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Abstract In the current research, iron oxide nanoparticles
were functionalized by acrylic acid polymerization. The
Fe;04/PAA core-shell nanoparticles were utilized for the
modification of cation exchange membranes. Ion exchange
membranes were prepared by solution casting technique using
cation exchange resin powder as functional group agent and
tetrahydrofuran as solvent. FTIR analysis proved the forma-
tion of PAA on nanoparticles. The SOM images also showed
uniform particle distribution for the prepared membrane rela-
tively. The membrane water content was declined from 30 to
17 % by increase of nanoparticle content ratio in membrane
matrix. The contact angle measurements showed that mem-
brane surface hydrophilicity was improved by utilizing of
nanoparticles in the membrane matrix. The membrane poten-
tial, permselectivity, and transport number were improved ini-
tially by increase of nanoparticle concentration in the casting
solution and then began to decrease by more additive concen-
tration. Membrane ionic flux and permeability were enhanced
initially by increase of nanoparticle loading ratio up to
0.5 %wt in membrane matrix and then showed decreasing
trend by more increase of nanoparticle concentration from
0.5 to 4 %wt. Membrane areal electrical resistance was de-
creased sharply by utilization of nanoparticles up to 0.5 %wt
in membrane matrix then began to increase by more additive
concentration. The prepared membranes exhibited superior
selectivity and low ionic flux at neutral condition compared
to other acidic and alkaline environments.
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Introduction

Membrane-based processes are considered as a novel technol-
ogy in many fields of industry and human life such as food,
pharmacy, and downstream processing and water treatment
[1-6]. Among them, ion exchange membranes have been used
as advanced active separators in electrically driven processes
such as electrodialysis for desalting brackish waters, treating
industrial effluents containing toxic metals, recovery of valu-
able metals, desalination of cheese whey solutions, and pro-
duction of table salt [4, 7-13]. In electrodialysis process, ion
interactions with membrane, water, and with each other occur
in complex fashions. So, knowledge of the physical and chem-
ical properties of ion exchange membranes is a major contrib-
uting factor behind their utilization and efficiency in specific
separation processes [10-16].

Preparing cost-effective membranes with specific physical
and chemical characteristics such as high ionic permeability
and selectivity and low electrical resistance is highly desired
[17-19].

A lot of research has already been carried out to improve
the physical and chemical properties of ion exchange mem-
branes. Variation of functional group type, selection of differ-
ent polymeric matrices, polymer blending, using of inorganic
additives/filler, alteration of cross-link density, and surface
modification are the important techniques to obtain superior
ion exchange membranes [17-22].

Utilization of metal oxide nanoparticles into polymeric
membranes has been considered extensively in many re-
searches to enhance the mechanical, thermal, and chemical

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11581-015-1603-z&domain=pdf

900

Ionics (2016) 22:899-909

stabilities of membranes in severe conditions and also to mod-
ify the separation properties of membranes based on the syn-
ergism between the organic—inorganic component properties
[23-28].

Among this, iron oxide nanoparticles are considered as
cost-effective alternatives for pollutant removal as they have
high adsorption capacity, magnetic properties, easy prepara-
tion, and low toxicity which make them green and safe options
for environmental remediation [29, 30]. Moreover, metal ox-
ide nanoparticles can be modified by the chemicals or be
coupled with desired functional groups to obtain superior
properties. Reported researches revealed that the potential of
metal oxide nanoparticles can be increased considerably if
they are covered with organic shells. The organic shells can
consist of monomers with functional groups anchoring at the
surface of the nanoparticles. Different polymers are utilized as
shells for magnetic nanoparticles [31-33].

Regarding to the reported studies, polyacrylic acid can be
used as modifier to achieve higher ion uptake onto adsorptive
nanoparticles. For the aim, Fe;04/PAA core-shell nanoparti-
cles were prepared by thermal in situ polymerization tech-
nique. The Fe;04/PAA core-shell nanoparticles were also
employed as inorganic filler additive in membrane fabrication
in order to improve the membrane physical and electrochem-
ical properties. Currently, no researches considered the utili-
zation of Fe;04/PAA core-shell nanoparticles in ion exchange
membrane, and literature is silent on characteristics and func-
tionality of electrodialysis ion exchange modified by Fe;0,4/
PAA core-shell nanoparticles. Preparing heterogeneous cation
exchange membranes with special adapted physical and
chemical properties for the application in electrodialysis pro-
cesses related to water recovery and water treatment was the
primary target of current research.

