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Abstract—Ion exchange membranes (IEMs) composed of sulfonated poly (ether sulfone) (SPES) and N-phthaloyl chi-
tosan (NPHCs) were synthesized. NPHCs was employed in membrane fabrication to improve the porosity and hydro-
philicity of membranes. The effect of blend ratio of sulfonation (DS) and NPHCs content on physico-chemical
characteristics of home-made membranes was investigated. The morphology of prepared membranes was investigated
by Fourier transform infrared spectroscopy (FTIR), X-ray diffractometer (XRD) and scanning electron microscopy
(SEM). SEM images revealed the formation of a more porous membrane structure and smoother surface. The electro-
chemical and physical properties of CEMs were characterized comprising water content, contact angle, ion exchange
capacity (IEC) and thermal stability. Membrane water content, surface hydrophilicity and IEC were enhanced with
increase of DS and NPHCs blend ratios in casting solution. Furthermore, the diffusion coefficient was also improved
slightly with increase of DS and NPHCs blend ratios in prepared membranes. Membrane potential, permselectivity,
transport number and areal membrane resistance all showed decreasing trends by the increase in NPHCs blend ratio
in casting solution. These results indicated that the prepared membrane has good prospective and great potential for

desalination in electrodialysis applications.
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INTRODUCTION

Ion exchange membranes (IEMs) are widely studied and em-
ployed as active separators in diverse electro-driven processes. In
this kind of membrane, ion-functionalized groups attached to poly-
mer backbone will dissociate after the permeation of sufficient
water molecules, releasing cations or anions for the transfer of cor-
responding ions under the influence of an electrical potential dif-
ference [1]. IEMs are efficient tools in industrial fields including
water purification, food processing and many more processes [1-5].

Particularly, for desalination and ionic separation, IEMs should
have high ionic conductivity and permselectivity as well as good
thermal, chemical and mechanical stability, and high cost-effective-
ness [6-13]. To achieve these properties, selection of preparation
methods, different polymeric matrix, variation of functional groups
and use of various additives are utilized as strategic tools. Among
them, blend method for membrane modification is simple and
easy to operate, and this method is a technique to improve the elec-
trical and physical properties of homopolymers [4-6]. Simultane-
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ously, preparing porous ion exchange membranes may be a vital
step in these applications [1,21,33].

High performance polymers with polyaryl skeletons such as
polyarylsulfone, polyphenylsulfide and poly(ether ether) ketone have
been largely designed as alternative materials to IEMs [14-17].
Among these high performance polymers, polyethersulfone (PES)
has been regarded as a desirable polymer matrix candidate for
membrane formation due to its good flexibility, mechanically sta-
ble and low cost [7,18]. However, this polymer is a hydrophobic
material and consequently does not dissolve in conventional dipo-
lar solvents, which restricts its application. To improve solubility in
dipolar solvents, PES was modified by various electrophilic substi-
tutions. Among the PES derivatives, aryl substituted sulfonated PES
(SPES) is a desired polymer which has been employed as a mem-
brane material for gas separation, reverse osmosis, ultrafiltration, and
cation exchange membranes. Mabrouk et al. studied the effect of
SPES on electrochemical applications [19], but these membranes
have a dense membrane structure that affects membrane proper-
ties [21]. In recent years, polymer blending membranes have pro-
duced significant results in electrodialysis. Amado et al. synthesized
polystyrene/polyaniline composite membranes and obtained a bet-
ter performance membrane with good zinc ion transport capacity
[20]. In porous membrane research, Klaysom et al. exploited SPES
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as a membrane matrix to prepare the surface functionalized meso-
porous silica porous ion exchange membrane, which enhanced
ionic conductivity of the membrane [21]. However, the prepara-
tion process of these mesoporous silica membrane materials is
cumbersome and sophisticated, so looking for a membrane mate-
rial with simple preparation method is a problem to be solved in
this study.

