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Abstract—Surface modification of polyvinylchloride based heterogeneous cation exchange membrane was performed
by graft polymerization of PAA and PAA-co-PANI/MWCNTs nanoparticles. The ion exchange membranes were pre-
pared by solution casting technique. Spectra analysis confirmed graft polymerization clearly. SEM images illustrated
that graft polymerization covers the membranes by simple gel network entanglement. The membrane water content
was decreased by graft polymerization of PAA-co-PANI/MWCNTs nanoparticles on membrane surface. Membrane
transport number and selectivity declined initially by PAA graft polymerization and then began to increase by utilizing
of composite nanoparticles in modifier solution. The sodium and barium flux was improved sharply by PAA and PAA-
c0-0.01%wt PANI/MWCNTs graft polymerization on membrane surface and then decreased again by more increase of
PANI/MWCNTs nanoparticles content ratio in modifier solution. The electrodialysis experiment results in laboratory
scale showed higher dialytic rate in heavy metals removal for grafted-PAA and grafted-PAA-co-PANI/MWCNTs modi-
fied membrane compared to pristine one. Membrane areal electrical resistance was also decreased by introducing graft
polymerization of PAA and PAA-co-PANI/MWCNTs NPs on membrane surface.

Keywords: Surface Modification, Heterogeneous Cation Exchange Membrane, Polyacrylic Acid-co-PANI/MWCNTs
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INTRODUCTION

In the field of separation and purification technology, ion exchange
membranes (IEMs) have been used as active separators in various
electro-membrane processes such as fuel cells, chloro-alkali and
electrodialysis [1-3]. Electrodialysis is an electrically driven pro-
cess for desalting brackish waters, reconcentrating brine from sea-
water and production of table salt as well as manufacturing chemical
products. In IEMs charged groups are attached to polymer back-
bone and freely permeable to opposite sign ions under an electrical
field influence [1-6]. Knowledge of the physico-chemical charac-
teristics of ion exchange membranes is an important factor for their
applicability in various processes [6,7]. Preparing inexpensive ion
exchange membranes with special physico/chemical characteris-
tics such as high ionic flux and selectivity, low electrical resistance
and appropriate mechanical and chemical stabilities is a vital step
in future applications [1-4,5,8].

High performance may be obtained by membrane modifica-
tions. Many researches have already been performed to improve
the IEMs physico-chemical properties, which resulted in various
modification techniques. In recent years, the role of surface modi-
fication in determining the separation properties of membrane has
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been obvious. Different methods such as graft polymerization, plasma
modification, and flame treatment have been utilized in membranes
surface modification to alter the physico-chemical properties of
membranes without affecting bulk properties [9-14].

In the current research, surface modification of poly (vinyl chlo-
ride) based homemade heterogeneous cation exchange membrane
was carried out to achieve efficient electrochemical properties useful
in electrodialysis processes related to water desalination and water
recovery.

The PVC based heterogeneous cation exchange membranes were
prepared by solution casting techniques using cation exchange resins
as functional groups agents. In situ polymerization of polyacrylic
acid (PAA) and PANI/MWCNT composite nanoparticles was also
used as membrane surface modifier by mixing PANI/MWCNT
nanoparticle with hydrophilic acrylic acid monomer and grafting
technique.

Recently, the use of nanoparticles because of their high activity
is the concern of most researches [1,15,16]. The PANI/MWCNT
nanoparticle is one of the advanced composite nano-materials which
has been attracted a great deal of attention because of its interest-
ing feature and capacity based on the synergism between PANI
and MWCNT properties [17-27].

Currently no report have been considered surface modification
of heterogeneous cation exchange membranes by graft polymer-
ization of PAA and PAA-co-PANI/MWCNTs nanoparticles simul-
taneously. The effects of graft polymerization of PAA and PAA-co-
PANI/MWCNT composite nanoparticles on electrochemical prop-
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erties of homemade heterogeneous cation exchange membranes
were studied. Electrodialysis experiment was also performed in a
laboratory scale unit to evaluate the electrodialytic performance of
modified membranes in heavy metal ions (Pb, Cu, Ni) removal
from waste water. The results are valuable for electro-membrane
processes, especially in electro-dialysis process for water recovery
and waste water treatment. The correlation between the structure
and properties of membranes was also studied.