Mixed matrix polyvinylchloride-co-Fe;O /PAA core-shell
nanoparticles heterogeneous cation exchange membranes
were prepared by solution casting techniques using cation
exchange resin powder as functional groups agent. The effect
of Fe;0,/PAA core-shell nanoparticles concentration in the
casting solution on membrane properties was studied.

During the experiments, sodium and barium chloride were
employed as ionic solutions for membrane characterization.
The results are valuable for electromembrane processes espe-
cially electrodialysis process for water recovery and water
treatment.

Materials and methods
Materials
Polyvinylchloride (PVC, grade S-7054, density 460 g/lit, vis-

cosity number 105 cm3/g) supplied by Bandar Imam Petro-
chemical Company (BIPC), Iran, was used as membrane
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matrix. Tetrahydrofuran (THF, molar mass 72.11 g/mol, den-
sity 0.89 g/cm®) was employed as solvent. Iron oxide nano-
particle (Fe;Oy4, nanopowder, MW=213.53 g/mol, average
particle size=60 nm, SSA>55 m?/g, purification=99.2 %,
N.R.B. Company, Iran). Cation exchange resin (Ion exchang-
er Amberlyst® 15, strongly acidic cation exchanger, H" form
more than 1.7 meq/g dry, spec. density 0.6 g/cm’, particle size
(0.355-1.18 mm)<90 %) by Merck Inc., Germany, was used
in membrane preparation. Acrylic acid (AA, monomer, Merck
Inc.), ethylene glycol (EG, cross-linker, Merck Inc.), and po-
tassium persulfate (KPS, initiator, Merck Inc.) were used in
nanoparticle modification. All other chemicals were supplied
by Merck. Throughout the experiment, distilled water was
used.

Preparation of Fe;O04/PAA core-shell nanoparticles

To prepare the Fe;04/PAA core-shell nanoparticles (Fig. 1),
thermal in situ polymerization of acrylic acid in the aqueous
solution was performed using KPS initiator in an air-sealed
glass container. As the first step, 20 mg of Fe;0,4 nanoparticles
was added to 30 ml distillated water containing 2 g of AA
monomers, 400 mg EG as cross-linker, and 10 mg KPS as
initiator. Then, the mixture was sonicated 30 min for the nano-
particle dispersion. Subsequently, nitrogen gas bubbling was
done for 15 min. The glass container was fixed in an oil bath
with fixed temperature (90 °C) and stirred vigorously at
400 rpm for 4 h. Finally, the product was washed thoroughly
with distillated water and centrifuged several times to remove
any nonreacted acrylic acid monomers, unattached PAA, and
oligomers. Prepared PAA/Fe;0,4 nanoparticles were dried at
50 °C in an oven for 48 h.

Preparation of home-made heterogeneous cation
exchange membrane

Heterogeneous cation exchange membranes based on PVC
were prepared by solution casting technique. Cation exchange
resin powder as functional group agents and tetrahydrofuran
as solvent were used in membrane preparation. Steps of prep-
arations are listed as follows:

1. Resin particles were dried in oven (SANEE. V. S. Co.) at
30 © C for 48 h then pulverized into fine particles in a ball
mill (Pulverisette 5, Fritisch Co.) and sieved to the desired
mesh size (=300 to +400 mesh).

2. Polymer binder (PVC) was dissolved into solvent (THF/
PVC (20:1) (v/w)) in a glass reactor equipped with a me-
chanical stirrer (model Velp Sientifica Multi 6 stirrer) for
more than 4 h.

3. A specific quantity of grinded resin particle (resin/poly-
mer binder (1:1) (w/w)) as functional group agents was
dispersed in polymeric solution.
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Fig. 1 Schematic of polyacrylic
acid grafting on Fe;0,4
nanoparticles

4. Different percentage of PAA/Fe;0, core-shell nanoparti-
cles (0, 0.5, 1, 2, and 4 % wt.) was added to polymeric
solution.

