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Abstract−Polyvinylchloride-blend-styrene butadiene rubber based nanocomposite cation exchange membranes were

prepared by solution casting technique. Iron-oxide nanoparticles and Ag-nanolayer were simultaneously utilized as

filler and surface modifier in membrane fabrication. The effects of Ag-nanolayer film thickness on membrane physico-

chemical and antibacterial characteristics of nanocomposite PVC-blend-SBR/Iron-oxide nanoparticles were studied.

SEM images showed membrane roughness decreasing by Ag nanolayer thickness increasing. Membrane charge density

and selectivity declined by Ag nanolayer coating up to 5 nm in membranes and then showed increasing trend by more

nanolayer thickness. Ionic flux also showed increasing trend. Membranes showed good ability in E-Coli removal. 20 nm

Ag-nanolayer coated membrane showed better performance compared to others.
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INTRODUCTION

Ion exchange membranes (IEMs) are widely utilized as active

separators in diverse electrically driven processes. In IEMs, charged

groups attached to polymer backbone are freely permeable to oppo-

site sign ions under the influence of an electrical field [1,2]. Depend-

ing on the type of ionic groups attached to the membrane matrix,

IEMs are classified into anion exchange and cation exchange ones

[3,4]. IEMs are generally applied in treatment of ionic solutions,

re-concentrating brine from seawater, desalting saline water, dem-

ineralization of whey, acid and alkali recovery and many more pro-

cesses [5-7].

However, preparing inexpensive membranes with specially adapted

physico-chemical characteristics may be a vital step in future chem-

ical and treatment application [2]. Variation of functional groups,

selection of different polymeric matrices, polymers blending, using

of various additives such as metal/metal oxide nanoparticles in mem-

brane matrix and surface modification by plasma treatment are im-

portant ways to obtain superior IEMs [2,8-19].

Fabrication of heterogeneous cation exchange membranes with

appropriate physico-chemical properties for application in electrodi-

alysis process related to water recovery and treatment was the pri-

mary target of the current research. For the purpose, polyvinychlor-

ide-blend-styrene butadiene rubber heterogeneous cation exchange

membranes were prepared by solution casting techniques using cat-

ion exchange resin powder as functional groups agent. PVC is a

flexible and durable polymer with suitable biological and chemical

resistance. SBR is also a rubbery polymer with good permeability

and appropriate abrasion resistance and aging stability. The use of

these polymers and their blends as membrane binders can dedicate

special selective characteristics in prepared membranes with respect

to superior mechanical support of glassy polymers and toughness

and high permeability of flexible rubbery ones [11,19-22]. Iron-nickel

oxide nanoparticles and silver nanolayer were also employed as

inorganic filler additive and surface modifier in membrane fabrica-

tion respectively in order to improve the IEMs physico-chemical

and antibacterial characteristics. Ag nanolayer was deposited on mem-

brane surface by magnetron sputtering method, which has many

advantages such as good adhesion of film to substrate, uniformity,

good and controllable deposition rate and high purity [19,23]. In

recent years, the use of metal nanoparticles in polymeric matrix has

been increased obviously. The use of metals against microorgan-

isms can be considered very old for food preparing and preserving

from pollution. Silver has been found to be non-toxic to humans at

very small concentrations. The continuous release of silver ions en-

hances its antimicrobial efficacy [24-26]. In these times, silver nano-

particles have found diverse applications in the form of wound dress-

ings, coatings for medical devices, textile, treating effluent and many

more [27].

Iron-nickel oxide nanoparticles are also a new class of advanced

materials with very interesting features and capacity such as supe-

rior magnetic, electrical and selective adsorption properties which

also have been utilized in water treatment [11].

The effects of iron-nickel oxide nanoparticle and Ag nanolayer

on the physico-chemical properties of prepared heterogeneous cat-
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ion exchange membranes were studied. During the experiments,

sodium chloride was employed as ionic solution for the membrane

characterization. The results are valuable for electro-membrane pro-

cesses especially in electrodialysis process for water recovery and

treatment.