MATERIALS AND METHODS

1. Materials

Polyvinylchloride (PVC, grade S-7054, density: 490 g/lit, viscos-
ity number: 105 Cm’/g) supplied by Bandar Imam Petrochemical
Company (BIPC), Iran, was used as membrane matrix. Tetrahy-
drofuran (THE molar mass: 72.11 g/mol, Density: 0.89 g/cm’) was
employed as solvent. Cation exchange resin (Ion exchanger Am-
berlyst, strongly acidic cation exchanger, H" form, 1.7 meq/g dry,
density 0.6 g/cm’, particle size (0.355-1.18 mm) <90%) by Merck
Inc., Germany, was used in membrane fabrication. Potassium persul-
fate (KPS, initiator), acrylic acid (AA, monomer) and ethylene glycol
(EG, cross-linker) were obtained from Merck. Polyaniline/multiwalled
carbon nano tube composite nanoparticles (PANI/MWCNTS, nano
powder, 80 nm< particle size, incduding 10%wt MWCNTS and 90%wt)
were provided from NANO-RADBEHAN company; Iran. All other
chemicals were supplied from Merck. Throughout the experiment,
distilled water was used. The chemical structure of PANI/MWCNTs
composite nanoparticles is shown in Table 1.
2. Preparation of Heterogeneous Cation Exchange Membranes

The heterogeneous cation exchange membranes were prepared
by solution casting technique and phase inversion method. For mem-
brane preparation, resin particles were dried in oven at 30 °C for
48 h and then pulverized into fine particles in a ball mill (Pulveri-
sette 5, Fritisch Co.) and sieved to the desired mesh size. The ion
exchange resin with desired particles size (—300+400 mesh) was
used in membrane preparation.

The preparation proceeded by dissolving the polymer binder
(PVC) into THF solvent ((polymer binder: solvent) (w/v), (1 : 20))

in a glass reactor equipped with a mechanical stirrer (Model: Velp-
Sientifica Multi 6 stirrer) for more than 6 h. This was followed by
dispersing a specific quantity of grind resin particle ((resin particle:
polymer binder) (w/w), (1:1)) as functional groups in polymeric
solution. The mixture was mixed vigorously at room temperature
to obtain uniform particle distribution in the polymeric solution.
In addition, for better dispersion of particles and breaking up their
aggregates, the solution was sonicated for 1h using an ultrasonic
instrument. The mixture was then cast onto a clean and dry glass
plate at 25 °C. The membranes were dried at ambient temperature
(25°C) and immersed in distilled water. As the final stage, the mem-
branes were pretreated by immersing in HCl and NaCl solutions.
The membrane thickness was also measured as around 70 um by a
digital caliper device (Electronic outside Micrometer, IP54 model
OLR).
3. Membrane Surface Modification by Graft Polymerization
Method

PAA and PAA-co-PANI/MWCNTs composite membranes were
prepared by graft polymerization technique (Fig. 1). Prior to mod-
ification, the homemade membranes were dipped in distilled water
for 4 h to remove any pollutant. The prepared heterogeneous cat-
ion exchange membrane was clamped between two glassy frames.
The modifier solution containing acrylic acid as monomer (AA,
20%wt), potassium persulfate as initiator (KPS, 1%wt), ethylene
glycol as cross-linker (EG: AA, 1:6.5 molar ratio) [26] and Poly-
aniline/multiwalled carbon nanotube composite nanoparticles as
additive (PANI/MWCNTs: 0, 0.01, 0.03, 0.5%wt) was poured on
top of the prepared membrane and rolled by a soft roller to elimi-
nate any bubble and make a uniform area. Note that the modifier
solution was mixed vigorously at room temperature and sonicated
to obtain homogeneously dispersed solution during modifier prepa-
ration. After that, the membrane was heated at 90 °C for 4 h in oven.
Finally, the membrane was washed sufficiently with distilled water
to remove the excess monomer and surfactant and then kept in
water.
4. Test Cell

The electrochemical experiments for the prepared membranes
used the test cell (Fig. 2). The cell consists of two cylindrical com-

Table 1. The chemical structures of PANI/MWCNTSs composite nanoparticles

Material

Chemical structure

Polyaniline/multiwalled carbon nano tube
composite nanoparticles (PANI/MWCNTs)

/ NH2
O) + e
Aniline MWNT

H DM /5

Polyaniline (Emeraldine salt) - MWNT o)

l NH ,OH

@ <) N-{_}Nﬂul/ﬁ

Polyaniline (Erneraldino Base) - MWNT e
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CEM

Modifier solution

Potassium persulfate (initiator)

OH
HO/\/

Ethylene glycol (cross linker)

PANI/MWCNT (nanoparticle)

Modifier thin film(AA) <SR

CEM

Modifier thin film(AA-PANI/MWCNT) -

CEM

Fig. 1. Scheme of membranes surface modification by graft polymerization of PAA and PAA-co-PANI/MWCNTs nanoparticles.
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Fig. 2. Schematic diagram of test cell.