5. To obtain uniform particle distribution in the polymeric
solution and break up nanoparticle aggregation, the mix-
ture was mixed vigorously at room temperature for an
hour; then, it was sonicated for 30 min using an ultrasonic
instrument.

6. After the sonication stage, the mixing process was repeat-
ed for another 10 min using the mechanical stirrer.

7. The mixture was casted onto a clean and dry glass
plate at 25 °C. The membranes were dried at 25 °C
until solvent evaporated and solidification was done
totally.

8. Then, polymeric films immersed in distilled water and as
the final stage, the membranes were pretreated by immers-
ing in NaCl solution. The composition of casting solution
is reported in Table 1.

Test cell

The electrochemical measurements for the prepared mem-
branes were carried out using the test cell, as reported
earlier [14]. The cell consists of two cylindrical compart-
ments (vessel, each 180 cm®) made of Pyrex glass, which
are separated by 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 compartment
contained two orifices for feeding and sampling purposes.
In order to minimize the effect of boundary layer during
experiments and to establish the concentration polariza-
tion on the vicinity of membrane’s surface, both sections
were stirred vigorously by magnetic stirrers (model Velp
Sientifica Multi 6 stirrer).

cOOH

EG+KPS

O
o
]
X

Nanoparticle characterization
FTIR analysis

FTIR spectra measurements were carried out to provide infor-
mation about the chemical structure of the unmodified and
modified Fe;O,4 nanoparticles. FTIR spectra analysis was
done using Galaxy series FTIR 5000 spectrometer. Scans

were taken between 500 and 4000 cm ™.

Morphological studies

The behavior of prepared membranes is closely related to their
structure, especially the spatial distribution of ionic site and
particle distribution. The structures of prepared membranes
were examined by scanning optical microscopy (SOM Olym-
pus, model IX 70) in transmission mode with light going
through the membrane for scanning purposes.

Water content

The water content was measured as the weight difference be-
tween the dried and swollen membranes. The wet membrane
was weighed (OHAUS, Pioneer ", readability 10™* g,

Table1 Composition of casting solution used in preparation of mixed
matrix cation exchange membranes

Membrane® PAA/Fe;04 composite nanoparticles

Nanoparticles: (PVC+resin) (w/w)

Sample 1 (S1) 0.0:100
Sample 2 (S2) 0.5:100
Sample 3 (S3) 1.0:100
Sample 4 (S4) 2.0:100
Sample 5 (S5) 4.0:100

Solvent to polymer binder (THE/PVC) (v/w) (20:1); resin particles (res-
in/polymer binder) (w/w) (1:1)
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OHAUS Corp.) and then dried in oven until the constant
weight was obtained. The following equation [34] can be used
in water content calculations:

Wwet-W
Water content % = (My> x 100 (1)
W ary

Measurements were carried out three times for each sam-
ple, and then their average value was reported in order to
minimize the experimental errors.

Contact angle measurements

The membrane contact angle measurement was carried out to
evaluate the changes in surface hydrophilicity of prepared
membranes. Deionized water was used as the probe liquid in
all measurements. To minimize the experimental error, the
contact angle was measured in five random locations for each
sample, and then their average was reported. All experiments
were carried out in the ambient conditions.

Membrane potential, transport number, and permselectivity

The membrane potential is algebraic sum of Donnan and dif-
fusion potentials determined by the partition of ions into the
pores as well as the mobilities of ions within the membrane
phase compared with the external phase [18, 35-37]. This
parameter was evaluated for the equilibrated membrane with
unequal concentrations of electrolyte solution ((NaCl (0.1 M/
0.01 M) or BaCl, (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 KCI bridges) and digital auto multimeter (DEC,
model DEC 330FC, Digital Multimeter, China). The measure-
ment was repeated until a constant value was obtained. The
membrane potential (EMeasure) is expressed using Nernst
equation [38, 39] as follows:

