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Abstract−A new type of cation-exchange nanocomposite membrane was prepared via in-situ formation of FeOOH
nanoparticles in a blend containing sulfonated poly (2,6-dimethyl-1,4-phenylene oxide) and sulfonated polyvinylchlo-
ride by a simple one-step chemical method. Prepared nanocomposite membranes were characterized using Fourier
transform infrared spectroscopy, scanning electron microscopy and X-ray diffraction. The SEM images showed uni-
form dispersion of FeOOH nanoparticles throughout the polymeric matrices. The effect of additive loading on physi-
cochemical and electrochemical properties of prepared cation-exchange nanocomposite membranes was studied.
Various characterizations showed that the incorporation of different amounts of FeOOH nanoparticles into the basic
membrane structure had a significant influence on the membrane performance and could improve the electrochemi-
cal properties.

Keywords: Nanocomposites, Cation-exchange Membranes, FeOOH Nanoparticles, Transport Number, Electrochemi-
cal Properties

INTRODUCTION

The significance of membrane processes for the treatment of
wastewater and drinking water is still growing. The expense of
membranes continues to decrease and it is possible to predict that
membranes will be in extensive use in water treatment processes.
Ion-exchange membranes, which are one of the most advanced
membranes, have been used in various industrial separation pro-
cesses [1]: chlor-alkali industry, electrodialysis (ED), electro-mem-
brane reactors, electro-deionization and diffusion dialysis [2-5].
Recently, the number of industrial applications has gained increas-
ing interest. The use of ion-exchange membranes in fuel cells and
separation processes stands out owing to their considerable envi-
ronmental and economical advantages [6,7]. The features of ion-
exchange membranes determine to a great extent the performance
of electrodialysis processes. These membranes have charged groups
attached to their structure, which under the influence of an electric
field allows the permeation of ions with opposite charge through
the membrane and rejects ions with the same charge sign [6]. The
development of ion-exchange membranes with improved permse-
lectivity, lower electrical resistance and suitable chemical and ther-
mal stability at lower cost is one of the most necessary requirements
[8,9]. However, the evaluation of new materials for membrane fab-
rication opens up the opportunity for further related processes devel-
opment [10]. The composite membranes represent the essential
properties of organic polymeric matrix and inorganic fillers and

put forward specific advantages for the fabrication of new mem-
branes with suitable separation performance [11-14]. Thus, organic-
inorganic composite materials have attracted more concern in mem-
brane fabrication. Many studies explain the synthesis of adsorp-
tive membranes via polymer blending and additive loading proce-
dures using nanomaterials such as metal oxide nanoparticles to
enhance membranes performance for wastewater treatment [15,16].
The polymers are considered the important materials in fabrica-
tion of composite membranes due to the benefits of their desir-
able membrane forming ability, flexibility and reasonable cost. Poly
(2,6-dimethyl-1,4-phenylene oxide) (PPO) is an aryl compound
with excellent membrane-forming properties, suitable thermal and
chemical stability [17]. Among the PPO derivatives, aryl substituted
sulfonated PPO (SPPO) is an appropriate structure which is used
as a membrane for reverse osmosis, gas separation, ultra-filtration
and cation-exchange membranes [18-21]. However, SPPO contains
plenty of -SO3Na groups and is highly hydrophilic, so, it can swell
strongly in water if the degree of sulfonation is above 28%. The
dimensional instability of SPPO is a disadvantage which prevents
its practical applications in fuel cells and electro-membrane pro-
cesses [17]. One attractive procedure for improving the membrane
properties (e.g., water swelling and dimensional stability) is blend-
ing of a mechanical and dimensional stable material into hydro-
carbon based polymers; thus, blending of two polymers such as
sulfonated polyvinyl chloride (SPVC) and SPPO can generate a
structure with novel properties and the membranes are expected
to be ion-exchangeable and dimensionally stable. Polyvinyl chlo-
ride (PVC) is an outstanding material because of its high mechan-
ical strength, reasonable cost and excellent chemical properties (re-
sistance against acid, alkali and organic solvents) [22]. The PVC-
SO3H structures have applications as a sorbent, based on cation-
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exchange and hydro-phobicity simultaneously [23]. FeOOH is a
type of abundant mineral and one of the most durable iron oxide
under ambient conditions; it exists chiefly in soil, sediment and
iron ore [24]. It can be synthesized by a facile method [25-28] and
easy to incorporate with other components because of its numer-
ous surface hydroxyl groups [29]. Moreover, FeOOH has attracted
great interest due to its excellent reactivity, unique adsorption, ion
exchange capacity, environmental safety, low cost and catalytic prop-
erties [30]. However, recycling of FeOOH nanoparticles is diffi-
cult after using. Hence, how to improve the recycle abilities and
prevent agglomeration is important for the utilization of FeOOH
in applicable conditions. To solve the problem and to modify the
adsorption effect of the nanoparticles, FeOOH nanoparticles are
typically dispersed on a high surface area carrier [25].