Chitosan (CS), a cost-effective and eco-friendly polymer from the
exoskeleton of crustaceans such as crabs and shrimps and from
the cell walls of fungi, has been used as membrane material for the
preparation of ion exchange membrane due to its excellent bio-
compatibility, biodegradability, non-toxicity, chemical and thermal
stability [22-24]. CS is a cyclo-aliphatic polymer that contains cer-
tain functional groups--amino groups (-NH,) and hydroxyl groups
(-OH) that can provide CS with high hydrophilicity [25-28]. More-
over, these functional groups allow chemical modification to im-
prove the properties of chitosan membrane. However, since there
are no mobile hydroxyl ions in its structure, the pristine CS mem-
brane shows much lower ionic conductivity, which limits the appli-
cation of the material in various fields [24]. To improve the per-
formance of chitosan membrane, chemical modification was em-
ployed to modify the chitosan properties for preparing composite
membranes with better hydrophilicity, surface charge and biologi-
cal compatibility by many researchers [29,30]. Nevertheless, there
are very limited works investigating the use of CS for membrane
design, especially porous IEMs suitable for various applications such
as electrodialysis, fuel cell, desalination and water purification [31-33].

The objective of this work was to prepare homogeneous ion
exchange membranes with controllable porosities and structures
by blending SPES and NPHCs. The simplicity of the blending tech-
nique allows the membrane to be cost-effective, provides the poten-
tial for combining the attractive features of each blend component
while at the same time reducing their deficient characteristics. The
effects of DS and NPHCs content on physicochemical, morpho-
logical and ion exchange properties of the prepared membranes
have been evaluated. The structural composition, morphologies and
thermal stability were characterized by Fourier transform infrared
spectroscopy (FT-IR), X-ray diffractometer (XRD), scanning elec-
tron microscopy (SEM), differential scanning calorimetry (DSC);
and the basic membrane properties such as water content, contact
angle, ion exchange capacity (IEC) and diffusion potential of NaCl
were investigated by chemical and electrical methods. The results
are valuable for further studies on the use of chitosan to improve
the dense structure of IEMs.

EXPERIMENTAL

1. Materials

Chitosan (80-95% degree of deacetylation) was purchased from
Sinopharm Chemical Reagent Company Ltd., China. Polyethersul-
fone (PES, molecular weight is about 50000) flakes (ULTRASON®
E 6020 P, BASF) were dried 24 h at 80 °C in a vacuum before the
reaction. Phthalic anhydride (99.7%) (Bodi, Tianjin), Dichloro-
methane (Fuyu, Tianjin), N,N-dimethylformamide (DMF) (Bodi,
Tianjin) and N-methylpyrrolidone (NMP) (Kermel, Tianjin) were
of analytical reagent. Chlorosulfonic acid and G4 sand filters were

O=—n—=0

<t

Dichloromethane

Chlorosulfonic acid

O

SO3H

O=—wn=—0

Scheme 1. Schematic representation of sulfonation of polyethersul-
fone.

provided by Qingdao Jingke Chemicals Co. (Shangdong, China).
All other chemicals were of analytical reagent by Chengdu Keshi
Co. (Chengdu, Sichuan).

2. Sulfonated Polyethersulfone Preparation

Polyethersulfone (PES) was sulfonated according to the proce-
dure reported in the literature [33]. The synthetic path is presented
in Scheme 1. Briefly, 4 g of PES was added to 50 g of dichlorometh-
ane in a three-necked reaction flask under N, atmosphere, and
dissolved by stirring at room temperature to form homogeneous
solution. 5-10mL of chlorosulfonic acid was transferred into a
constant pressure funnel, and then gradually and slowly added to
the solution at a period of time. After a determined stirred time,
the mixture was precipitated into cold water under agitation, and
the products were recovered by filtration and washed with deion-
ized water until pH was approximately 6-7. Finally, the sulfonated
polyethersulfone (SPES) was dried under vacuum at 60 °C for two
days.