(1) Pt electrode (4) Orifice
(2) Magnetic bar (5) Rubber ring
(3) Stirrer (6) Membrane

partments (180 cm®) made of Pyrex glass which are separated by
the membrane. The membrane was fixed between rubber rings.
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 to support the membrane. The top of each com-
partment contained two orifices for feeding and sampling purposes.
To minimize the effect of boundary layer during the experiments
and also to establish the concentration polarization on the vicinity
of membranés surface, both sections were stirred vigorously by mag-
netic stirrers (Model: VelpSientifica Multi 6 stirrer).
5. Membrane Characterization
5-1. FTIR Analysis

FTIR spectra measurements provided information about the
chemical structure of the unmodified and modified membranes.
FTIR spectra analysis was done using Galaxy series FTIR 5000 spec-
trometer. Scans were taken with 4 cm™ resolution between 200 and
4,000cm™.
5-2. Morphological Studies

The behavior of prepared membranes is closely related to their

structure, especially the spatial distribution of ionic site and particle
distribution [28]. The structures of membranes were examined by
scanning electron microscope (SEM, EM-3200, and KYKY). For
the membrane scanning by SEM device, the samples were frozen
in liquid nitrogen and then cut to keep the original structure. After
sputtering with gold, their observation was undertaken using the
electron microscope.
5-3. Water Content

The water content was measured as the weight difference be-
tween the dried and swollen membranes. The wet membrane was
weighed (OHAUS, PioneerTM, Readability: 10* g, OHAUS Corp.)
and then dried in oven until the constant weight was obtained. The
following equation [28-31] can be used in water content calculations:

Water content%= (M) x100 @
dry

Measurements were made three times for each sample and then
their average value was reported to minimize the experimental
errors.
5-4. Membrane Potential, Transport Number and Permselectivity

The membrane potential is algebraic sum of Donnan and diffu-
sion potentials determined by the partition of ions into the pores
as well as the mobilities of ions within the membrane phase com-
pared with the external phase [31-36]. This parameter was evalu-
ated for the equilibrated membrane with unequal concentrations
of electrolyte solution (0.1 M/0.01 M)) at ambient temperature on
either sides of membrane using two-cell glassy apparatus. During
the experiment, both sections were stirred vigorously to minimize
the effect of boundary layers. The developed potential across the
membrane was measured by connecting both compartments and
using saturated calomel electrode (through KCl bridges) and digi-
tal auto multi-meter (DEC, Model: DEC 330FC, Digital Multime-
ter, China). The measurement was repeated until a constant value
was obtained. The membrane potential (EMeasure) is expressed
using Nernst equation [28,31,32-40] as follows:
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Ennar=6" D[ () @

where t;" is transport number of counter ions in membrane phase,
R is gas constant, T is the temperature, n is the electrovalence of
counter-ion, a,, a, are solutions electrolyte activities in contact mem-
brane surfaces and F is faraday constant. The ionic permselectivity
of membranes also is quantitatively expressed based on the migra-
tion of counter-ion through the IEMs [35-40]:

)

P.=
5711,

®)
Where, t, is the transport number of counter ions in solution [37].
5-5. Jonic Permeability and Flux

The jonic permeability and flux were measured using the test
cell (Fig. 2). A 0.1 M solution (NaCl or BaCl,) was placed on one
side of the cell and a 0.01 M solution on its other side. A DC elec-
trical potential (Dazheng, DC power supply, Model: PS-302D) with
an optimal constant voltage was applied across the cell with stable
platinum electrodes. During the experiment, both sections were
recirculated and stirred vigorously to minimize the effect of bound-
ary layers. The cations pass through the membrane to cathodic sec-
tion. Also, according to anodic and cathodic reactions the produced
hydroxide ions remain in cathodic section and increase the pH of
this region.

2H,0+2e =H, 1 +20H" (Cathodic reaction) (R-1)
2CI'=Cl, 1 +2e  (Anodic reaction) (R-2)

The flux of cations through the membrane is measured directly by
considering pH changes (Digital pH-meter, Jenway, Model: 2710)
in cathodic section.

The cation flux is also the sum of two terms, one due to the volt-
age difference, the other due to the diffusion caused by the differ-
ence in ion concentrations on each side of the membrane. Thus,
the cations flux through the membrane can be written as follows
[41]:

I+:t:n_I+PC1—C2

F d @

where, J" is total flux of cations, t" is transport number of counter
ions in membrane phase, I is the current, F is faraday constant, P
is permeability of cations in membrane, d is membrane thickness
and C is the cations concentration in the solutions compartments
adjacent to the membrane surface. The cation permeability in mem-
brane phase is calculated from Eq. (4).
5-6. Electrical Resistance

The electrical resistance of equilibrated membrane was meas-
ured in NaCl solution with 0.5 M concentration (at 25 °C). Meas-
urement was by an alternating current bridge with 1,470 Hz fre-
quency (Audio signal generator, Electronic Afzar Azma Co. PJ.S).
The membrane resistance is calculated using the different resis-
tance between the cell (R,) and electrolyte solution (R;) (R,=R,—
R,) [31,36]. The areal resistance is expressed as follows:

r=(R,A) ©)

where, r is areal resistance and A is the surface area of membrane.
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5-7. Electrodialysis for Heavy Metal Ions Removal