Preparing the new type of cation-exchange nanocomposite mem-
branes with appropriate physicochemical properties for applica-
tion in electrodialysis process was the main aim in this experimen-
tal work. FeOOH nanoparticles were in situ formed in polymeric
matrix, and FeOOH/SPPO+SPVC nanocomposites were synthe-
sized using the one-step synthetic method. Sonication was em-
ployed in membrane preparation to achieve better homogeneity in
the matrix and also to obtain better electrochemical properties
and mechanical integrity. Currently, no reports have considered
incorporating FeOOH nanoparticles into cation-exchange mem-
branes. The effect of FeOOH nanoparticles loading on the physi-
cochemical properties of prepared cation-exchange nanocomposite
membranes was studied and evaluated. During this experiment,
sodium chloride solutions with various concentrations were em-
ployed for membrane characterization. The results are applicable
for electro-membrane processes especially in electro-dialysis pro-
cess for waste water treatment and water recovery.

EXPERIMENTAL

1. Materials and Instruments
Polyvinylchloride (PVC) was purchased from BIPC, Iran, grade

S-7054. Poly (2,6-dimethyl-1,4-phenylene oxide) (PPO) with inher-
ent viscosity of 0.57 dl/g in chloroform at 25 oC was obtained from
Institute of Chemical Engineering of Beijing (China); SPPO was
prepared by sulfonation of PPO according to the literature [31].

Tetrahydrofuran (THF) LR grade as solvent, sodium chloride and
sulfuric acid (98%), FeCl3·6H2O and NH3 were supplied from Merck
Company. Throughout the experiment, distilled water was used.

The test cell for evaluation of membrane electrochemical prop-
erties is shown in Fig. 1. The cell consists of two cylindrical sec-
tions (vessel, each 140 cm3) made of Pyrex glass which are separated
by a membrane. The membrane was fixed between rubber rings.
One side of each vessel was sealed by Pt electrode supported with
a fragment of Teflon (Polytetrafluoroethylene) and the other side
was equipped with a piece of porous medium to support the mem-
brane. There are two orifices on the top of each compartment for
feeding and sampling purposes. To minimize the influence of
boundary layer during experiments and to diminish the concen-
tration polarization on the vicinity of membrane’s surface, both sec-
tions were stirred vigorously by magnetic stirrers (Model: Velp
Sientifica Multi 6 stirrer); the membrane area was also 13.85 cm2.
The experiments were randomly repeated in triplicate, and the
desirable confidence limit (around 96%) was attained.

XRD patterns were recorded by a Philips X-ray diffractometer
using Ni-filtered Cu Ka radiation. Morphological investigations of
the membranes were carried out using scanning electron micros-
copy (SEM) from Philips Company at an acceleration voltage of
25 kV. The samples were sputtered with gold to obtain a conduc-
tive surface and were investigated with the microscope. FT-IR spec-
tra were recorded on Galaxy series FTIR5000 spectrophotometer.
2. PVC Sulfonation and Preparation of Cation-exchange Nano-
composite Membranes

Sulfonated polyvinylchloride (SPVC) was prepared by sulfona-
tion of PVC according to the literature. To sulfonate PVC, at first,
PVC powder was soaked in 1,2-dichloroethane for 4 h to swell the
polymer. The pre-swollen PVC was immersed in sulfuric acid
(98%) for another 4 h at 60 oC. After the reaction, the polymer was
washed with 400 ml of deionized water to remove excess sulfuric
acid and then with acetonitrile to eliminate any possible impuri-
ties. Then, the cleaned PVC-SO3H polymer was dried at room tem-
perature.