Degree of sulfonation (DS) is the fraction of the sulfonated mono-
mer units after the reaction. It was determined as follows [34]. First,
0.3 g of SPES was stirred in 30 ml of 2 M NaCl solution for 24 h to
release the H' ions. Then the mixture was titrated with standard-
ized 0.1 M NaOH solution using phenolphthalein as an indicator.
The DS was calculated according to Eq. (1):

__ 0244(Myuon* Viaon)
W =0.081(My,0n% V naon)

x100% oy

where My,or Veon and W are the concentration of standard
NaOH solution, volume of NaOH and weight of dry SPES, respec-
tively. 244 g/mol is the molecular weight of PES repeat unit and 81
is the molar mass of the SO;H group.
3. N-phthaloyl Chitosan Preparation

N-phthaloyl chitosan (NPHCs) was prepared according to the
procedure reported in the literature [32,35]. The synthetic path is
presented in Scheme 2. In brief, 1 g chitosan was reacted with 448 g
phthalic anhydride in 20 ml DME The mixture was stirred at 130 °C
for 6 h, and then was poured into a large amount of ice-cold water
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Scheme 2. Schematic representation of the prepared N-phthloyl chi-
tosan.

to give NPHCs. The product was purified by ethanol and ethyl
ether; then was dried at 40 °C under vacuum for 24 h.
4. Membrane Preparation

Several ratios of SPES and NPHCs were dissolved in NMP and
stirred at 60 °C in a closed flask until a clear solution was obtained,
then the stopper was removed and stirring continued for 10 h. The
viscous solution was filtered with G4 sand filter immediately and
then set for 24 hours. Membrane was prepared by casting viscous
solution on a glass plate and spread slowly to form a homogeneous
liquid state, before being dried in an oven at 100 °C for 24 hours
and then under vacuum at 40 °C for 12 hours. The glass plate was
removed and immersed in deionized water to separate the mem-
brane from the glass plate. To discuss the effects of sulfonation degree
on the properties of composite membranes, different DS of SPES
and NPHCs composite membranes were prepared in the same
manner.

5. Polymers and Membrane Characterization
5-1. Morphological and Structural Studies

Morphology of the membranes was observed using scanning elec-
tron microscope (Hitachi $4800, Japan). Membrane surface was
plated with gold using a sputter coater. The potential was 10kV and
the magnification of 50.0 k. To obtain sharp cross-sectional surface
fracture, the samples were cut in liquid nitrogen, then the captured
water was dried in an oven at 40 °C overnight.

The functional groups of SPES, NPHCs and composite mem-
branes were analyzed by using FI-IR Spectrometer (Nicolet 380,
America). FT-IR scans were taken between 400 and 4,000 cm™* in
absorbance mode. The crystalline structure of samples was charac-
terized by the X-ray diffractometer (Utima IV, Japan). XRD exper-
iment was scanned between 5° and 50° at a rate of 8°/min.

5-2. Water Content

Water content was determined by measuring the weight change

before and after expansion in the distilled water [16]. The mem-
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brane surface was washed with distilled water and then the mem-
brane was dried in a vacuum desiccator for 48 hours, and the weight
was W,,. The dried membrane was immersed in distilled water
for 48 hours, and then the membrane was removed with absor-
bent paper to dry the surface moisture, and the weight of W,,,, was
recorded. Water content was obtained from Eq. (2):

Water content%= W~ Wy x100% 2

dry

To reduce the experimental error, each sample was measured
three times and their average value was recorded.

5-3. Water Contact Angle Measurements

The contact angle of the membrane surface was measured by
measurement apparatus (Kriiss DSA100, Germany) according to
the fixed droplet method. Briefly, a water droplet (about 3 uL) on a
flat dried membrane surface and the image was captured 5 seconds
after introducing the droplet. Deionized water was used as the
probe liquid in all measurements. At least five angles were meas-
ured for each sample and then the average value was calculated
and used in this work. All experiments were carried out in the
ambient conditions.

5-4. Thermal Stability of Membranes

The thermal properties of the blend membranes were exam-
ined by the differential scanning calorimeter (Mettler Toledo DSC
1, Switzerland) in nitrogen atmosphere. 10 mg samples were meas-
ured in an Al crucible with a small hole. The samples were heated
from 30 °C to 300 °C at a heating rate of 10 °C-min"".