RT a
EMeasure = (Zt;n_l) (I’IF> In <a:> (2)

where ¢ is the transport number of counter ions in membrane
phase, R is the gas constant, 7 is the temperature, n is the
electrovalence of counter-ion, a;, a, are the solution electro-
lyte activities in contact membrane surfaces, and F is the far-
aday constant. The ionic permselectivity of membranes also is
quantitatively expressed based on the migration of counter-ion
through the IEMs [17, 40-44]:

Py="—
1—¢

(3)
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where %, is the transport number of counter-ions in solution
[45].

lonic permeability and flux of ions

Ionic permeability and flux measurements were carried out
using the test cell. A 0.1 M (NaCl or BaCl,) solution was
placed on one side of the cell and a 0.01 M solution on its
other side. A DC electrical potential (Dazheng, DC power
supply, model PS-302D) with an optimal constant voltage
was applied across the cell with stable platinum electrodes.
Cations pass through the membrane to cathodic section. Ac-
cording to anodic and cathodic reactions, the produced hy-
droxide ions increase the pH of cathodic section.

2H,0 + 2¢ =>H,1 + 20H (cathodic reaction)
2CI'> Clp1 + 2¢ (anodic reaction)

(R—1)
(R-2)

According to the first Fick’s law, the flux of ions through
the membrane can be expressed as follows [11-14, 28]:

Ci—C,
4
_ )

N=P

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

Vo dC,  Ci—C,
— X — =P 5
4 " dr d ©)
C,"=0.1M,C,° =0.01M, C; +C> = C;° + C,°

N =

=0.11M (6)

where 4 is the membrane surface area. Integrating Eq. (5) was
as follows:

N (C°+C,"2Cy)  2pat

(C10*C20) Vod

(7)

The flux and diffusion coefficient of cations in membrane
phase are calculated from pH changes (digital pH-meter,
Jenway, model 2710) in cathodic section and Eq. (6), respec-
tively. Also, these parameters can be determined by variations
in conductivity as described earlier [11-14].

Electrical resistance

The electrical resistance of equilibrated membrane was mea-
sured in NaCl solution with 0.5 M concentration (at 25 °C).
Measurement was carried out by an alternating current bridge
with 1470-Hz frequency (audio signal generator, Electronic
Afzar Azma Co. P.J.S.). The membrane resistance is calculat-
ed using the different resistance between the cell (R;) and
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electrolyte solution (R,) (R,=R;—Rj;) [11-14]. The areal re-
sistance was expressed as follows:

r= (RmA) (8)

where r is a real resistance and A is the surface area of
membrane.

Effect of pH on membrane electrochemical properties

The effect of pH on ionic flux According to anodic and
cathodic reactions, the amount of transported cations
through the membrane is equal to the produced hydroxide
ions in cathodic section which increase the pH of this
region. At higher pH, the Cl, can react with back diffused
hydroxide ions in anodic section to form hypochloric acid
or eventually chlorate which can decrease the pH of this
compartment and the anodic pH declines by time sponta-
neously [46]. This pH reached to about 4 after 20 min for
prepared membranes. So, to investigate the acidic envi-
ronment on ionic flux, no adjustment was done. For
adjusting pH to neutral (pH=7) and alkaline (pH=10),
specific amount of NaOH (0.01 M) was added to the ionic
solution. The pH measurement was carried out using dig-
ital pH-meter, Jenway, model 3510.

The effect of pH on membrane selectivity The effect of pH
on membrane selectivity was investigated at acidic (pH=4),
neutral (pH=7), and alkaline (pH=10) conditions. The poten-
tial measurements and pH adjustments were followed by the
explained process as was mentioned before. During the exper-
iment, both sections were stirred vigorously by magnetic stir-
rers to minimize the effect of boundary layers on the
measurement.