MATERIALS AND METHODS

1.Materials

Polyvinylchloride (PVC, grade S-7054, high porosity, bulk den-

sity: 490 g/L, viscosity number: 105 cm3/g) and styrene butadiene

rubber (SBR, grade 1502, bound styrene: 22.5-24.5wt%, ultimate

elongation: 350% and modulus: 167-207 kg/cm2) supplied by Ban-

dar Imam Petrochemical Company (BIPC, Iran) were used as bind-

ers. Tetrahydrofuran was employed as solvent. Iron nickel oxide

nanoparticle (Fe2NiO4, nano-powder, particle size<50nm, 98% trace

metals basis) by Aldrich as inorganic filler additive and cation ex-

change resin (Ion exchanger Amberlyst® 15, strongly acidic cation

exchanger, H+ form - more than 1.7 milli equivalent/g dry) by Merck

Inc., Germany, were used in membrane preparation. Silver plate

target with high purity (99.99%) was also used in nanolayer prepa-

ration. All other chemicals were supplied by Merck. Throughout

the experiment, distilled water was used.

2.Preparation of Heterogeneous Cation Exchange Membranes

Heterogeneous cation exchange membranes were prepared by

casting solution technique and phase inversion method. Resin parti-

cles were pulverized into fine particles in a ball mill and then sieved

to the desired particle size (−300 +400 mesh). Membranes were

prepared by dissolving the polymer binder ((PVC:SBR) (9 : 1) w/w)

into THF solvent (THF : Polymer; (20 : 1) v/w) in a glass reactor

equipped with a mechanical stirrer [2]. This was followed by dis-

persing a specific quantity of ground resin particle (resin : polymer;

(1 : 1) w/w) as functional groups agents and iron nickel oxide nano-

particle as additive (8.0%wt [11]) in polymeric solution, respec-

tively, as described earlier [10,11,19]. The mixture was mixed vig-

orously at room temperature to obtain a uniform particle distribution

in the polymeric solution. In addition, for better dispersion of parti-

cles and breaking up their aggregates, the solution was sonicated

with an ultrasonic instrument. Then, the mixture was cast onto a

clean and dry glass plate at 25 oC. The membranes were dried at

ambient temperature and immersed in distilled water. Membranes

were pretreated by immersing in NaCl solution. The membrane thick-

ness was measured by a digital caliper to maintain the membrane

thickness around 80-100µm. 

3. Membrane Surface Modification by Plasma Treatment

Silver (Ag) nanoparticles/nanolayer was deposited on membranes

surface by plasma treatment. For the purpose, a vacuum system (with

base pressure 10−6 mbar) was employed (PLANAR MAGNETRON

SPUTTERING MODEL-12'' MSPT, HIND HIGH VACCUM CO.

Private LTD. BANGLORE, INDIA) at 25 oC and 90 w power (DC

MAGNETRON SUPPLY POWER MODEL-PS-2000). For plasma

formation pure argon research grade (99.99%purity) was used in

the range of 2-5×10−2 mbar. Silver target (high purity, 99.99%) with

12.5 cm diameter and 3mm thickness was made and used as a cath-

ode for sputtering. The distance between silver (Ag) plate target and

membranes (substrate) holder in plasma reactor during the process

was kept at 12 centimeters. At this distance (optimum distance) a

uniform film with good packing density was obtained. Different

film thicknesses (5, 10, 15, 20 nm) were deposited on the mem-

branes surface with constant deposition rate of 1.35 (nm/s).

The deposition rate of silver layer can be expressed as follows

[23]:

(1)

where Rq is the coating rate, V is voltage, P is gas pressure (Ar), d

is the distance between target (Ag cathode) and anode (substrate

holder), PE is the electrical power (voltage time’s current) and k is a

constant which depends on type of gas and target material. The vari-

ation of deposition rate against electrical power is given (Fig. 1). A

linear plot is obtained, as it was expected. In relation (1), k/pd is

the slope that was fixed in this work.

Treating time was changed to adjust the Ag nanolayer thickness

on the membrane surface (5-30 nm with ±2 nm instrument error).

The target was pre-sputtered for 10min with a moveable shutter

placed in between the target and substrate. This shutter was also

used to control the time of layer deposition. The coating procedure

was carried out at 25 oC temperature.

4. Test Cells

The electrochemical property measurements for the membranes

were carried out using the test cell (Fig. 2) as reported earlier [10,

Rq = k
PE

pd
------, PE = VI

Fig. 1. Rate of deposition (Rq) versus electrical power (PE).

