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A new type of nanocomposite ion-exchange membranes containing sulfonated polyethersulfone (sPES)
polymer matrix and sulfonated surface-functionalized mesoporous silica (SS) inorganic fillers was pre-
pared. Various characterizations revealed that the addition of inorganic fillers with different shapes
had a significant influence on the membrane structure. The mesoporous inorganic fillers not only created
extra pore and water channels, assisting the ionic migration and improving conductivity of the compos-
ites, but also provided additional fixed charge groups upon surface modification. This allows the Donnan
exclusion to work effectively and thus improve the selectivity of membranes. It was proved that the
incorporation of appropriate amount of SS additive could significantly improve the conductivity (up to
20 folds) and permselectivity (about 14%) of the sPES membranes. The performance of these newly devel-
oped membranes in desalination by electrodialysis was comparable with that of a commercial membrane
(FKE).

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Recently, a number of polymer families have been widely devel-
oped to create desirable properties for use in ion-exchange
membranes (IEMs) due to their versatile applications in research
and industry including fuel cell, batteries, water purification, food
and agricultural application, chemical industrial process, and desa-
lination [1–12]. Among numerous polymers, polyether sulfone
(PES) has been considered to be a good candidate because of its good
chemical, thermal, and mechanical stabilities and ability for chem-
ical modification on the aromatic rings of its polymer backbone.

In general, for electrodriving process, the IEMs are expected to
possess excellent conductivity, high selectivity, and good chemical,
thermal, and mechanical stabilities. To achieve the above men-
tioned properties, the PES requires a high level of chemical modifi-
cation to introduce charged functional groups on the polymer
backbone. Unfortunately, such a modification, normally via sulfo-
nation reaction, results in a membrane that is mechanically weak
and thus impractical for an application in electrodriving processes.
Many strategies were applied in order to keep the sulfonated polye-
thersulfone (sPES) membranes highly conductive and selective,
while retaining their mechanical stability. These included cross-
linking of the sPES polymer chains, spacing the functional groups
ll rights reserved.
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on the polymer backbone with a hydrophobic unit, and introducing
inorganic fillers [2]. Although the concept of composite has existed
for some time, it has not been widely applied in membrane forma-
tion for the electrodriving membrane process such as electrodialy-
sis (ED) desalination [13,14]. There were even rare studies
investigating the influence of inorganic fillers on the structure
and performance of composites. Thus, systematic investigation on
the design and understanding of composite membranes suitable
for a niche application is of high demand.

Material selection is one of the most important steps when devel-
oping a new membrane. Also, to systematically study the effects of
the inorganic additives in the composites, a well-defined material
with good potential for chemical modification is preferable. As they
are easy to process and to reproduce with controlled size, shape, and
surface functionalization, mesoporous silica nanoparticles are
among the most versatile particles studied in the past decades. Re-
cently, much research has focused on modifying mesoporous SiO2

for a number of applications such as fuel cells [15]. More recent work
focused on incorporating mesoporous SO3H–SiO2 (SS) into proton
exchange membrane (PEM) fuel cells revealed that membrane per-
formance has been significantly improved by incorporating these
surface functionalized particles [16–19].

The main roles of the inorganic fillers in composite membranes
are to retain water inside the membrane, to improve conductivity,
and ion-exchange capacity (IEC), while maintaining good mechani-
cal and thermal stability [2]. However, it is known that the inclusion
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of inorganic fillers in polymer matrix would have a certain impact
on the properties of the parent polymer. For instance, the fillers
can alter the reology of the polymer matrix, thus leading to varied
microstructures of the final products. Therefore, a number of impor-
tant parameters such as surface functional groups, compositions
and ratios of inorganic/organic components, and mixing procedure,
etc., have to be carefully controlled. Among those parameters, the
interfacial interaction between the components is considered to
be critically important in determining the micro-structure and
properties of the final products; equally important for the morphol-
ogy/shape/size of the fillers, because it can change the interfacial
interaction significantly [20]. Interestingly, the arrangement of the
fillers in the matrix was also reported to have an important influ-
ence on the flux and selectivity in some membrane separation pro-
cesses [21,22]. We were in interested in developing composite
membranes using sulfonated PES (sPES) as the polymer matrix
and mesoporous silica with different shapes and aspect ratios
(length/diameter) as the inorganic fillers. In this work, the surface
of inorganic fillers was modified with a sulfonate group in order
to assist dispersion in the matrix polymer and also to provide addi-
tional charged functional groups to enhance the IEC, conductivity,
and thus the selectivity of the membranes. The effects of aspect ratio
of inorganic fillers on membrane structure, property, and perfor-
mance, as an ion-selective membrane for desalination by ED, were
investigated in detail. It was revealed that small amount of inor-
ganic fillers with different aspect ratios could drastically change
the physicochemical properties and electrotransport of ions of the
composite membranes. The resultant composite membranes under
optimized synthesis conditions offered comparable performance in
desalination by electrodialysis with a commercial membrane (FKE).
2. Experimental