Results and discussion
FTIR analysis

The FTIR analysis of prepared membrane containing Fe;O4
nanoparticles, mixed matrix membrane containing PAA-
Fe;0,4 composite nanoparticles, and prepared membrane con-
taining PAA are shown in Fig. 2a—c, respectively. The FTIR
spectra analysis shows peak at 1740 and 3052 cm ™' which are
assigned to PAA grafting on Fe;O,4 nanoparticles. These are
not visible for bare Fe;O4 nanoparticles. The results approve
the PAA polymerization decisively. Moreover, the PAA/
Fe;04 nanoparticles” SEM image is depicted in Fig. 3. As
seen in the image, polymerization was occurred in composite
nanoparticles.
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Fig. 2 The FTIR spectrum analysis of homemade membranes: a
membrane containing Fe;O4 nanoparticles; b membrane containing
PAA/Fe;0,4 nanoparticles; ¢ membrane containing PAA

Membrane morphological studies

The electrochemical characteristics of prepared membranes
are closely related to the spatial distribution of particles in
membrane matrix. The membranes SOM images in transmis-
sion mode with light going through them are depicted in
Fig. 4. The nonconducting area (polymer binder) and
conducting areas (resin particles and PAA/Fe;0,4 nanoparti-
cles) are clearly seen in the images. As it can be seen, the
brightness of images was decreased and dark regions were
increased by increase of nanoparticle concentration in the
membrane matrix. As it was shown, particles are uniformly
distributed in the homemade membranes. It reveals that soni-
cation has a significant effect on distribution of resin particles
in prepared membranes and results in formation of more uni-
form phase. The excessive homogeneity and uniform distri-
bution of particles in the bulk of membrane matrix provide

Amirkabir University AIS2300C_SEl WD =11.0 15.0 KV X 20K _3um

Fig. 3 The SEM images of PAA/Fe;04 composite nanoparticles
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Fig. 4 The SOM images (x4
magnifications) of prepared
membranes with various ratios of
PAA/Fe;0,4 nanoparticles

superior conducting regions for the membrane and generate
easy flow channels for counter-ion transportation. The pres-
ence of more conducting region on the membrane surface can
also strengthen the intensity of uniform electrical field around
the membrane and decreases the concentration polarization
phenomenon [12, 28]. Furthermore, uniform distribution of
particle improves the polymer chain relaxation as well as its
conformation with particle surfaces and enhances the mem-
brane selectivity. The SOM images also show relatively uni-
form matrices for the membranes.

Water content

The obtained results (Fig. 5) revealed that membrane water con-
tent was decreased from 30.5 to 17 % (£10) by increase of
nanoparticle concentration in the membrane matrices. This is
in contrast with hydrophilic characteristic of used nanoparticles.
By increase of additive concentration, it is possible that free
spaces in membrane matrix can be surrounded and occupied
by the nanoparticles which result in less water accommodation.
The suitable amount of membrane water content can have better
control on the pathways of ion traffic and improves the mem-
brane permselectivity. Additionally, high water content can pro-
vide more and wider transfer channels for co- and counter-ions
transportation and decrease the ion selectivity and leads to a
loose structure for the membranes. But, this is not always true

@ Springer
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and depends on the membrane structure and its other properties.
It is worth mentioning that measurements were carried out three
times for each sample and then their average value was reported
in order to minimize the experimental errors.

Contact angle measurements

The contact angles were measured to evaluate the changes in
surface hydrophilicity of the prepared membranes. Results
(Table 2, Fig. 6) showed that increase of nanoparticles ratio
in the casting solution led to the increase of membrane surface

34
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Fig.5 The effect of PAA/Fe;04 NPs on water content of prepared cation
exchange membranes
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Table 2 The effect of PAA/Fe;0,4 nanoparticle concentration in the
casting solution on membrane water contact angle

Membrane Water contact angle (°)
Sample 1 (0.0 %wt NPs) 89
Sample 2 (0.5 %wt NPs) 78
Sample 3 (1.0 %wt NPs) 72
Sample 4 (2.0 %wt NPs) 69
Sample 5 (4.0 %wt NPs) 49

wettability for the prepared membranes. This is attributed to
hydrophilic characteristic of nanoparticles on the membrane
surface which are hydrated by water molecules and so en-
hance the membrane surface hydrophilicity.