Fig. 2. Schematic diagram of test cell.
1. Pt electrode 4. Orifice
2. Magnetic bar 5. Rubber ring
3. Stirrer 6. Membrane
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11,19]. 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 to

support the membrane. For feeding and sampling purposes, the top

of each compartment contained two orifices. To minimize the effect

of boundary layer during experiments and to establish the concen-

tration polarization on the vicinity of membrane’s surface, both sec-

tions were stirred vigorously by magnetic stirrers.

5. Membrane Characterization

5-1.Morphological Studies

The behavior of prepared membranes is closely related to their

structure, especially the spatial distribution of ionic sites [28]. The

structure of prepared membranes was examined by scanning optical

microscopy (SOM Olympus, model IX 70) in transmission mode

with light going through the membrane. The surface of the films

was also analyzed by scanning electron microscope (SEM, S360

Cambridge 1990).

5-2.Membrane Potential, Transport Number and Permselectivity

Membrane potential is the algebraic sum of Donnan and diffu-

sion potentials. The magnitude of this parameter depends on the

electrical characteristic of the membrane along with the nature and

concentration of the electrolyte solution [12,29,30]. This parameter

was evaluated for the equilibrated membrane with unequal con-

centrations of sodium chloride (C1=0.1M, C2=0.01M @ ambient

temperature) on either side of the membrane using a two-cell glassy

apparatus shown in Fig. 2. The developed potential difference across

the membrane was measured by connecting both compartments

and using saturated calomel electrode (through KCl bridges) and

digital auto multi-meter. The membrane potential (Emeasure) generated

is expressed using Nernst equation [10-13,28-30] as follows:

(2)

where tm is the transport number of counter ions in the membrane

phase, R is the gases constant, T is the temperature, n is the electrov-

alence of counter ion and a1, a2 are solutions electrolyte activities in

contact with both surfaces determined using the Debye-Hackle limit-

ing law. The ionic permselectivity of membranes also is quantita-

tively expressed based on the migration of counter-ion through the

ion-exchange membrane [10-13,28-30].

(3)

where t0 is the transport number of the counter ions in solution [31].

The ionic permselectivity (Ps) is a term used to define the prefer-

ential permeation of certain ionic species through ion-exchange mem-

branes.

The concentration of fixed charge on the membrane surface (Y)

also has been expressed in terms of permselectivity as follows [12,29]:

(4)

where Cmean is the mean concentration of electrolytes.

5-3.Membrane Ionic Permeability and Flux

The ionic permeability and flux of ions were measured by using

the test cell as reported earlier [10,11]. A 0.1M NaCl solution was

placed on one side of the cell and a 0.01M solution on its other side.

A DC electrical potential with an optimal constant voltage was ap-

plied across the cell with stable platinum electrodes. To ensure the

equilibrium condition in two solution-membrane interfacial zones

and to minimize the effect of boundary layers, both sections were

stirred vigorously by magnetic stirrers.

2Cl−⇒Cl2↑+2e− (Anodic reaction)

2H2O+2e
−

⇒H2↑+2OH− (Cathodic reaction)

According to the reactions that occurred, the produced hydroxide

ions increase the pH of cathodic region. The pH changes were meas-

ured with a digital pH-meter (Jenway, Model: 3510). According to

first Fick’s law, the flux of ions through the membrane can be ex-

pressed as follows [10,11,13,19,28]:

(5)

where, P is coefficient diffusion of ions, d is membrane thickness,

N is ionic flux and C is the cations concentration in the compart-

ments.

(6)

C1

0

=0.1M, C2

0

=0.01M, C1+C2=C1

0

+C2

0

=0.11M (7)

where, A is the membrane surface area. Integrating of Eq. (7) was

as follows:

(8)

The diffusion coefficient and flux of cations in membrane phase

are calculated from Eq. (9) considering pH changes measurements

in cathodic section.

5-4. Electrical Property of Ag Thin Film Coated Membrane

To study the influence of Ag thickness on the electrical resistively

of nano-layers coated on membranes a four-probe (INDOSAW-

Model SK012) was employed. The increase of electrical conduc-

tivity improves the interactions of ions with membrane surface and

also the intensity of uniform electrical field around the membrane

surface.