The electrodialysis experiment was also on a laboratory scale
electrodialysis unit containing a homemade cation exchange mem-
brane and a commercial anion exchange membrane with 19.63 cm®
effective area to evaluate the electrodialytic performance of the modi-
fied membranes for water treating in Cu, Ni and Pb, removal from
waste water. Commercial heterogeneous anion exchange membrane
(RALEX® AMH-PES), made by MEGA a.s., Czech Republic, was
used in this study. The anionic membrane contains fixed quater-
nary ammonium functional groups. Water content of the commer-
cial membrane was measured as 63% (g absorbed water/g dry mem-
brane). The ion exchange capacity (IEC) was also obtained as 1.85
(meq/g dry membrane). Detailed membrane characteristics can
be found elsewhere [42]. The electrolyte solution (Cu (SO,),, Ni
(Cl), and Pb (NO,),) of known volume (180 cm®) and concentration
(0.01 M) was applied in the treated compartment, while 0.01 M
NaCl solution was recirculated in the concentration compartments.
The variation in concentration was determined by considering con-
ductivity changes in treated compartment and also pH changes in
cathodic region, respectively.

RESULTS AND DISCUSSION

1. FT-IR Spectra Analysis
The FTIR analysis of the unmodified (PVC based membrane)
and modified membrane (grafted-PAA composite membrane) is
shown in Figs. 3(a) and (b). The FT-IR spectra analysis clearly shows
appearing the peak related to C=0, which decisively proves the graft
polymerization of PAA. This is not visible for unmodified mem-
brane.
2. Effect of Surface Modification on Membrane Morphology
The SEM study was conducted to evaluate the morphology of
virgin and modified PAA-co-PANI/MWCNTs composite mem-

6 |
' The i g | {
W ] b A ! d i pahf a " N i
1:. ‘i."'\.\.f.' s > |
(4 ad |l
14 I|I | ! ¥ [ | : | g .J
: .|"|_§'-"'
A I : fle
Y b I..| v\':'.k ¥ ? : I} Eill| | ;
n 1 T by AN, 5 4 W |
ﬁq!.\l Wy | | . 1 M 7 [
0 * i
|

10 4 I

e

(P TR pr———

i

¢

5

ol |
72

s

2

7
7 5
8

3
79
ls o
11

WK 8O-

|
1
'
2 7
2
4
1

|
1
8
3
5

4

T T T T T T T
4000 3500 3000 S 2000 1500 1 1000 00
wave numbers

Fig. 3. The FTIR spectrum analysis of prepared membranes: (a) Un-
modified membrane, (b) grafted PAA composite membrane.
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Fig. 4. The SEM images of prepared membranes; (a) unmodified
membrane, (b) PAA grafted membrane, (c) PAA-co-PANI/
MWCNT composite membrane.

branes. The SEM surface images of prepared membranes are depicted
in Fig. 4. The polymer binder and resin particles are clearly seen in the
images. The images illustrate that grafted-PAA-co-PANI/MWCNTs

Fig. 5. The effect of sonication on distribution of particles in pre-
pared membranes: (a) Before sonication; (b) after sonication.

NPs filled the cracks, voids and cavities in membrane matrix by
simple gel network entanglement. SEM images show the forma-
tion of PAA-co-PANI/MWCNTS thin layer on the surface of modi-
fied membranes. Also, images show a relatively uniform surface
for the prepared membranes. During the polymerization process,
carboxylic groups of AA monomers can interact with the surface
of nanoparticles and anchor them by covalent attachment. Also, graft-
ing leads to minimizing the particle agglomeration and strength-
ening the interaction between the nanoparticles and membrane
matrix. Monomer molecules can diffuse easily to the surface of the
nanoparticles, which leads to higher graft density; better control of
molecular weight and polydispersity of the polymer chains [43].
The SOM image of pristine membrane in transmission mode is
depicted in Fig. 5. The images also show the effect of ultrasonic
method on prepared membranes. As shown, sonication has a sig-
nificant effect on distribution of resin particles. Particles are also
uniformly distributed in the prepared membranes. The excessive
homogeneity and uniform distribution of resin particles on the sur-
face and in the bulk of membrane matrix provide superior con-
ducting regions for the membranes and generate easy flow channels
for the counter-ions transportation, which improves electrochemi-
cal properties. Existence of more conducting region on membrane
surface also can strengthen the intensity of uniform electrical field
around the membrane and decrease the concentration polarization

Korean J. Chem. Eng.(Vol. 33, No. 3)
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Fig. 6. The effect of PAA-co-PANI/MWCNT grafting on water con-
tent of prepared cation exchange membranes.

phenomenon [2-5,44,45]. Sonication of solid particles increases the
viscosity of casting solution by reducing aggregation and sedimen-
tation. This increases the casting solution viscosity and reduces the
evaporation rate of casting solvent, which improves the polymer
chain relaxation as well as its conformation with particle surfaces.
The conformation increases the polymer-particle interactions and
promotes the compatibility of particles and binder. This compati-
bility reduces the amount of cracks and fissures between binder
and resin particles in the matrix of membrane and improves the
membrane selectivity [2,3,6,44].