The cation-exchange nanocomposite membranes were prepared
by casting solution technique via in-situ formation of FeOOH nano-
particles in the polymeric matrix. Typical synthesis process was as
follows: The polymer binders (SPPO+SPVC) (7 : 3 w/w) were dis-
solved in THF solvent. The mixture was mixed vigorously at room
temperature to obtain a homogenous mixture. Then, a certain
amount of FeCl3·6H2O was added to the above mixture under
mechanical stirring at room temperature. To this solution, a desired
amount of NH4OH was then added dropwise, under stirring to
reach a mild alkaline pH (~12). The mixture turned from yellow
to brown, indicating the formation of FeOOH. For better disper-
sion of nanoparticles and breaking up their aggregates, the solu-
tion was sonicated for 10 min using an ultrasonic instrument. The
mixture was then cast onto a clean and dry glass plate at 25 oC and
was placed at room temperature. The samples were dried at ambi-
ent temperature up to complete solvent evaporation and mem-
brane solidification. Then, the membranes were treated at 40 oC,
60 oC, 80 oC, 105 oC (every temperature lasted 2 h). Fig. 2 shows
the schematic diagram for experimental procedure performed for
preparation of ion-exchange nanocomposite membranes.

Fig. 1. Schematic diagram of test cell.
(1) Pt electrode (4) Rubber ring
(2) Membrane (5) Stirrer
(3) Orifice (6) Magnetic bar
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As the final stage, the membranes were pretreated by immers-
ing in HCl and NaCl solutions. A digital caliper device was applied
for measuring membrane thickness, which confirmed that the
thicknesses were maintained around about 30-36 micrometers.
The compositions of casting solutions are shown in Table 1.
3. Characterization of Prepared Membranes
3-1. Ion-exchange Capacity (IEC), Swelling and Electrochemical
Properties

For IEC measurements, membranes were first equilibrated in
50 ml of 1 M HCl solution for 24 h. After that, they were removed
from the solution and washed with distilled water to eliminate
excess of the acid. Then, membranes were immersed in 1 M NaCl
to exchange hydrogen ions by the sodium ions. The amount of H+

ions in the solution was determined by titration with 0.01 M NaOH.
Ion-exchange capacity was expressed in milli-equivalents of H+

per gram of dry membrane [32].
To evaluate the membrane swelling, samples were equilibrated

in deionized water at room temperature for 24 h. The excess of
water was dried with filter paper and the wet membranes were
weighed and kept in the oven at 80 oC for 6 h and then weighed
again. Uptake of water was determined by the mass difference be-
tween the wet and the dried membranes (after heating at 80 oC);
water absorption was expressed in percentage [33,34].

The potential data were obtained using a two-compartment cell
in which a circular membrane was placed between the two half-
cells and was separated two NaCl solutions of concentrations 0.01
and 0.1 mol dm−3. The membrane potential was measured using
two calomel reference electrodes (through KCl bridges) with the
aid of a digital auto multi-meter. The NaCl solutions in the com-
partments were stirred mechanically. The membrane potential
developed between the solutions contacting with both membrane
surfaces is expressed via the Nernst equation, which is employed
to estimate the transport number of ions as follows:

Em=(2ti
m−1) (RT/nF) ln (a1/a2) (1)

where ti
m is transport number of counter-ions in membrane phase,

T is the temperature, R is gas constant, n is the electrovalence of
counter-ion and a1, a2 are electrolyte activities in the solutions that
are determined by Debye-Huckel limiting law. The higher trans-
port number of the counter-ions ti

m in a membrane indicates more
permselectivity of the IEM. The ionic permselectivity of membranes
also is quantitatively expressed on the basis of the counter-ion migra-
tion through the IEMs [35-38].

Ps=(ti
m−t0)/(1− t0) (2)

where, t0 is the transport number of counter-ions in solution phase
[39].