5-5.Antibacterial Effect

Silver nanoparticle shows good anti-bacterial and anti-microbial

characteristic and so has been utilized extensively in medical and

water industries. In this work the anti-bacterial effect of thin silver-

coated membrane was studied using the optical density method.

For these measurements a spectrophotometer (Elegant Thch.Cecil

series 400, CE 4400) with wavelength 600 nm was employed.

RESULTS AND DISCUSSION

1.Morphological Studies

The SOM and SEM (3D) images of prepared membranes are

shown in Figs. 3 and 4, respectively. The non-conducting area (poly-

mer binder) and conducting ion exchange areas (resin particles) are

clearly seen in SOM images. Resin particles are uniformly distrib-

uted in the prepared membranes. Also, deposited silver nanolayer
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(stellar spots) is clearly seen in the SEM images. As seen in SEM

images, the distribution of silver particles was improved on the mem-

brane surface with Ag nanolayer thickness increasing. Moreover,

as shown in SEM images the membrane roughness declined by the

increase of nanolayer thickness coating. Deposited silver nanopar-

ticles occupy the cracks and fissures on the membrane surface and

improve the membrane selectivity. Also, membrane coating by Ag

nanolayer enhances the electrical conductivity of prepared mem-

branes (Fig. 5) sharply. The presence of more conducting region

on the membrane surface can strengthen the intensity of uniform

electrical field around the membrane and decrease the concentra-

tion polarization phenomenon.

2. The Effect of Ag Nanolayer Thickness on Performance of

Prepared Membranes (PVC-Fe2NiO4 Nanoparticles Entrapped)

Obtained results (Fig. 6) revealed that membrane potential ini-

tially declined with increase of Ag nanolayer thickness up to 5 nm

in prepared membranes. This may be attributed to decrease in ac-

cessibility of ion exchange functional groups in the membrane matrix

because of their isolation by Ag nanoparticles which occupy the

spaces around resins and so reduce the accessibility of ion exchange

functional groups by their isolation. Moreover, a decrease in mem-

brane surface charge density (Fig. 6) decreases the membrane poten-

tial. The membrane potential is increased again with more increase

in nanolayer thickness from 5 to 30nm. This is attributed to increase

of density and uniform distribution of silver nanoparticles on the

membrane surface (SEM images, Fig. 4), which enhances the mem-

brane surface charge density and so provides additional conducting

regions for the membrane. This causes superior interaction between

ions and surface of membrane, which in turn facilitates the ion trans-

portation between the solution and membrane phase and leads to

enhanced Donnan exclusion that is responsible for the increment

of membrane potential.

The permselectivity and transport number of membranes are also

depicted in Fig. 7. At first, both decreased with increase of Ag nano-

layer thickness to 5 nm due to lower membrane fixed ion concen-

tration (because of ionic sites isolation by silver particles), which

facilitates the co-ion percolation through the membrane and reduces

the selectivity. Permselectivity and transport number were increased

again with more increment of Ag nanolayer thickness from 5 to

30nm. This happening can be explained with respect to the increase

in membrane charge density with improved control of pathways for

ion traffic. Moreover, with the increase of nanolayer thickness, the

ionic pathways in the membrane matrix are occupied by the parti-

cles and so they are narrowed by them as space limiting factors.

This causes the strengthening of the ionic sites domination on ion

traffic and improves the membrane permselectivity. Furthermore,

as shown in SEM images (Fig. 4), a decrease in membrane rough-

ness at high nanolayer thickness decreases the ion interactions with

membrane surface and so reduces the co-ion percolation through

the membrane and increases the selectivity.

The results (Fig. 8) show that the ionic permeability and flux of

ions increased initially with increase of deposited nano silver layer

Fig. 3. The SOM images of prepared membranes containing 8%wt iron-oxide nanoparticles with various thickness of deposited Ag nanolayer
thickness on membrane surface; (a) 0.0 nm, (b) 5 nm, (c) 10 nm, (d) 20 nm.
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thickness up to 5 nm in prepared membranes. This is attributed to

membranes’ electrical property improvement (Fig. 5) by Ag nano-

layer coating, which increases the intensity of the uniform electri-

cal field around the membrane and so enhances the permeability

and flux. The ionic permeability and flux decreased again with more

increase in deposited nano silver layer thickness from 5 to 10 nm.