2.1. Preparation of the sulfonated mesoporous SiO2

SO3H-functionalized mesoporous SiO2 was prepared by adapt-
ing the procedure described elsewhere [18,23]. Typically, the mix-
ture of 300 cm3 of DI water, 2.3 cm3 of 2 mol dm�3 NaOH
solution, 0.6 g of surfactant cetyltrimethylammonium bromide
(CTAB, Aldrich), and 0.06 g of perfluorooctanoic acid (PFOA, Aldrich)
was heated up to 60 �C or 80 �C under stirring. After a clear solution
was obtained, 3.82 g of tetraethylorthosilicate (TEOS, Fluka) was
added to the solution. After a defined reaction time between 5
and 60 s for the TEOS-containing mixture, an amount of mercapto-
propyl trimethoxysilane (MPTMS, Sigma) equivalent 1:10 mol ratio
MPTMS/TEOS was added and stirred for another 2 h. The synthe-
sized powders were filtered and subsequently washed with DI
water and ethanol. The template was removed by extraction in
boiled acidified ethanol solution under reflux for 24 h. Then, 0.3 g
of the as-synthesized powder was collected, dried, and re-dispersed
in 10 cm3 of H2O2 (30%, Ajax Finechem) at room temperature for
48 h. The suspended powders were centrifuged and added into
30 cm3 of 1 mol dm�3 H2SO4 under stirring conditions for 2 h and
then filtered and dried at room temperature. The ion-exchange
capacity of the SO3H-functionalized mesoporous SiO2 was mea-
sured by back titration. The structure and morphology of the
SO3H–SiO2 (SS) were studied by transmission electron microscopy
(TEM, JEOL 1010) and X-ray diffraction (XRD, Rigaku Miniflex) un-
der copper radiation (Cu Ka, 30 kV and 15 mA). BET (Brunauer–Em-
mett–Teller) specific surface area (ABET) and pore size distribution
(BJH method) were derived from the nitrogen adsorption–desorp-
tion isotherms, which were conducted at 77 K (Quadrasorb SI).
The surface functionalized mesoporous silica (SS) with different
shapes was named according to aspect ratios. For example, the
spherical SS with aspect ratio of 1 was symbolized as SS1.
2.2. Membrane preparation

The PES (RADEL A, Solvay Advanced polymer) was moderately
modified with sulfonate functional groups via a sulfonation reac-
tion, following the procedure described in our previous work
[24]. The sPES was then used as the polymer matrix for the com-
posite IEMs. The composite membranes were prepared by firstly
dissolving 3 g of sPES in 9 g of dimethyformamide (Sigma); then
0–2 wt.% of SS was mixed with the polymer solution at 60 �C for
4 h under stirring. Sonication was applied to the mixture solution
before it was cast on glass substrates. The thickness of the casting
solution was controlled at 0.40 mm by a ‘‘doctor blade’’ method.
The cast film was then dried in a vacuum oven at 60 �C for
10 min to partially remove the solvent and was subsequently pre-
cipitated in a 60–70 �C DI water bath. The formed membrane
sheets were peeled from the glass substrates and kept in DI water.
A series of membranes were named referring to the wt.% of SS
added in the polymer matrix. For instance, 0.2SS1 is the abbrevia-
tion of the composite membranes of sPES containing 0.2 wt.% of SS
with an aspect ratio of 1 (spherical shape). The prepared mem-
branes were treated in hot water for 2 h. All the membranes were
equilibrated in a working solution for at least 6 h before use.

2.3. Membrane characterization

2.3.1. Membrane morphology
The morphology and structure of the membranes were ob-

served using scanning electron microscopy (SEM, JEOL 6300). The
membrane samples were fractured under liquid nitrogen to obtain
a sharp cross-sectional surface, and then the captured water was
removed overnight in a freeze dryer to preserve membrane
structure.