3. Water Content

Obtained results (Fig. 6) revealed that the water content of pre-
pared membrane was decreased by PAA grafting on membrane
surface. This might be due to voids and cavities filling by PAA, which
can be prevailed upon the positive effect of PAA hydrophilic char-
acteristic [43,44] and restrict the water molecules accommodation
in membrane matrix.

The water content was increased again by using PANI/MWCNTSs
composite nanoparticles in modifier solution up to 0.01%wt. This
may be due to increase in PAA-co-PANI/MWCNTS layer poros-
ity by NPs’ using which enhances the amount of water embedding.
Moreover, utilizing of PANI/MWCNTs NPs increases the yield of
polymerization by providing more surface area for AA monomer.
This introduces more amount of hydrophilic PAA into membrane
and improves the hydrophilicity. The inner diameter of nano-tubes
is also large enough to accommodate the water molecules.

The membrane water content was decreased again by more in-
crease in NPs' concentration in modifier solution. This is due to
increase in membrane structure tightness and rigidity by more PANI/
MWQCNTs content ratio, which causes to lower membrane swell-
ing and so water absorption. Moreover, diffusion of modifier solu-
tion into the membrane matrix occupies the free spaces in membrane
matrix and so reduces the amount of membrane water content.

A suitable amount of membrane water content can have better
control on the pathways of ion traffic and improve the membrane
selectivity. Generally, high water content can provide more and wider
transfer channels for co- and counter-ion transport and decrease
the ionic selectivity and lead to a loose structure for the membranes
but this is not always true and depends on the membrane struc-
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Fig. 7. The effect of graft polymerization on membrane potential
in sodium chloride and barium dichloride ionic solutions.
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Fig. 8. The transport number of prepared membranes in sodium
chloride and barium chloride ionic solutions.

ture and its properties. Measurements were made three times for
each sample and then their average value was reported in order to
minimize the experimental errors.
4. Membrane Potential, Permselectivity and Transport Number
4-1. Characterization in Monovalent Ionic Solution (NaCl)
Obtained results (Figs. 7-9) revealed that the graft polymeriza-
tion on membrane surface caused a decline in membrane poten-
tial, permselectivity and transport number in sodium chloride ionic
solution. It might be due to the isolation of resin particles by the
grafted PAA which affects their performance. The pristine mem-
brane contains sulfonate functional groups only while in modified
membranes carboxylic groups are introduced to the surface and
pores of membrane. Dissociation of different functional groups has
high impact on the charged nature of membrane matrix which is
dominant on ionic traffic. The sulfonate functional groups have
much better dissociation behavior compared to carboxylic groups
in the same conditions [33]. As seen in SEM images the polymer-
ized PAA covers the resin particles and occupies the spaces around
them, which restricts the accessibility of resin particle sulfonate
groups by their surrounding in modified membranes. This means
carboxylic group domination on membrane performance which is
weaker than sulfonate groups. The membrane potential, transport
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Fig. 9. Comparison between the permselectivity of prepared mem-
branes (unmodified and modified membranes) in mono and
bivalent ionic solutions.

number and selectivity were improved again by using of PANI/
MWCNTs NPs in modifier solution. Utilizing of nanoparticles in
modifier solution provides more appropriate site for PAA polym-
erization instead of PAA formation on resin particle surface and
so prevents the sulfonate groups’ isolation. This makes better the
ionic pathways and generates suitable flow channels for easy pas-
sage of the counter ions. This happening declares the synergy phe-
nomenon clearly by simultaneous use of carboxylic and sulfonate
functional groups. Moreover, the channels in membrane matrix
are occupied by PAA-co-PANI/MWCNTS and so they are narrowed
by them as space limiting factors. This causes a strengthening of
the ionic sites domination on ions traffic and makes difficult the
co-ions percolation through the membrane.

4-2. Characterization in Bivalent Ionic Solution (BaCl,)

The obtained results (Figs. 7-9) also showed lower membrane
potential, transport number and selectivity for the modified mem-
branes compared to pristine ones in bivalent ionic solution. This is
attributed to weak dissociation of carboxylic group in modified
membranes compared to sulfonate type. Also, the membranes exhib-
ited lower potential, selectivity and transport number for bivalent
ions in comparison with monovalent ones. The lower electrochem-
ical properties of membranes for the bi-valent ions compared to
monovalent type can be explained by the stronger bonds of bi valent
cations with ion exchange functional groups, which poisons the
membranes and decreases the membrane transport number and
selectivity. In fact, bivalent cations have stronger electrostatic attrac-
tion with the oppositely fixed charge sites, and therefore they pre-
vent functional groups dissociation. Furthermore, the larger radius
of barium ions and their hydrated size in comparison with sodium
ions makes lower membrane potential, transport number and perm-
selectivity for the bivalent cation [1-3,28].