5-5. Ton Exchange Capacity (IEC) and Fixed Ion Concentration
(FIC)

Ion exchange capacity can reflect the concentration of active
groups within the membrane, but also reflect its ability to exchange
with the anti-ion level. IEC value was determined by titration [36].
Briefly, the membrane was washed repeatedly with 1 M HCl and
soaked for 24 hours, and followed by washing with deionized water
to remove the H' contained in the surface, immersing the mem-
brane in 2M NaCl for 48 hours. Then the solution was titrated
with NaOH using phenolphthalein as an indicator. The IEC value
was obtained from Eq. (3):

IEC= Craor* Vieon 3)
Wdry

where Cy,on (mol/L) is the concentration of NaOH, Vo (mL)
refers to the volume of NaOH solution required for neutralization;
W, is the weight of the dry membrane.

The fixed ion concentration (FIC) can be calculated by Eq. (4):

IEC

FIC=———
Water content

@)
5-6. Diffusion Coefficient

Diffusion coefficient reflects the ability of the electrolyte to pass
through the membrane under the effect of concentration, and has
a certain correlation with the membrane porosity. As shown in
Fig. S1, blend cation-exchange membranes were fixed in the mid-
dle and contacted with circulating NaCl solution (chamber I) and
circulating deionized water (chamber II) on both sides. The con-
ductivity of the deionized water was measured and recorded by a
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conductivity meter. Use the following formula (5) to calculate the
results [37,38].

D vék

St SAGC,

®)

where K, is permeability coefficient of NaCl; D is diffusion con-
stant of NaCl; t,, is the thickness of membrane; v is volume of
NaCl solution; @1is slope of the linear relation between conductiv-
ity and concentration at the deionized water side; K is the slope of
the linear relation between time and conductivity at the deionized
water side; s is the effective membrane area; AC, is concentration
difference across the blend membrane.
5-7. Membrane Electrochemical Properties
5-7-1. Membrane Resistance

The electrical resistance of the membranes was measured by
using a hand-made acrylic plastic cell composed of two parts sep-
arated by a membrane, as described earlier [39,40]. The prepared
membrane was equilibrated in 0.5 M NaCl before being mounted
in the cell between platinum electrodes with effective area of 1 cm’.
The resistance of the membrane was measured at room tempera-
ture by LCR meter operated at 10 KHz AC (TH2810D, Chang-
zhou Tonghui Electronic Co., Ltd.). The membrane resistance is
calculated by using difference resistance between the cell (R,) and
electrolyte solution (R) (R,=R—R)).
5-7-2. Membrane Potential and Transport Number

Membrane potential was measured in two compartment cells,
in which a vertical membrane of 3.0 cm” effective area separated two
solutions of 0.5 M NaCl and 1.0 M NaCl, respectively. The experi-
mental setup is shown in Fig. S2. The potential difference across
the membrane was measured using a digital multimeter (Victor,
model VC890D, China) which was connected to Ag/AgCl refer-
ence electrodes. The measurement was repeated until a constant
value was obtained. The transport number, t", was then calcu-
lated using the following modified Nernst equation [33]:

Em:(Zt:"—l)I;—;rlnC—D 6)

where t" is the transport number, E,, is the measured potential
(V), R is the gas constant, T is the temperature (K), F is the Fara-
day constant, n is the electrovalence of counter-ion and a, and a,
are solutions electrolyte activities in contact membrane surfaces.
The ionic permselectivity of membranes also is quantitatively ex-
pressed based on the migration of counterion through the ion-
exchange membrane as follows [41].

t =t

P=
1t

@)
where t, is the transport number of counter ions in the solution
phase.

RESULTS AND DISCUSSION

1. Membrane Structure--chemistry

IR spectroscopy was used for the qualitative analysis; by identi-
fying specific absorption peaks for particular groups, the chemical
nature of materials such as chemical bonds can be evaluated. Hence

each substance was analyzed by using FI-IR to determine if the
product had been synthesized successfully.