More conducting areas on the membrane surface can be sup-
plied and its electrochemical properties may be enhanced by homo-
geneity and uniform distribution of functional groups on the mem-
brane surface. The uniform electrical field intensity around the
membrane can be strengthened and the concentration polariza-
tion phenomenon may be diminished by the presence of more
conducting areas on the membrane surface. The concentration of
fixed charge on the membrane surface (Y) has been demonstrated
on the basis of the permselectivity as follows [40,41]:

where Cmean is the mean concentration of electrolytes.
The test cell (Fig. 1) was used for the measurement of ionic per-

meability and the flux of ions. For this purpose, one side of the cell
was filled with 0.1 M NaCl solution and another side with a
0.01 M solution. Using two stable platinum electrodes connected
to the end of the compartments, a DC electrical potential (Dazheng,
DC power supply, Model: PS- 302D) with optimal constant voltage
was applied across the cell. By applying electrical potential during
the experiment, cations (Na+) permeate through the membrane to
the cathodic compartment. Also, according to the following reac-
tions, pH of this region is increased as a result of hydroxide ion
production in the cathodic section. To calculate the transported
cations through the membrane, the number of produced hydrox-
ide ions in the cathodic section can be determined. So the pH
change in the cathodic region is a measure of the ion permeation
(Δn) through the membrane. The changes of pH versus time were
measured using a digital pH meter (Jenway 3510).

2Cl−→Cl2↑+2e− (Anodic reaction)
2H2O+2e−→H2↑+2OH  (Cathodic reaction)

To establish the equilibrium condition in two solution-membrane
interfacial sections and to minimize the effect of boundary layers,
both sections were strongly mixed via magnetic stirrers [40,41].

The measurement of membrane resistance is important and it
performs a significant role in the operative application of ion-ex-
change membranes. The membrane resistance measurement was
performed using 0.5 M NaCl solution. The membrane sample was
immersed in a 0.5 M NaCl solution for 24 h and was then washed
with distilled water. First, the apparatus was assembled without a
membrane. The cell compartments were filled with NaCl solution
(0.5 M) at 25 oC and the electric resistance (R2) was measured by

Y = 2CmeanPs/ 1− Ps
2

Fig. 2. Schematic diagram of ion-exchange nanocomposite mem-
branes preparation.

Table 1. Compositions of casting solutions for the preparation of
ion-exchange nanocomposite membranes

Membrane FeCl3·6H2O (additive : total solid) (w/w)
Sample 1 (0.0 : 100)
Sample 2 (0.5 : 100)
Sample 3 (1 : 100)
Sample 4 (2 : 100)
Sample 5 (3 : 100)
Sample 6 (4 : 100)

Polymer binder (SPPO : SPVC) (w/w), (7 : 3); solvent (THF : Polymer
binder) (v/w), (10 : 1)
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an alternating current bridge with the frequency of 1,500 Hz (Audio
signal generator, Electronic Afzar Azma Co. P.J.S). Then, the mem-
brane was embedded into the cell and the electric resistance (R1)
was measured. The membrane resistance was determined from
the difference between R2 and R1 (Rm=R1−R2). The specific resis-
tance was expressed as follows [42]:

r=(RmA) (4)

where r is specific resistance and A is the surface area of the mem-
brane.

The current efficiency (C.E) of the membranes is calculated using
the following equation [43]:

(5)

where Zi is the valance of ion, Δn is transport number of moles, F
is Faraday constant and I is the current intensity.

The measurements were performed three times for each sam-
ple and the average values were reported in order to minimize the
experimental errors.
3-2. Membrane Oxidative Stability

To evaluate the oxidative stability of prepared membranes, they
were soaked into 3% H2O2 aqueous solution containing 4 ppm
Fe3+ at 25 oC for 60 h. The weight of the dried membranes (dried
at 65 oC for 4 h) before and after the experiment was measured
(using Mettler Toledo Group, Model: AL204). The percentage of
the reduced weight is attributed to the oxidative stability of mem-
brane [23].
3-3. Mechanical Properties

The mechanical properties of the membranes were measured by

means of a tear test in a wet state at room temperature. All sam-
ples were cut into a rectangular shape with 50 mm×5 mm dimen-
sion. For obtaining precise results, at least three specimens from
each sample were tested and the average value was reported.

RESULTS AND DISCUSSION

1. Membrane Structure-chemistry
Fig. 3 shows the FT-IR spectrum of the sulfonated PVC. The

wide peak at around a wave number of 3,450-3,500 cm−1 corre-
sponds to the O-H hydroxyl bond, and can be attributed to water
adsorbed by SPVC. Absorptions in the range of 2,800-3,000 cm−1

correspond to C-H bond. The C-C bending bond of the PVC
backbone chain occurs in the range of 1,000-1,100 cm−1. Absorp-
tion peak at 610 cm−1 is related to C-Cl gauche bond. The peak
around 1,065cm−1 is assigned to stretching of the sulfonic acid group.
Other details of FT-IR spectrum are shown in Fig. 3.