5. Ionic Permeability and Flux

During the experiment, ions pass through the membrane and
reach the concentration section. Results (Figs. 10, 11) revealed that
the ionic permeability and flux for both monovalent (sodium ions)
and bivalent ions (barium ions) were increased initially by graft
polymerization of PAA on membrane surface. Introducing carbox-
ylic groups into membrane matrix during modification process
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Fig. 10. Comparison between the ionic flux and permeability of pre-
pared membranes in sodium chloride ionic solution.
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Fig. 11. Ionic flux and permeability for the prepared membranes
in barium chloride ionic solution.

increases the ionic permeability and flux. The ionic permeability
and flux were also improved by utilizing of PANI/MWCNT NPs
up to 0.01%wt in modifier solution. This is attributed to adsorp-
tion characteristic of PANI/MWCNT nanoparticle which enhances
the ion interactions with membrane surface and so strengthens the
intensity of electrical field around the membrane and improves the
counter ion transport.

Ionic permeability and flux showed decreasing trend again by
more increase of nanoparticle concentration in modifier solution.
This is attributed to formation of a tight and rigid layer of PAA-
co-PANI/MWCNT on membrane surface at high nanoparticle
content ratio, which makes difficult the ion transport and reduces
the permeability and flux. Also, lower amount of water content for
the prepared membranes declines the flux.

6. Areal Electrical Resistance

The electrical resistance has practical implications due to its rela-
tion with energy consumption in the process. The electrical resis-
tance of pristine membrane (M,) and superior membranes (M,,
M) was measured in 0.5 M NaCl solution at ambient temperature.
The membrane electrical resistance was measured <25, <13 and
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<22 ohm-cm” for the membrane, respectively. The grafted-PAA
composite membranes showed lower electrical resistance compared
to unmodified ones. In general, less selective membranes have lower
electrical resistances, but this is not always true and depends on
the membrane structure and its properties [42]. The low electrical
resistance for the grafted-PAA membrane is also because of for-
mation of suitable ionic pathways in membrane matrix by simul-
taneous use of carboxylic and sulfonate functional groups, which
in turn enhances ion transport and so lowers the areal electrical
resistance. The electrical resistance of prepared membranes was
increased again by utilizing of PANI/MWCNT NPs in modifier
solution. This may be due to lower amount of water content and
higher selectivity for PAA-co-PANI/MWCNTs composite mem-
brane, which increases the membrane electrical resistance. A typi-
cal comparison between the areal electrical resistance of prepared
membranes in this research and some commercial membranes
[42,47,48] is given in Table 2.
7. Electrodialysis for Cu, Ni and Pb Ions Removal
Electrodialysis experiment was carried out in a laboratory scale
unit to evaluate the electrodialysis performance of modified mem-

Table 2. A typical comparison between the areal electrical resis-
tance of prepared membranes in this research and some
commercial membranes [42,47,48]

Areal electrical
Membrane resistance
(Q-Cm?)
Pristine membrane (M1) <25
Grafted-PAA membrane (M2) <13
Grafted-PAA-co-PANI/MWCNTs membrane (M3) <22
Ionics Inc., USA, CR61-CMP >11
Ionics Inc., USA AR112-B 20-28
MEGA as., Czech Republic, Ralex CMH-5E <12
RAI Research Corp., USA, R-5010-H 8-12
@Flux (Ni) AFlux (Cu) Flux (Pb)
30 - PAA-(0.01 %wt) NPs
PAA-(0.0 %wt) NPs
. 251 A A
T 201
@
:‘% 15 4 (unmodified)
3 .
E o -
£ o
05
o}
0.0 - . > .
0 1 2 3 4

Sample's number

Fig. 12. The ionic flux of prepared membranes ((M,): unmodified
membrane, (M,): grafted-PAA membrane and (Ms,): grafted-
PAA-c0-0.01%wt PANI/MWCNT5) for Cu, Ni and Pb ions
removal (dialytic rate) in water treating electrodialysis experi-
ment process.