Fig. 4. 3D SEM images of prepared membranes with various deposited Ag nanolayer thickness; (a) 0.0 nm Ag-nanolayer; (b) 5 nm; (c)
10 nm; (d) 20 nm (Membrane surface coating, cracks and channels occupying by the Ag nanoparticles).

Fig. 5. The effect of Ag nanolayer coating on membrane sheet re-
sistance at different nanolayer thickness.

Fig. 6. Membrane potential and membrane surface charge den-
sity of prepared membranes with various thickness of de-
posited Ag nanolayer.
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This decrease in permeability and flux is attributed to the forma-

tion of narrow ionic transfer channels in the membrane matrix by

Ag nanoparticles occupying and filling, which reduces the ion trans-

portation.

The permeability and flux were increased again with more increase

in nanolayer thickness from 10 to 30 nm due to increase in surface

charge density and also the superior electrical property of coated

membranes (Fig. 5), which results in better conducting regions for

the membrane and increases the intensity of uniform electrical field

around the membrane, which improves the ionic permeability and

flux.

3. Antibacterial Effect

The optical density (OD) was measured in three separate cells

containing 1,000CFU/m·lit (colony forming unit) of E-Coli. One

of the cells was a control unit (without any membrane), which gives

the growth rate of E-Coli. Fig. 9 shows the variation of optical den-

sity against time (growth rate) in the cells. Increasing the coating

thickness of silver nanolayer obviously led to OD reduction. The

membranes showed good ability in E-Coli removal. At higher film

thickness the release of Ag particles from substrate (membrane)

may have a negative effect (toxicity to human cells). This is one of

the important advantages of using magnetron sputtering for depo-

sition of Ag nanolayer.

4. Superior Membrane

A typical comparison between the pristine membrane (without

Fe2NiO4 nanoparticles and Ag nanolayer coating), membrane con-

taining 8%wt Fe2NiO4 nanoparticles and treated membrane con-

taining 8%wt Fe2NiO4 nanoparticles and 20nm Ag nanolayer coating

was carried out to investigate the ability of the treated membrane.

The results in Table 1 show good electrochemical properties for

the modified membrane (superior membrane) compared to others.

CONCLUSION

SEM images showed that the distribution of silver particles was

improved on the membrane surface by Ag nanolayer thickness in-

creasing. Moreover, as shown in SEM images membrane roughness

declined by increase of nanolayer thickness coating. The electrical

conductivity of prepared membranes was enhanced sharply by the

increase in nanolayer thickness. Obtained results revealed that mem-

brane potential, membrane surface charge density, transport num-

ber and selectivity declined initially by Ag nanolayer coating up to

5 nm in prepared membranes, and then showed increasing trend

with more nanolayer thickness increasing from 5 to 30 nm. Ionic

permeability and flux increased initially by silver nanolayer coat-

Fig. 9. The effect of deposited Ag nanolayer on growth curves of
E-coli via time (investigation of membrane anti-bacterial
effect).

Fig. 7. Permselectivity and transport number of unmodified mem-
brane (without Ag nanolayer coating) and modified mem-
branes with various deposited Ag nano layer thickness (nm)
on membrane surface.

Fig. 8. Membrane permeability and flux of unmodified membrane
(without Ag nanolayer coating) and modified membranes
with various deposited Ag nano layer thickness (5, 10, 15,
20 nm) on membrane surface.

Table 1. A typically comparison between the pristine membrane,
membrane containing 8%wt Fe2NiO4 nanoparticles and
treated membrane containing 8%wt Fe2NiO4 nanopar-
ticles and 20 nm Ag nanolayer coating

Membrane
Permselectivity

(%)

Flux

(mmol/m2·s)*108)

Pristine membrane 72 06.0

Membrane containing

nanoparticles

(8%wt Fe2NiO4)

75 05.8

Superior membrane

(8%wt Fe2NiO4 and

20 nm Ag nanolayer)

73 16.8
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ing up to 5 nm in prepared membranes. The ionic permeability and

flux decreased again with more increase in deposited nano layer

thickness from 5 to 10 nm. Permeability and flux increased another

time by more increase in nanolayer thickness from 10 to 30 nm.

The membranes showed good ability in E-Coli removal. Results

showed good electrochemical properties for the 20 nm Ag nano-

layer coated membrane containing 8%wt iron oxide nanoparticles

compared to others.
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