Fig. 4 shows the ATR-FTIR spectra of prepared membranes.
Absorption peak at 1,467 cm−1 is related to C=C bond of aromatic
rings, and absorption at 1,131 cm−1 is responsible for C-O bond. A
peak at 1,602 cm−1 corresponds to S=O bond in polymer matrix.
Absorptions at 2,937 and 3,061 cm−1 are responsible for aliphatic
and aromatic bonds, respectively. Stretching vibration of O-H bond
appears at 3,457 cm−1. Absorption peaks at 615 cm−1 and 675 cm−1

(Fig. 4(b)) related to Fe-O bond approve the presence of FeOOH
nanoparticles in the polymeric matrix.

The XRD pattern of SPPO+SPVC/FeOOH nanocomposite is
shown in Fig. 5. Pure polymeric matrix has a semi-crystalline struc-
ture that just shows a broad peak around 20-30 degrees. While,
the inorganic FeOOH nano-filler has a pure crystalline structure.
Peaks of ferric oxyhydroxide have suitable agreement with refer-

C.E = 
F Zi× Δn×

Idt
t=0

t=t
∫

------------------------

Fig. 3. The FTIR spectrum of SPVC.
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ence peaks (JCPDS: 81-0464, crystal system: orthorhombic, Geo-
thite, space group: Pbnm) [44] appearing in the XRD pattern of
the nanocomposite that confirms the existence of FeOOH in the
polymeric matrix. No other peak related to impurity was observed
and narrow peaks confirmed crystallinity of the inorganic phase.
The crystallite size evaluation was also performed using the Scher-
rer equation.

Dc=0.9λ/βcosθ (6)

where β is the width of the observed diffraction peak at its half
maximum intensity (FWHM) and λ is the X-ray wavelength (CuKα

radiation, equals to 0.154 nm). The calculated crystallite size is about
14 nm.
2. Membrane Structure-morphology

To evaluate the morphology of membrane matrix, scanning
electron microscopy investigations were carried out. The SEM images
of the surface and cross section of prepared membranes, presented
in Figs. 6 and 7, respectively, confirm the suitable dispersion of nano-
particles in the polymeric matrices (except sample 6 with 4 wt%
additive loading).
3. Swelling and Ion-exchange Capacity (IEC)

The results (Table 2) indicated that swelling of prepared mem-
branes slightly increased with the enhancement of FeOOH nano-
particle loading. The small size and the large surface area of the
in-situ synthesized FeOOH nanoparticles will expose a large num-
ber of hydroxyl groups at the surface, which should be the reason
for the large amount of hydrogen bonded water and the physically
adsorbed water [30]. Moreover, with more filler loadings, voids and
cavities are formed between inorganic nanoparticles and polymer
binder region due to heterogeneity [45], which increases the amount
of water content in the nanocomposite membranes. Therefore, more
water is embedded by the membrane structure with increase in
additive loading. Moreover, the high content of the bonded water
means the presence of abundant surface hydroxyl groups, which is
in favor of the adsorption characteristics.

Table 2 shows the ion-exchange capacity of the prepared nano-
composite membranes. The results indicated that the increment of
additive loading up to 3%wt (sample 5) in the casting solution ini-
tially led to an improvement in ion-exchange capacity in prepared
membranes. The finding could be attributed to FeOOH nanopar-
ticles produced on the membrane surface that might provide more
active sites for the ion adsorption due to adsorption characteristic
of FeOOH nanoparticles [46]. The suitable dispersion of in-situ
synthesized FeOOH nanoparticles provides more accessible active
sites for suitable interaction between ions and membrane surface
and so enhances the ion exchange feasibility. However, the highest
IEC was not observed at the highest additive content (sample 6).
This finding may be probably owing to formation of numerous
FeOOH nanoparticles on the membrane’s surface which tend to
aggregation (Fig. 6(e) and Fig. 7(b)), finally leading to reduction of
the accessibility of ion-exchange functional groups by their sur-
rounding, which in turn leads to IEC decrease.
4. Fixed Ion Concentration (F.I.C)