March, 2016

branes for Cu, Ni and Pb ions removal from waste water. The ionic
flux for the prepared membranes (M;: unmodified membrane and
M,, M;: modified membrane) were studied. Results (Fig. 12) showed
that dialytic rate was increased sharply for heavy metal ion removal
by AA polymerization on membrane surface which is assigned to
less selective for grafted-PAA membrane. As seen in the figure,
utilizing of PANI/MWCNTs composite NPs in modifier solution
caused a decline in jonic flux for heavy metal ions, which is due to
formation of narrow ionic pathways in modified membranes. The
used nanoparticles limit the free spaces and so restrict the ion traf-
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Fig. 13. The TDS variations with time in treated (diluted) region
during the electrodialysis experiment for Cu, Ni and Pb ions
removal form waste water.
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fic. Moreover, strong affinity of heavy metals on active sites of PANI/
MWOCNT nanoparticles does not allow cations to release from mem-
brane surface and reach to the concentrated region [46,49]. Results
clearly showed that ionic flux for Pb ions is less than Ni and Cu.
This different behavior can be explained with respect to the radius
of lead ions and their hydrated size in comparison with copper
and nickel ions. The TDS variations in treated region during the
experiment are depicted in Fig. 13. As shown, total dissolved solid
decreased over time in the treated compartment during the elec-
trodialysis process, which is an indicator of ion passage through
the membrane.

CONCLUSION

The FT-IR spectra analysis clearly proves the polymerization of
PAA on membrane surface. SOM images show uniform resin par-
ticles distributed for the prepared membranes. Also, SEM images
illustrate that the grafted PAA-co-PANI/MWCNT NPs filled the
cracks, voids and cavities in membrane matrix. Images also show
a relatively uniform surface for the homemade membranes. The
modified grafted-PAA and grafted-PAA-co-PANI/MWCNTs mem-
branes show lower amount of water content compared to pristine
ones. Membrane potential, transport number and permselectivity
all declined initially by PAA graft polymerization and then began
to increase by increase of NPs concentration in modifier solution.
The sodium and barium flux and permeability were improved sharply
by PAA graft polymerization on membrane surface. The sodium and
barium flux were enhanced again by utilizing of PANI/MWCNTS
nanoparticles concentration up to 0.01%wt in modifier solution
and then showed decreasing trend by more NPs content ratio. Mem-
brane areal electrical resistance was also decreased by introducing
graft polymerization on membrane surface. The electrodialysis exper-
iment results in laboratory scale show higher dialytic rate in heavy
metals removal for grafted-PAA and grafted-PAA-co-PAN/MWCNTSs
modified membrane compared to pristine one.

ACKNOWLEDGEMENT

The authors gratefully acknowledge Arak University for the finan-
cial support during this research.

REFERENCES

1. S. M. Hosseini, E Jeddi, M. Nemati, S. S. Madaeni and A. R. Mogha-
dassi, Desalination, 341, 107 (2014).

2.S.M. Hosseini, A. R. Hamidi, S. S. Madaeni and A. R. Moghadassi,
Korean J. Chem. Eng., 32(3), 429 (2015).

3. A. Zendehnam, M. Rabieyan, S. M. Hosseini and S. Mokhtari,
Korean J. Chem. Eng., 32(3), 501 (2015).

4.S.M. Hosseini, S.S. Madaeni, A.R. Khodabakhshi and A. Zen-
dehnam, J. Membr. Sci., 365, 438 (2010).

5.S.M. Hosseini, B. Rahzani, H. Asiani, A. R. Khodabakhshi, A.R.
Hamidi, S. S. Madaeni, A. R. Moghadassi and A. Seidypoor, Desali-
nation, 345, 13 (2014).

6.S. M. Hosseini, S.S. Madaeni, A.R. Khodabakhshi and A. Zen-
dehnam, J. Membr. Sci., 365, 438 (2010).

7.S.M. Hosseini, S.S. Madaeni, A.R. Heidari and A. Amirimehr,
Desalination, 284, 191 (2012).

8.H.Y. Yu, Y. Xie, M. X. Hu, J. L. Wang, S. Y. Wang and Z.K. Xu, /.
Membr. Sci., 254, 219 (2005).

9.B.D. McCloskey, H. B. Park, H. Ju, B. W. Rowe, D.]. Miller and
B. D. Freeman, . Membr. Sci., 414, 82 (2012).

10. H. Guo and M. Ulbricht, . Membr. Sci., 349, 312 (2010).

11. S. Boributh, A. Chanachai and R. Jiraratananon, J. Membr. Sci., 342,
97 (2009).

12. L. Zou, L Vidalis, D. Steele, A. Michelmore, S. P. Low and J. Q.J. C.
Verberk, J. Membr. Sci., 369, 420 (2011).

13.S. Yu, Z. Liy, Z. Chen, X. Liu, M. Liu and C. Gao, J. Membr. Sci.,
371, 293 (2011).

14. X. M. Wu, L.L. Wang, Y. Wang, J.S. Gu and H. Y. Yu, . Membr.
Sci., 421, 60 (2012).

15.S.H. Kim, S.Y. Kwak, B.H. Sohn and T. H. Park | Membr. Sci.,
211, 157 (2003).

16. D. E. Giammar, C.J. Maus and L. Xie, Environ. Eng. Sci., 24, 1
(2007).

17.M. Ayad, G.E. Hefnawy and S. Zaghlol, Chem. Eng. J.,, 217, 460
(2013).