Fig. S3 shows the FT-IR spectrum of PES and SPES; the pres-
ence of strong peak at 1,240 cm " is assigned to the ether C-O-C
stretch of the PES moiety and the peak at 1,101 cm™ due to O=S=0
stretching, Aromatic C-H bond could be detected at 1,068 cm™".
After the sulfonation process, the bands at 1,026 cm™" and 1,147
cm™ in the SPES spectrum could be assigned to the symmetrical
and asymmetrical stretching vibrations of sulfonic groups, respec-
tively [42,43]. Also, the increase in absorption peak at 3,444 cm™'
was the result of stretching of the OH (-SO;H) groups [43].

Fig. $4 presents the FT-IR spectrum of chitosan and NPHCs.
Absorption peak at 1,599 cm™" is related to -NH, bending vibra-
tion, and absorption at 2,885cm™ is responsible for C-H bond.
The broad peaks at 3,469 cm ™' are substantially overlapping with
chitosan, which is the combined band of O-H in the molecule and
the N-H vibrational peak in the amide. 1,780 cm™" is the charac-
teristic peak of NPHCs. Absorption peak at 721 cm™" is the out-of-
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Fig. 1. FT-IR spectra for different DS of SPES/NPHCs blend mem-
branes (at SPES/NPHCs 90: 10): (a) 15%DS, (b) 20%DS, (c)
25%DS, (d) 30%DS.
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Fig. 2. FT-IR spectra for different ratio of SPES/NPHCs blend mem-
branes (at 30%DS): (a) 80:20, (b) 85:15, (c) 90:10, (d) 95:5.
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plane bending vibration peak of O-substituted benzene in NPHCs,
which confirms the presence of benzene rings and two imide
groups in the derivatives. Vibration of C-N bond at 1,390 cm™" was
significantly enhanced, indicating that the reaction occurred mainly
on the amino group [44].

Fig. 1 and Fig. 2 represent the FI-IR of the different blend
membranes. Absorption peak at 1,780 cm ™ indicates the presence
of NPHGCs in the polymeric matrix. Absorption peak at 1,026 cm ™
related to sulfonic groups confirms the presence of SPES in the
membrane.

XRD patterns were used to determine the change of material
crystalline nature. The crystalline nature plays a very important role
in understanding the substances solubility. Therefore, the XRD
patterns of each polymer were studied.

Fig. S5 represents the XRD pattern of NPHCs and chitosan. Chi-
tosan shows broad bands at 26=20" due to intramolecular and
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Fig. 3. X-ray diffractogram for different DS of SPES/NPHCs blend

membranes (at SPES/NPHCs 95 : 5): (a) 15%DS, (b) 20%DS,
(c) 25%DS, (d) 30%DS.
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Fig. 4. X-ray diffractogram for different ratio of SPES/NPHCs blend

membranes (at 30%DS): (a) 80:20, (b) 85:15, (c) 90: 10, (d)
95:5.
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intermolecular hydrogen bonds [45]. The decrease of peak value
in NPHCs implies the decrease of crystallinity, which is due to the
acylation reaction promoting the destruction of hydrogen bond-
ing involving -NH, group. Simultaneously, the obtained NPHCs
exhibited affinity for organic solvents consistent with previous
results, which makes the foundation for the blending of the two
materials [46].

The X-ray diffractograms of the membranes prepared using
different DS and SPES/NPHC:s in various ratios are shown in Fig.
3 and Fig. 4 respectively. From the XRD patterns of the membranes,
the diffraction peaks were shifted at different degrees after the two
materials were mixed (SPES shows broad bands at 26=20° not
shown in the literature [31]), indicating that there may exist inter-
actions between SPES and NPHCs.

Fig. 3 shows the effect of DS on the crystallinity of the blend
membranes. With the increase of DS, the intensity of the crystal-
line peak value at 26=17° decreased due to the hydrophilic group
-SO;H. As presented in Fig. 4, NPHCs content in the blend mem-
brane increases and the strength of the peak value at 20=22° de-
creases, indicating that modified chitosan destroys the rigid struc-
ture and makes the polymer transition from crystalline nature to
amorphous nature. The crystalline portion of the membrane usu-
ally prevents water from entering the membrane; thus the most
amorphous membrane is the most promising membrane in the
desalination process.