2.3.2. Ion-exchange capacity (IEC), water uptake, and free volume
fraction of IEMs

The IEC of the prepared membranes was measured by a back
titration of substituted protons from the sulfonate functional
groups of the prepared membranes equilibrated in 1 mol dm�3NaCl
solution [25]. The membrane sample 2 � 2 cm in size was equili-
brated in DI water for 24 h. The wet weight and dimensions of
the membrane were carefully measured before drying in an oven
at 50 �C, until there was no change in membrane weight. The dry
weight of membrane and dry dimensions were then recorded. The
IEC, water uptake, and free-volume fraction of the membranes were
calculated using the following equations:

IEC ¼ ab
Wdry

ð1Þ

Water uptake ¼Wwet �Wdry

Wdry
ð2Þ

Free volume fraction ¼
qwet � qdry

qw
ð3Þ

where a is the concentration of NaOH solution (mol dm�3), b is the
volume of NaOH solution used (dm3), Wdry and Wwet are the dry and
wet weight of the membrane, and qwet, qdry, and qw are the density
of the wet membrane, dry membrane, and water at room tempera-
ture, respectively.

2.3.3. Electrochemical properties of IEMs
2.3.3.1. Conductivity of membranes. The resistance of membranes
(Rmem) in the 0.5 mol dm�3 NaCl solution was measured at room
temperature by impedance spectroscopy (IS) using a Solarton
225B in a frequency range from 1 to 106 Hz with an oscillating
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voltage of 100 mV amplitude. Then the conductivity of the mem-
brane (r, S cm�1) was calculated according to,

r ¼ L
RmemA

ð4Þ

where L is the thickness of membrane (cm) and A is the effective
area of the membrane (cm2).

2.3.3.2. Membrane potential and transport number. Membrane po-
tential was measured in a two-compartment cell, in which a mem-
brane of 1.0 cm2 effective area separated two NaCl solutions of
concentrations 0.01 and 0.05 mol dm�3. The potential difference
(Em) across the membrane was measured at room temperature
using a multimeter connected to two Ag/AgCl reference electrodes.
The transport number, �ti, was calculated by:

Em ¼
RT
F

2�ti � 1ð Þ ln C1

C2

� �
ð5Þ

where R is the gas constant; F is the Faraday constant; T is the abso-
lute temperature; �ti is the transport number of counter ions (ith)in
the membranes; C1 and C2 are the concentrations of electrolyte
solutions in the testing cell, respectively. The ion selectivity of
IEM was also presented in terms of membranes permselectivity
(Ps), which is defined by;

Ps ¼
�ti � ti

1� ti
ð6Þ

where ti is the transport number of counter ion in the free solution.

2.3.3.3.Current–voltage (i–v) characteristic and chronopotentiometry. The
same two-compartment cell connected to a Solartron Multistat
1480 via two Pt electrodes was used to determine the i–v curve
and chronopotentiogram of the membranes. The experiments were
carried out at room temperature using 0.025 mol dm�3 NaCl. For
the i–v curve, the potential difference was applied across the mem-
brane and the corresponding current was measured.

The chronopotentiogram was conducted by constant applied
current density of 2.5–3 mA cm�2 and the corresponding potential
was automatically recorded.

2.3.4. Thermal and mechanical stabilities of membranes
Thermal stability of the membranes was investigated using ther-

mogravimetric analysis (TGA) (Mettler Teledo) under a nitrogen
Fig. 1. The schematic experim
flow of 20 cm3 min�1, using a heating rate of 10 �C min�1 in the
range of 25–800 �C.

The mechanical properties of membranes were measured by
means of a tensile test in a wet state at room temperature using an
Instron 5800, at a speed of 2 mm min�1. Membranes were cut into
a rectangular shape with 50 mm � 5 mm dimension. The gauge
length of each specimen was set at 14 mm. For acquiring accurate re-
sults, at least five specimens from each sample were tested.

2.4. Desalination by electrodialysis (ED)

The desalination performance of prepared membranes was
tested in a custom-designed lab-scale ED cell consisting of a
5-compartment chamber made of a Perspex sheet with 4 cm2 of
active area for membranes. An o-ring was used to prevent leakage
between each chamber during the process. The scheme of the ED
set-up is depicted in Fig. 1.

