution
which restricts the oxidant in the membrane body.

Conclusion

In this study, PVC-based heterogeneous cation exchange
membranes were modified by embedding CMC in ionic trans-
fer channels of the membranes. Also membranes were fabri-
cated by solution casting technique using THF as solvent and
cation exchange resin powder as functional groups agents.
SOM images showed uniform particles distribution and uni-
form surface for the prepared membranes. The SEM images
showed uniform and dense structure for the prepared mem-
branes. The XRD pattern also demonstrated amorphous struc-
ture for the membranes. The increases of CMC ratio in the
membrane matrix led to increase of membrane water content
and decrease in water contact angle obviously. The membrane
ion exchange capacity and fixed ion concentration were en-
hanced initially by increase of CMC ratio up to 16 %wt and
then declined by more concentration of CMC from 16 to
32 %wt. It was found that membrane potential and charge
density, permselectivity and transport number, ionic perme-
ability, and flux all were increased by using of CMC up to
16 %wt in membranes body and then decreased again by more
CMC percentage ratio. Additionally, membrane oxidative sta-
bility and electrical resistance were decreased by increase of
CMC concentration in the homemade membranes. Membrane
transport number, selectivity, and membrane electrical con-
ductivity were enhanced by increase of electrolyte concentra-
tion. In addition, prepared membranes showed higher trans-
port number, selectivity, and areal electrical resistance at neu-
tral pH compared to other pH values. The obtained results are
valuable in the electro-membrane processes especially, in the
electrodialysis process related to water recovery and
treatment.
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