2. Membrane Structure--thermal Stability

DSC is a commonly used thermal analysis tool that helps to
find the glass transition temperature (Tg) and analyzes the thermal
stability of the material. Tg of the polymer is an important crite-
rion for the compatibility of polymer components. The completely
miscible polymer blend has a single Tg, while the immiscible poly-
mer blend has a plurality of Tg values [47,48].

The DSC curves of blend membranes with different DS and

SPES/NPHCs 95:5
——— e
3 | — __________@,__,__,_
: (b)
3
) ,_,-—---’"'
e B .
= ]
l I d 1 (d)
100 150 ke
Temperaturefc

Fig. 5.DSC curves for different DS of SPES/NPHCs blend mem-
branes (at SPES/NPHCs 95:5): (a) 15%DS, (b) 20%DS, (c)
25%DS, (d) 30%DS.
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Fig. 6. DSC curves for different ratio of SPES/NPHCs blend mem-
branes (at 30%DS): (a) 80: 20, (b) 85:15, (c) 90:10, (d) 95:5.

different NPHCs content are shown in Fig. 5 and Fig. 6, respec-
tively. Fig. 5 shows Tg increased with the increasing DS, which
was also confirmed by Wang [49]. Moreover, each DSC trace shows

a single Tg value, indicating good miscibility between SPES and
NPHCs due to the formation of van der Waals interactions. In Fig.
6, with the increase of NPHCs content, the Tg of the blend mem-
brane decreases, which means that the thermal stability of the mem-
brane decreases with the increase of NPHCs content. The difference
in Tg values is due to the polymer domain interactions produced
by the different forms of various NPHCs content and also to the
differences in the mechanical properties of the blend membranes.
Moreover, SPES/NPHCs 80: 20 have two Tg which may be attri-
buted to the presence of ionic cluster [50].

3. Membrane Structure-morphology

The microscopic morphology of the membranes helps to deter-
mine the importance of membrane in the mechanism of permea-
bility and selectivity. Thus, the morphology of prepared membranes
was evaluated by scanning electron microscopy.

Fig. 7 and Fig. 8 present SEM images of blend membranes with
different DS and different NPHCs content, respectively. The sur-
face morphology of membrane showed a uniform and smooth with-
out visible flaws, which indicates that the blend membranes have
good compatibility. As shown in Fig. 7, the increase in DS makes
the surface go from smooth to rough, while the pore size becomes
smaller and the number of pores increases, possibly due to higher
DS causing faster coagulation [7]. Similarly in Fig. 8, the increase
in the size of pores upon increasing the NPHCs content in the mem-
branes can be observed clearly. Similar results were reported by
Kanagaraj et al. [51] At highest loading of NPHC:s (80: 20), the pore
size significantly increases due to the additives tending to form clus-
ters (Fig. S6 is the use of Nano Measurer for size distribution anal-
ysis; the average value of 80 : 20 is about three-times of 90: 10), but

Fig. 8. SEM images for different ratio of SPES/NPHCs blend membranes (at 30%DS): (a) 90: 10, (b) 85:15, (c) 80:20.
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Table 1. The physical properties of membranes with different DS
(at SPES : NPHCs 90: 10)

Water 1IEC

Contact

Membrane content% (mM-g') angle (°) FIC
SPES(15%DS) : NPHCs 9.10% 0.48 79.65+2 5.27
SPES(20%DS) : NPHCs  11.35% 0.62 75.51£2 546
SPES(25%DS) : NPHCs 13.64% 0.72 73.99+2 528
SPES(30%DS) : NPHCs 15.38% 0.81 7298+2 5.26