The ED of NaCl solution was carried out with potentiostatic
modes at 7 V. The feed solution (150 cm3 of 0.2 mol dm�3 NaCl)
was circulated at 30 cm3 min�1 through the dilute and concentrated
compartments. The concentrated compartments were adjacent to
the electrode rinse compartments, in which 150 cm�3 of 3 wt.%
Na2SO4 was circulated at 30 cm3 min�1. The cation exchange mem-
branes (FKE, FumaTech) were placed next to the electrode to sepa-
rate the electrode solution from the product solution. The
commercial anion exchange membrane (FAA, FumTech) was placed
next to the commercial cation exchange membrane toward the an-
ode side, and the investigated membrane was placed next to the one
toward the cathode side creating the dilute solution compartment in
between. The performances in terms of flux, current efficiency (g),
and energy consumption (P) of the prepared membranes, which
were defined in Eqs. (7)–(10), will be compared with a commercial
membrane.

Flux ¼ DN
At

ð7Þ

g ¼ FzDN
nc
R

Idt
ð8Þ

P ¼ FzU
3600gMNaCl

ð9Þ

DN ¼ Cn�1
d Vn�1

d � Cn
dVn

d ð10Þ
ent set-up of the ED cell.



Table 1
Preparation condition of SS and their properties.

SS1 SS3 SS10

Chemical composition
CTAB:PFOA:TEOS:MPTMS:NaOH:H2O 0.13:0:1:0.1:0.31:1200 0.09:0:1:0.1:0.25:920 0.09:0.01:1:0.1:0.25:920

Addition time (s) 5 30 30
Temperature (�C) 80 60 60
Particle size (nm) £100–150 £100 � (250–300) £50 � (400–500)
Aspect ratio 1 3 10
ABET (m2 g�1) 942 1002 608
IEC (mequiv g�1) 1.80 1.98 1.56
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where Cd: Concentration of dilute (mol dm�3); Vd: Volume of dilute
(dm�3); nc: Number of cell pair; I: Current (A); U: Applied voltage
(V); MNaCl: Molecular weight of NaCl (58.45 g mol�1); A: Active sur-
face area (cm2); t: time (s).
3. Results and discussion

3.1. Instinct properties of the inorganic fillers

In this work, mesoporous silica with various shapes and aspect
ratios were synthesized for use as inorganic fillers. Table 1 summa-
rizes the preparation conditions and the obtained properties of SS.

More detailed preparation and characterization of these inor-
ganic fillers can be acquired from the literature [18,23]. The ob-
tained particles in each condition were uniform in shape and size
as shown by the TEM images (Fig. 2).The aspect ratios of spherical,
worm-like, and fiber structures were estimated to be about 1, 3, and
10, respectively, designated as SS1, SS3, and SS10 hereafter. For
each sample, the particle size was measured to be about £100–
150 nm for SS1, (here £ is the diameter of the spherical particles),
£100 � (250–300) nm for SS3 (here £ represents the diameter of
fibers, and (250–500) nm represents the length of the fibers), and
£50 � (400–500 nm) for SS10, respectively. The small-angle XRD
pattern of the spherical and worm-like sulfonated SiO2 (SS1 and
In
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Fig. 2. TEM images of (a) spherical SS with aspect ratio of 1, (b) worm-like SS with as
synthesized SS. Insets present high-resolution TEM images and XRD patterns of the sam
SS3) showed well-defined reflections of 2D-hexagonal mesostruc-
ture with indexes of (1 0 0), (1 1 0), and (2 0 0), confirming the
well-ordered materials. The reflections of worm-like structure
(SS3) and mesoporous silica fibers (SS10) showed a small shift to
a higher 2h, and the pore structure was slightly disordered. From
the TEM image (Fig. 2c), SS10 appeared to be a well-ordered mate-
rials. However, only one broad peak at (1 0 0) was found. This may
be due to the short range pore ordering in this sample. Neverthe-
less, we could conclude from the TEM and XRD results that all the
particles were relatively uniform and highly porous. Note that the
XRD results were in a good agreement with TEM. Sulfonated groups
were attached to the surface of these silica particles in order to pro-
vide additional fixed charged functional groups for the sPES matrix
and to improve their dispersibility, as mentioned earlier. With the
high surface area (600–1000 m2 g�1) of the porous silica providing
available surface for sulfonate groups, a high IEC of the inorganic
fillers was resulted. It is worth noting that the IEC of SS10 was lower
than those of the SS1 and SS3 due to the less surface area and the
discontinued pore channels in the SS10 sample.