Membrane efficiency can be achieved by the resultant effects of
the IEC and water content. The fixed ion concentration (F.I.C.) or
the equivalent of functional group per absorbed water can be used
to achieve this resultant effect. Fig. 8 shows the fixed ion concen-
tration of the prepared membranes. Sample 5 has exhibited a suit-
able F.I.C compared to the other prepared membranes. This fact is
attributable to the higher relative IEC and suitable swelling for this
sample.
5. Membrane Potential, Surface Charge Density, Permselectiv-
ity and Transport Number

The membrane potential of the prepared membranes is shown
in Fig. 9. The thickness of the membranes was about 30-36 microm-
eters (Table 2). At first, membrane potential was improved with the
increase of additive loading (up to 3%wt) (sample 5) in the pre-

Fig. 4. FT-IR spectra of the prepared membranes (a) SPPO+SPVC
(b) SPPO+SPVC/FeOOH.

Fig. 5. XRD pattern of SPPO+SPVC/FeOOH nanocomposite.
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pared membranes.
The increase in membrane F.I.C value leads to improvement in

surface charge density (Fig. 9), which provides additional conduct-
ing regions for the membrane. This leads to an improvement in

the Donnan exclusion, which is responsible for the increment in
membrane potential [47,48]. Also, the existence of greater conduct-
ing regions on the surface of membrane can strengthen the inten-
sity of uniform electrical field around the membrane and decrease

Fig. 6. SEM images of prepared membranes with various loadings of additive (a) 0.5 wt%; (b) 1 wt%; (c) 2 wt%; (d) 3 wt%; (e) 4 wt%; (f) 0%
(without additive).

Fig. 7. SEM cross section images of prepared nanocomposite membranes with various loadings of additive (a) 3 wt%; (b) 4 wt%.
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the concentration polarization phenomenon [49]. The membrane
potential was decreased again with more increment in additive con-
centration from 3 to 4 wt% due to lower membrane surface charge
density and fixed ion concentration.

The permselectivity and transport number of membranes are
depicted in Fig. 10. At first, both increased with the increment of
additive loading to 3 wt% (sample 5) in the casting solution. This
trend can be explained with respect to the increment in surface
charge density with higher control of pathways for ions traffic. With
the increase of additive concentration (up to 3 wt%), the ionic path-
ways in the membrane are partially filled via FeOOH nanoparti-
cles with high surface hydroxyl groups [30], and so passages are

narrowed by them as space limiting factors. This leads to increased
control of the ionic sites on ions transit and enhances the mem-
brane permselectivity. The permselectivity and transport number
were diminished again with more additive loading (sample 6) due
to higher water content and lower membrane IEC, which both
reduce the concentration of ionic sites in membrane network. This
simplifies the passing of co-ions across the membrane and decreases
the selectivity. Moreover, higher increment in additive content reduces
the membrane selectivity due to enhancement of nanoparticles
density in the casting solution, which leads to discontinuity of poly-
mer chains binder. In addition, high water content facilitates counter-
and co-ions transport but reduces the ion selectivity.
6. Ionic Permeability and Flux

During the experiment, ions permeate through the membrane
and reach the concentration section. According to occurred reac-
tions in the cathodic and anodic sections, the amount of transported
Na+ ions through the membrane to concentration compartment is
equal to the produced hydroxide ions in the cathodic section. There-
fore, the permeation of ions through the membrane can be calcu-
lated from the conductivity variations or pH changes in cathodic
region [40]. The ionic permeability and flux results were deduced
from pH changes in the cathodic region. The pH values in the
cathodic section (at the end of experiment) are shown in Fig. 11.

Table 2. Ion exchange capacity and swelling of prepared membranes
Sample’s
number

IEC
(meq/gr)

Swelling
(%)

 Membranes
thickness (μm)

1 0.285 14.82 (±0.2) 34
2 0.310 15.53 (±0.3) 35
3 0.354 17.21 (±0.8) 31
4 0.416 19.06 (±0.8) 30
5 0.521 23.12 (±1) 32
6 0.383 35.32 (±1.5) 36

Fig. 9. The effect of additive loading on membrane potential and
surface charge density of the prepared membranes.

Fig. 8. Fixed ion concentration of prepared membranes.

Fig. 10. The permselectivity and transport number of prepared mem-
branes with various additive loadings.