Table 2. The physical properties of membranes with different ratio

of SPES/NPHC:s (at 30%DS)
Membrane Water IEC | Contait FIC
content% (mM-g ) angle (°)
SPES : NPHCs 95: 5 10.34% 0.54 78.54+2 5.22
SPES : NPHCs 90: 10 15.38% 0.81 7298+2 5.27
SPES:NPHCs 85:15  21.83% 1.16 68.38+2 5.31
SPES:NPHCs 80:20  33.33% 1.43 64.67+2 429

the distribution of these is still relatively uniform. Under the prem-
ise of ensuring the mechanical strength and thermal stability of
the membrane, the porous ion exchange membrane has signifi-
cant effect on the diffusion behavior and exhibits excellent perfor-
mance in the electrodialysis process [21].

4. Water Content and Ion-exchange Capacity (IEC)

A large number of hydrophilic functional groups in the ion ex-
change membrane adsorb water molecules. Water molecules act
as ion transport carriers, which directly affects the membrane sep-
aration performance. Hence, it is important to select membranes
with the appropriate water content. Water content increases from
lower to higher sulfonation degree (from 15% to 30%, Table 1)
due to more hydrophilic sulfonic acid groups in the membrane.
NPHC:s as a chitosan derivative contains polar functional groups
like hydroxyl, and ether groups can improve water content. In Table
2, with the introduction of NPHCs, the water attracting capacity
of membrane increases.

The data in the table indicate that water content is proportional
to the IEC. Likewise, NPHCs and sulfonation degree all affect the
membrane ion exchange performance. Sulfonic acid groups and
NPHCs provide active sites for proper interaction between ions
and the membrane surface, thereby enhancing the feasibility of ion
exchange [52].

5. Fixed Ion Concentration (FIC)

Membrane efficiency is affected by IEC and water content. High
IEC and water content can effectively reduce the membrane resis-
tance, but also can cause excessive swelling of the membrane to
reduce its ion selectivity and mechanical strength. So the mem-
brane needs to have the appropriate IEC and water content. One
important indicator of the synergistic effect of these two parame-
ters is the membrane fixed ion concentration (FIC). Table 1 shows
the effect of DS on FIC of the prepared membranes. When the DS
of SPES is 20%, the FIC value is 5.46 due to relatively high IEC and
suitable water content. Table 2 shows the effect of NPHCs content
on FIC of the prepared membranes. As the amount of NPHCs
increases, the FIC value decreases due to the swelling of the func-
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Fig. 9. The effect of blend ratio of SPES to NPHCs in the casting

solution on membrane potential and membrane resistance
of prepared membranes (at 30%DS).

tional groups [53]. FIC value increased first and then decreased
with the increase of NPHCs content. At SPES: NPHC:s 85: 15, the
membrane exhibited a suitable FIC compared to the others. The
high fixed ion concentration can have better control the pathways
of counter jons traffic in the matrix of membrane and, therefore,
increases the ionic selectivity.
6. Membrane Potential, Transport Number and Permselectivity
The membrane potential and membrane resistance of prepared
membrane are represented in Fig. 9. The membrane potential
dropped off by the increase in NPHCs blend ratio in prepared
membranes. This can be attributed to the decrease of membrane
fixed ionic concentration and also membrane surface charge den-
sity. The decrease in Donnan contribution towards total potential
developed across the membrane is responsible for the decrease in
membrane potential [54]. Moreover, the membrane resistance is
practically important due to its relation with energy consumption
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Fig. 10. The permselectivity and transport number of prepared cat-
ion exchange membranes with different blend ratio of SPES:
NPHC: (at 30% DS).
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in the process. The membrane resistance declined with increasing
of NPHC:s blend ratio in casting solution (Fig. 9). This could be
ascribed to the increase in the ion exchange functional groups and
an increase in the suitable ion conducting pathways throughout
the membrane matrixes. This makes wide ionic transfer channels
in membrane matrix and improves the ions transportation, and so
reduces the areal electrical resistance [39,40,54].