3.2. The influence of the inorganic fillers on the membrane
microstructures

These surface functionalized SS particles were mixed with poly-
mer solution of sPES to form composite membranes via a two-step
2 theta

SS1

SS3

SS10

(100)

2 4 6 8

3 4 5 6

(110)

(200)

(210)

pect ratio of 3, and (c) fiber SS with aspect ratio of 10, and (d) XRD pattern of the
ples.
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phase inversion method by combining both solvent evaporation
and precipitation processes. The first evaporation step was intro-
duced to increase the viscosity and concentration of the cast solu-
tion, before the step of precipitation in water bath. The phase
inversion is one of the most commonly used membrane formation
procedures, in which the porosity of the membrane microstructure
can be controlled by adjusting the casting solution properties [26–
29]. In this work, when the fillers with different aspect ratios were
added into the matrix solution, the incompatibility between the
two components created polymer-depleted phase around the inor-
ganic phase, which facilitates the porosity formation during the
phase inversion process [21]. This was clearly evident from the
SEM images of the resultant composite membranes (Fig. 3). The
porosity of the composites was increased compared with that of
the parent polymer membrane (Fig. 3m).

Due to the apparently interfacial interaction between polymer
matrix and inorganic fillers with various aspect ratios, composite
membranes with different porosities were obtained (Fig. 3). At low-
er SS content (0.2 wt.%, 0.5 wt.%), the SS10 sample showed less
porosity in comparison with other composites SS1 and SS3, possibly
due to the better polymer–filler interaction in SS10 sample. It was
interesting to see that SS3 sample had quite significant porosity
Fig. 3. SEM images of sPES-based composite membranes containing (a–d) 0.2, 0.5, 1, and
pristine sPES membrane.
in comparison with that of SS1 (Fig. 3e–h), which might be attrib-
uted to the higher surface functional groups of the SS3 that could
have significant influence on the interfacial interaction between
polymer and the fillers.

When more SS was added in the polymer matrix, the particles
tended to form clusters and thus larger pores were created due
to the worse polymer–filler clusters/aggregates interaction. As
shown in Fig. 3 with more than 1 wt.% SS loading, the large cavities
with pore interconnection were obtained. Note that in case of the
fillers with higher aspect ratio, they tended to form bigger clusters
and create larger pores subsequently due to their poorer dispersing
ability. Thus the formation of porosity of the composite mem-
branes can be quite complicated, possibly due to the following sev-
eral effects: (1) the porosity of the polymer–filler interfacial gap,
(2) the inherit properties and porosity of the fillers, and (3) the ex-
tra functional groups carried by the fillers. These synergetic effects
eventually led to the composites with varied porosities, depending
upon the addition amount and aspect ratio of the fillers.

The formation of these large pores would finally affect the
mechanical stability of the membranes. The mechanical properties
of these membranes were investigated under wet conditions, and
the results are illustrated in Fig. 4a–c. In most cases, the Young’s
2 wt.% SS1, (e–h) 0.2, 0.5, 1, and 2 wt.% SS3, (i–l) 0.2, 0.5, 1, and 2 wt.% SS10, and (m)



Table 2
Properties of composite membranes compared with commercial membrane, FKE.

Name Water
uptake
(%)

IEC
(mequiv g�1)

r
(mS cm�1)

Transport
number

Free-
volume
fraction

Ps (%)

0S 38.67 0.75 0.336 0.90 0.43 83.61

0.2SS1 92.00 0.83 5.554 0.95 0.74 91.81
0.5SS1 85.00 0.78 1.460 0.95 0.70 91.81
1.0SS1 79.00 0.73 1.330 0.96 0.69 93.45
2.0SS1 55.00 0.69 0.960 0.91 0.67 85.25

0.2SS3 100.5 0.85 6.695 0.92 0.73 86.89
0.5SS3 97.47 0.67 3.300 0.94 0.67 90.17
1.0SS3 72.91 0.66 3.112 0.81 0.62 68.87
2.0SS3 71.30 0.65 2.878 0.76 0.62 60.68

0.2SS10 56.52 0.78 1.910 0.99 0.53 95.08
0.5SS10 74.73 0.69 3.710 0.96 0.54 93.45
1.0SS10 89.73 0.69 3.870 0.86 0.59 77.06
2.0SS10 96.08 0.66 3.770 0.68 0.66 47.57

FKE 48.10 1.20 3.834 0.95 N/A 91.81
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modulus of the composites was decreased with increasing filler
amount, while the average values were still higher than that of
pristine sPES membranes. This could be attributable to the
increased elongation and elastic properties of the composites.
When a lower amount of SS was added, the fillers with a higher as-
pect ratio developed better interface interaction, and thus better
distributed the force between the filler and the matrix, resulting
in higher strength [20]. However, at higher filler content, mem-
branes became stiffer and with more than 1 wt.% SS loading, the
loss of membrane structure was more pronounced due to the par-
ticle aggregation and the formation of larger pores. Thermal stabil-
ity of these dried composites was also studied by TGA (Fig. 4d).