Membrane potential, transport number,
and permselectivity

The obtained results (Figs. 7, 8, and 9) indicated that mem-
brane potential, transport number, and selectivity were in-
creased initially by increase of nanoparticle concentration up
to 2 %wt in membrane matrix in both monovalent and

Fig. 6 The comparison between
surface hydrophilicity of
unmodified and modified
membranes containing various
ratios of PAA/Fe;04
nanoparticles

(SN

——E(NaCl) —=—E(BaCI2)
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54 4 (1.0 %wt) (4.0 %wt) F12
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10 s
E 52 (0.0 %wt) Ly gN
- 51 -
S ts T
Z 50 , a8
w 1 w

49 Le

48 1 L5

47 r4

46 T T T T T 3
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Fig. 7 The effect of Fe304/PAA nanoparticles on membrane potential in
sodium chloride and barium dichloride ionic solutions

bivalent ionic solutions. This may be attributed to the intro-
duction of carboxylic groups throughout the membrane matrix
by utilizing of PAA/Fe;04 composite nanoparticles. The pris-
tine membrane contains sulfonate functional groups only
while modified membranes contain sulfonate and carboxylic
groups. Actually, the synergism effect between two existing
functional groups is responsible for strengthening the Donnan
exclusion that results in increment of membrane potential,

(82)

(83)

(84)

(85)
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Fig. 8 The transport number of prepared membranes in sodium chloride
and barium dichloride ionic solutions

transport number, and selectivity. Another reason could be the
occupation of ionic pathways by the nanoparticles which
makes the channels and ionic pathways narrow in membrane
matrix. This strengthens the ionic site dominations on ion
traffic and improves the membrane potential, transport num-
ber, and selectivity.

The membrane potential, transport number, and selectivity
were all declined slightly by more increase of nanoparticle
loading ratio from 2 to 4 %wt in the casting solution. This
may be due to increase of membrane heterogeneity at high
additive concentration which makes possible the co-ion per-
colation through the membrane matrix.

Also, the results showed lower membranes potential, selec-
tivity, and transport number for the membranes in bivalent
ionic solution compared to monovalent ones. This different
trend might be due to high charge density of bivalent ions
which leads to strong bonds with ion exchange functional
groups [11, 28]. This phenomenon poisons the membranes
and decreases the membrane transport number and selectivity.
In fact, bivalent ions have stronger electrostatic attraction with
the oppositely fixed charge sites and prevent functional group
dissociation. Furthermore, the larger radius of bivalent ions

aPermselectivity (NaCl) OPermselectivity (BaCl2)

(4.0 %wt)

0.88 - (2.0%wt) 048
A A 046
0.87 1
(1.0%wt) | 0.44
~ 0887 a = Loa2 T
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() o
S o085 tosa @
* A 0z ™
0841  (0.0%mt)
b 0.36
0.83 &
L 0.34
0.82 . . . . . 032
0 1 2 3 4 5 6

Sample's number

Fig. 9 Permselectivity of prepared cation exchange membranes in
monovalent and bivalent ionic solutions
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Fig. 10 Comparison between the monovalent ionic flux and
permeability of prepared membranes: pristine membrane and modified
membranes containing PAA/Fe;04 nanoparticles

and their hydrated size in comparison with monovalent ones
make lower membrane potential, transport number, and
permselectivity for them.

Ionic permeability and flux of ions

During the experiment, ions pass through the membrane and
reach to the concentrated section. It was found that (Figs. 10
and 11) increase of Fe;O4 /PAA nanoparticle concentration up
to 0.5 %wt in the casting solution initially led to increase of
ionic flux and permeability for both sodium and barium ions
in prepared membranes. This is due to the adsorption charac-
teristic of nanoparticles which increases the cation interaction
with membrane surface and so facilitates the ion transporta-
tion. Also, the functional group synergism has a significant
role to improve ion interaction with membrane surface. An-
other result might be the hydrophilic nature of PAA/Fe;0,4
nanoparticles which enhances the membrane surface hydro-
philicity and so improves the ion transportation between solu-
tion and membrane phase.
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Fig. 11 Bivalent ionic flux and permeability for the prepared cation
exchange membranes



Ionics (2016) 22:899-909 907
ONEUTRAL
o . . 16 1
The ionic flux and permeability were decreased again by BALKALINE
more increase of additive loading ratio from 0.5 to 4 %wt due 144 —

to formation of narrow ionic transfer channels in membrane
matrix and also lower amount of water content for the pre-
pared membranes at high additive concentration which reduce
the ion transportation. Moreover, the occupation of channels
and ionic pathways in the membrane matrix by additive par-
ticles reduces the accessibility of ion exchange functional
groups by their isolation which in turn leads to flux decrease.