Both transport number and permselectivity of the prepared mem-
branes are depicted in Fig, 10. It is evidenced that the transport num-
ber and the permselectivity of the membrane tended to decrease
with increase of NPHCs blend ratio of the casting solution This
result can be explained with respect to the decrease in ionic con-
centration, which facilitates the co-ion percolation through the mem-
brane matrix and so reduces the selectivity and transport number.
In addition, the increases of membrane water content and IEC
with increase of NPHCs blend ratio in prepared membranes (due
to the NPHCs hydrophilic characteristic) makes wide ionic trans-
fer pathways in membrane matrix and reduces the ionic sites domi-
nation on ion traffic. This reduces the membrane selectivity and
transport number [41,54].

7. Membrane Hydrophilicity

Contact angle is used to characterize the outermost changes in
membrane modification to evaluate the hydrophilicity of the mem-
brane. The contact angle data of different DS and different NPHCs
content are reflected in Table 1 and Table 2, respectively. In Table 1
the contact angle decreases as the DS increases, indicating the
increase in hydrophilicity of the blend membrane [55]. This can
be ascribed to the hydrophilic SO;H polar groups. NPHC:s in the
blend membrane can increase the hydrophilicity of the membrane
observed from Table 2. The value increases with the increase of
NPHCs content. The presence of polar carbonyl (OH) groups in
NPHCs leads to membrane with higher surface hydrophilicity.
Similar results were reported for polysulfone/N-phthaloyl chitosan
composite membranes by Padaki et al. [32].

8. Membrane Porosity
As mentioned [21], porous ion exchange membranes have good

s
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Fig. 11. The effect of DS on NaCl diffusion behavior of prepared ion
exchange membranes (at SPES/NPHCs 95 : 5): M1, 15%DS;
M2, 20%DS; M3, 25%DS; M4, 30%DS.
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prepared ion exchange membranes (at 30%DS): M1, SPES/
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85:15.

properties. The diffusion effect depends on the presence of active
ion exchange groups and pores in the membrane. Therefore, to
investigate the change in porosity of the prepared membranes under
different reaction conditions, the diffusion coefficient was meas-
ured [56,57].

As seen in Fig. 11, the NaCl diftusion behavior increased with
the increase of DS, especially for M4, a large number of hydrophilic
groups (sulfonic acid groups) on the membrane surface contrib-
ute to the transport of the electrolyte through the membrane. In
Fig. 12, the permeability coefficients of ion through the cation ex-
change membrane with more NPHCs content were reported to
increase, which means that the porosity of the composite mem-
branes increased by the effect of NPHCs. The increase in NPHCs
content makes the membrane porosity to accumulate more elec-
trolyte ions and the diffusion of Na" is strengthened, which is con-
sistent with above-mentioned IEC experiments. As the NPHCs
content increases, the mechanical properties of the membrane are
reduced, so the diffusion coefficient of the membrane 80: 20 is not
measured. The membrane M3 was facilitated when compared with
that of membrane in the literature [37], this study has gained more
satisfactory results.

CONCLUSIONS

Homogeneous ion exchange membranes by blending SPES and
NPHC:s with controllable porosity and improvement of hydrophilic
were successfully prepared. The characterization of membranes by
FTIR, XRD and DSC reveals successful reaction and good com-
patibility between SPES and NPHCs. The porous and smooth mor-
phology of fabricated membranes was confirmed by SEM and dif-
fusion coefficient. The electrochemical and physical properties of
blend membrane were affected by the sulfonation degree of the
SPES and the content of NPCHs. Based on the results, the opti-
mized blending ratio of membrane and sulfonation degree of the
SPES should be 85:15 (SPES: NPHCs) and 30%, respectively. In
addition, high DS and appropriate NPHCs content indeed improve

Korean J. Chem. Eng.(Vol. 35, No. 8)
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hydrophilic and porosity of membrane. Membrane potential, perm-
selectivity; transport number and membrane resistance all dropped
off with the increase of NPHCs blend ratio in home-made mem-
brane. Although the molecular weight of chitosan, chitosan deacetyl-
ation and many other factors will interfere with membrane per-
formance, this work also provides some illumination for the prep-
aration of porous ion-exchange membrane for the electrodialysis
process.
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