18. E. Lafuente, M. A. Callejas, R. Sainz, A. M. Benito, W.K. Maser,
M. L. Sanjuan, D. Saurel, ]. M. d-Teresa and M. T. Martinez, Car-
bon, 46, 1909 (2008).

19.ED.R. Amado, M. A.S. Rodrigues, E D.P. Morisso, A. M. Ber-
nardes, J. Z. Ferreira and C. A. Ferreira, J. Colloid Interface Sci., 320,
52 (2008).

20.R.C.Y. King, E Roussel, J. E Brun and C. Gors, Synth. Met., 162,
1348 (2012).

21. S.Y. Park, M. S. Cho and H. J. Choi, Curr. Appl. Phys., 4, 581 (2004).

22.V. Compan, E. Riande, EJ. Fernandez-Carretero, N.P. Berezina
and A. A. R. Sytcheva, J. Membr. Sci., 318, 255 (2008).

23.8S. Zhao, Z. Wang, ]. Wang, S. Yang and S. Wang, J. Membr. Sci.,
376, 83 (2011).

24. H. Cui, Q. Li, Y. Qian, R. Tang, H. An and J. Zhai, Water Res., 45,
5736 (2011).

25.A. A. Khan and U. Baig, J. Ind. Eng. Chem., 18, 1937 (2012).

26. G. C. Marjanovic, Synth. Met., 177, 1 (2013).

27.S. Zhao, Z. Wang, X. Wei, B. Zhao, J. Wang, S. Yang and S. Wang,
J. Membr. Sci., 385, 251 (2011).

28.X. Li, Z. Wang, H. Lu, C. Zhao, H. Na and C. Zhao, J. Membr. Sci.,
254, 147 (2005).

29.J. Khan, B. P. Tripathi, A. Saxena and V. K. Shahi, Electrochim. Acta,
52, 6719 (2007).

30. G.]. Hwang, H. Ohya and T. Nagai, J. Membr: Sci., 156, 61 (1999).

31. Y. Tanaka, Ion Exchange Membranes: Fundamentals and Applica-
tions, Membrane Science and Technology Series, vol. 12, Elsevier,
Netherlands (2007).

32. R. K. Nagarale, V. K. Shahi, R. Schubert, R. Rangarajan and R. Meh-
nert, J. Colloid Interface Sci., 270, 446 (2004).

33.R. K. Nagarale, G.S. Gohil, V.K. Shahi and R. Rangarajan, Col-
loids and Surfaces A: Physicochem. Eng. Aspects., 251, 133 (2004).

34. V. M. Barragaan and C. R. Bauza, . Membr. Sci., 154, 261 (1999).

35. R. K. Nagarale, V.K. Shahi, S. K. Thampy and R. Rangarajan, React.
Funct. Polym., 61, 131 (2004).

36. B. Vatsha, J. C. Ngila and R. M. Moutloali, Phys. Chem. Earth., 67,

Korean J. Chem. Eng.(Vol. 33, No. 3)



1046 M. Nemati et al.

125 (2014).

37.G.S. Gohil, V. V. Binsu and V.K. Shahi, | Membr. Sci., 280, 210
(2006).

38. J. Kerres, W. Cui, R. Disson and W. Neubrand, J. Membr. Sci., 139,
211 (1998).

39. V.K. Shahi, S. K. Thampy and R. Rangarajan, . Membr. Sci., 158,
77 (1999).

40. R. K. Nagarale, V. K. Shahi and R. Rangarajan, . Membr. Sci., 248,
37 (2005).

41. R. W. Baker, Membrane Technology and Applications, Wiley Ltd.,
England, 2™ Ed. (2004).

42. P. Dlugolecki, K. Nymeijer, S. Metz and M. Wessling, J. Membr. Sci.,
319, 214 (2008).

March, 2016

43.S.S. Madaeni, S. Zinadini and V. Vatanpour, J. Membr. Sci., 380,
155 (2011).

44. R.K. Nagarale, V. K. Shahi and R. Rangarajan, J. Membr. Sci., 248,
37 (2005).

45.M. S. Kang, Y.]. Choi, L. ]. Choi, T. H. Yoon and S. H. Moon, J.
Membr. Sci., 216, 39 (2003).

46. K.E. Engates and H.J. Shipley, Environ. Sci. Pollut. Res., 18, 386
(2011).

47.'T. Xu, J. Membr. Sci., 263, 1 (2005).

48.R. K. Nagarale, G.S. Gohil and V.K. Shahi, Adv. Colloid Interface
Sci., 119, 97 (2006).

49. S. M. Hosseini, M. Nemati, E Jeddi, E. Salehi, A. R. Khodabakhshi
and S. S. Madaeni, Desalination, 279, 167 (2015).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