Fig. 11. The variation of pH in cathodic section at the end of exper-
iment (initial pH=7.536 at ambient temperature).
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Results (Fig. 12) showed that the ionic permeability and flux
were first increased with increment in additive loading up to 3 wt%
(sample 5) in the casting solution. This is essentially because of the
increased IEC and swelling in the prepared membranes due to in-
situ formation of inorganic nanoparticles. These effects lead to
increased penetration rate of counter-ions into the membrane and
facilitate the migration of ions through the membrane and subse-
quently enhance the flux.

Composite membranes with different porosities were obtained
as a result of evident interfacial interaction of polymer network
with various loadings of inorganic phase [34]. Decreasing the ionic
flux in the case of sample 6 is due to surface pore blockage by nano-
particles and decline of surface pore size [50]. This directly affects
the ion permeation rate through the membrane. Also, this can be
attributed to the decreased F.I.C and also increased tortuosity of
this nanocomposite sample, which leads to restricted diffusion of
counter-ions. Note that at higher additive loading (sample 6) the
FeOOH nanoparticles tend to be accumulated in the membrane
structure (Fig. 6(e) and Fig. 7(b)), and thus tortuosity is increased
due to the more polymer-filler aggregate interaction. The proposed
mechanism of nanoparticle aggregation is shown schematically in

Fig. 13. The presence of the hydroxyl groups on the surface of
FeOOH nanoparticles is the main reason for their tendency to
attract one another through hydrogen bonds and, therefore, become
agglomerated.
7. Membrane Oxidative Stability

To evaluate the oxidative durability, the prepared membranes
were immersed in an oxidant aqueous solution (H2O2 aqueous solu-
tion containing Fe3+). The oxidative stabilities are presented in Table
3. The results indicated that the FeOOH embedded membranes
cause oxidative stabilities to decrease. This may be due to the ad-
sorption features of the nanocomposite membranes. The existence
of hydroxyl groups on the surface of FeOOH nanoparticles leads
to enhanced wettability of the membrane interface or matrix. The
increasing of wettability for the prepared nanocomposite mem-
branes results in higher oxidant diffusion in the membrane net-
work and more weight loss during the oxidative stability test. Also,
IEC values were changed after oxidative stability tests. Therefore,
due to presence of iron in the nanocomposite matrix, the prepared
membranes are useless in an environment containing H2O2, which
causes the gradual degradation of polymer chain.
8. Electrical Resistance

The effect of additive loading on specific electrical resistance of
prepared membranes is given in Table 4. The results clearly indi-
cate that electrical resistance was decreased with increment in
additive loadings to 3 wt%. The swelling capacity of the membrane
affects not only dimensional durability but also electrical resis-
tance. The higher the tendency of the membrane to water, the lower
the resistance to ion transport. Also, electrical resistance decline is
assigned to the increased IEC of nanocomposite membranes, which
increases cation interaction with membrane surface and facilitates
ion permeation. For sample 6 with 4 wt% additive loading, the
specific electrical resistance was enhanced due to formation of tor-
tuous and narrow ionic transfer channels in membrane structure
(as mentioned before) and also isolation of ionic functional groups

Fig. 12. The ionic permeability and flux of prepared cation-exchange
nanocomposite membranes with various ratios of additive
loadings in monovalent ionic solutions.

Fig. 13. Schematic illustration of nanoparticles aggregation.

Table 3. The effect of additive loading on weight loss in the oxida-
tive stability test
Sample’s number Weight loss (%)

1 13.08 (±0.2)
2 14.22 (±0.2)
3 14.89 (±0.3)
4  16.21 (±0.5)
5  17.53 (±0.5)
6  19.93 (±0.8)

Table 4. The specific electrical resistance of prepared membranes
with various ratios of additive content

Sample’s number Specific resistance (Ω cm2)
1 62.98 (±1.5)
2 33.65 (±0.8)
3 31.23 (±0.9)
4 28.12 (±0.9)
5 25.21 (±1)0.
6 45.37 (±1.5)
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by FeOOH nanoparticles, which in turn leads to IEC decrease.
These decrease the ion transport and so enhance the specific elec-
trical resistance. However, the nanocomposite membranes showed
lower specific electrical resistance compared to pristine membrane
(sample 1).
9. Mechanical Properties and Current Efficiency