The larger radius of barium ions and their hydrated size in
comparison with sodium ions reduce the barium mobility
through solution and membrane phase.

Electrical resistance

The membrane electrical resistance has practical implications
due to its relation with energy consumption in the process. The
electrical resistance of prepared membranes (pristine mem-
brane (S;), superior membranes (S,), and Ss) was measured
in 0.5 M NaCl solution at ambient temperature. Results
(Fig. 12) revealed that membrane electrical resistance was
decreased by utilizing of 0.5 %wt nanoparticles in the mem-
brane matrix obviously. This may be attributed to the adsorp-
tion and hydrophilic characteristic of PAA-Fe;O, nanoparti-
cles which increase the ion interactions with membrane sur-
face and improves membrane conductivity. The membrane
electrical resistance was enhanced again by utilizing of
4 %wt PAA/Fe;04 nanoparticles in membrane matrix. This
might be due to narrower ionic pathways in membrane matrix
and also low amount of water content for this membrane
which increase the membrane electrical resistance.

The effect of pH on ionic flux

Figure 13 shows the effect of anodic pH on ionic flux. The
obtained results exhibited minimum flux for the membranes at
neutral environment (pH=7) compared to alkaline and acidic
ones. This can be explained with respect to functional group

25~
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R (ohm.cm?)

1 2 3
samples' number

Fig. 12 The effect of Fe;04/PAA nanoparticle concentration in the
casting solution on the areal electrical resistance of prepared membranes
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Fig. 13 The effect of anodic solution’s pH value on ionic flux of
prepared membranes

behavior in different environments. The sulfonate/carboxylic
groups have higher dissociation at pH=7 rather than other pH
ranges [18, 47]. This results in more domination of functional
groups on ion traffic and makes the counter-ion transportation
difficult through the membranes. It is worth mentioning that
sulphonic and carboxylic groups in alkaline solutions are
more dissociated than acidic ones [18].

The effect of pH on membrane selectivity

The membrane selectivity is highly dependent on the solution
nature. The prepared membranes exhibited higher selectivity
at pH=7 compared to other pH values (Fig. 14). This is be-
cause of difference in dissociation of membrane functional
groups at various pH values which has an important impact
on the charge nature of membrane matrix. At neutral environ-
ment, more dissociation of functional groups in the membrane
matrix strengthens the ionic site domination on ion traffic and
improves the membrane selectivity. As carboxylic groups
have better performance at pH=10, membrane selectivity in
alkaline solution are higher than the acidic solution [18, 48].
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Fig. 14 Comparison between membrane permselectivity of prepared
membranes at different pH value of ionic solution

@ Springer



908

Ionics (2016) 22:899-909

This result indicated the role of carboxylic groups on electro-
chemical properties of prepared membranes and its synergism
with sulphonic groups.

Conclusion

The FTIR spectrum analysis proved the graft polymerization
of PAA on Fe;0,4 nanoparticles. SOM images showed uni-
form particle distribution and relatively uniform surface for
the membranes. Results revealed that membrane water content
was decreased by increase of percentage of nanoparticles in
casting solution. Opposite trend was found the membrane sur-
face hydrophilicity. Also, it was found that membrane poten-
tial, permselectivity, and transport number were enhanced
sharply by increase of additive concentration up to 2 %wt in
membrane matrix and then decreased again by more nanopar-
ticle content ratio from 2 to 4 %wt. Membrane ionic flux and
permeability were improved initially by increase of nanopar-
ticle concentration in both monovalent and bivalent ionic so-
lutions and then began to decrease. Similar trend was found
for the membrane electrical conductivity. Prepared mem-
branes showed lowest ionic flux at pH=7 compared to other
pH values. Also, membranes showed highest selectivity at
neutral environment compared to acidic and alkaline condi-
tions markedly.
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