Mechanical properties of the prepared membranes were evalu-
ated by tear test. The effect of additive loading on mechanical prop-
erty of prepared membranes is shown in Fig. 14. The obtained results
showed that the mechanical strength initially improved with increase
in additive content up to 0.5 wt% (sample 2). It can be attributed
to large interface between the FeOOH nanoparticles and poly-
meric matrices, resulting from hydrophilic surface of the FeOOH
nanoparticles and from strong interaction between the FeOOH
nanoparticles and polymer [51]. As the additive content increased
from sample 2 to 6, the mechanical strength generally diminished.
This is due to discontinuity of binder, which tends to produce dis-
crete phase. These composite membranes (samples 3 to 6) were
more brittle than the pristine membrane (sample 1) because of the
incorporation of inorganic FeOOH nanoparticles. As previously
mentioned, the porosity of the composite membranes can be attri-
buted to the polymer-filler interfacial gap. During the preparation
process, the evaporation of solvent introduces voids and cavities
between the polymer binder and nanoparticles. In addition, infus-
ible and insoluble inorganic nanoparticles are unable to form a film.

Therefore, with the enhancement of filler loading, crack develop-
ment becomes facile and a fragile and weaker membrane will be
obtained [8,52].

Fig. 15 presents the current efficiency of the prepared mem-
branes. The results indicate that current efficiency was increased as
a result of increase in ionic flux and permeability with increment in
additive loadings to 3 wt% (sample 5) in the prepared membranes.
Moreover, the current efficiency was decreased with higher addi-
tive loading from 3 to 4 wt%. As expected, the membrane with
4 wt% (sample 6) exhibited lower current efficiency compared to
others. However, it can be due to low values of ionic permeability
and transport number in the mentioned membrane.

CONCLUSION

SPPO+SPVC/FeOOH nanocomposites have been successfully
prepared by a one-step synthetic method in the presence of Fe3+

and OH−. We developed a facile procedure for the in-situ forma-
tion of FeOOH on polymer binders’ matrix (SPPO+SPVC) with
high uniformity. The SEM images showed uniform nanoparticles
distribution and also relatively uniform surface for the prepared
nanocomposite membranes. Microstructure, physicochemical and
electrochemical properties including IEC, swelling, membrane poten-
tial, transport number, permselectivity, specific resistance, ionic
permeability, flux of ions, current efficiency, mechanical properties
and membrane oxidative stability of the prepared nanocomposite
membranes have been characterized precisely. It was found that
FeOOH nanoparticles could affect overall physicochemical and
electrochemical properties. Moreover, obtained results indicated that
prepared membranes with additive concentrations up to 3%wt
showed higher IEC, F.I.C, surface charge density, membrane poten-
tial, transport number, permselectivity, current efficiency, ionic flux
and permeability compared to pristine membrane (sample 1). Fur-
thermore, all modified membranes containing nanoparticles exhib-
ited lower specific electrical resistance compared to pristine mem-
brane. This work introduces a cation-exchange nanocomposite
membrane containing 3 wt% additive loading (sample 5), with suit-
able IEC, FIC, transport number, permselectivity, ionic flux, per-
meability, current efficiency, oxidative stability and low specific elec-
trical resistance as a new superior and applicable membrane.
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NOMENCLATURE

A : membrane surface area [m2]
a : milli-equivalent of ion-exchange groups in membrane [meq]
a1, a2 : ions electrolytic activities
C.E : current efficiency
Cmean : mean concentration of electrolytes [M]
d : membrane thickness [m]
Em : membrane potential [mV]

Fig. 14. The effect of additive loading on mechanical property of
the prepared membranes.

Fig. 15. Current efficiency of the prepared membranes.
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F : faraday constant
FT-IR : fourier transform infrared spectroscopy
I : current intensity [A]
IEC : ion-exchange capacity
IEMS : ion-exchange membranes
n, Zi : electrovalence of ion
Ps : membrane ionic permselectivity
R : universal gases constant [J mol−1 K−1]
r : specific electrical resistance [Ω cm2]
R1 and R2 : electrical resistance [Ω]
Rm : membrane resistance [Ω]
SEM : scanning electron microscope
SPPO : sulfonated poly (2,6-dimethyl-1,4-phenylene oxide)
SPVC : sulfonated polyvinylchloride
T : temperature [K]
t : time [min]
THF : tetrahydrofuran
ti
m; t0 : transport number of counter ions in membrane phase; in

solution
Y : concentration of fixed charge on the membrane surface
Δn : number of transported moles through membrane
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