The weight change at temperatures lower than 100 �C can be
assigned to the loss of absorbed water. The membranes started
to decompose slowly at around 280 �C due to the loss of sulfonate
groups. A sharp weight loss occurred at around 500 �C when the
polymer main chains were decomposed. As the inorganic additives
were incorporated into the polymer matrix, the composites
showed improved thermal stability. Interestingly, it is apparent
that thermal stability slightly increased with increasing the aspect
ratio of the fillers, which may be attributed to greater contact and
interaction between the flillers and the polymer matrix.
3.3. Membrane properties

The properties of the as-synthesized membranes were investi-
gated as summarized in Table 2. Compared to the pristine mem-
brane, the composites showed an overall improvement in
properties. Especially, the conductivity of the membranes was im-
proved up to 10–20 folds. This is mainly due to the increased
porosity and water channels in the membrane structures by adding
the inorganic fillers, which facilitate the migration of ionic species.

Further to the discussion in earlier section on the influence of the
aspect ratio on membrane structures, the increased porosity of the
composite can also be interpreted by the term ‘‘free-volume frac-
tion,’’ which is the fraction of the absorbed water in the membrane
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Fig. 4. Mechanical properties of the prepared membranes; (a) tensile stress, (b) tensil
representative of their series. Dotted lines (a–c) indicate the average mechanical proper
pore to the total membrane volume. For instance, the free-volume
fractions of the composites were apparently larger than that of par-
ent sPES membrane. At low SS loading amount, the water uptake in
SS10 composite was lower than that of other membranes due to
better polymer–filler interaction. The conductivity of the mem-
brane was improved, following the same trend as water uptake be-
cause the water channels assist the migration of ionic species.

Ion-exchange capacity, which reflects the amount of charged
functional groups, is normally related closely to the selectivity
and conductivity in the dense IEMs, increased with increasing SS
amount and peaked at 0.2 wt.% SS loading. While at low additive
content, the particles were dispersed and distributed uniformly in
the polymer matrix (as mentioned in previous section), at higher fil-
ler concentration, the particles started to form aggregated clusters.
Consequently, their surface functional groups were partially inac-
cessible, and these clusters started to interrupt chain arrangement
of the polymer matrix, resulting in lower IEC. Transport number,
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ature in 0.025 mol dm�3 NaCl under constant applied current density of
3.0 mA cm�2. Note that the 0.2 SS10 membrane was tested under lower current
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Table 3
Characteristic values from chronopotentiogram and i–v curve.

Name �ti sa sb e ilim
(mA cm�2)

i⁄

(mA cm�2)
DE
(V)

0SS 0.90 32.18 22.00 0.864 2.19 2.54 1.60
0.2SS1 0.95 26.63 30.00 0.997 2.21 2.21 0.94
0.5SS1 0.95 26.63 22.50 0.997 2.04 2.04 0.67
1.0SS1 0.96 25.70 25.00 0.946 2.21 2.33 0.53
2.0SS1 0.91 30.94 22.00 0.862 2.08 2.41 0.70
0.2SS3 0.92 29.77 27.00 0.952 2.40 2.52 1.20
0.5SS3 0.94 28.13 28.00 0.998 2.12 2.12 1.07
1.0SS3 0.81 47.69 42.00 0.938 2.25 2.40 0.67
2.0SS3 0.76 61.70 27.00 0.662 2.70 4.08 0.94
0.2SS10 0.99 23.16c 33.00c 0.956 2.00 2.09 1.32
0.5SS10 0.96 37.01 25.00 0.979 2.05 2.09 0.68
1.0SS10 0.86 37.97 28.00 0.855 2.13 2.49 0.93
2.0SS10 0.68 101.4 37.00 0.604 2.50 4.14 0.94
FKE 0.95 26.63 26.00 0.988 2.06 2.08 0.80

a Estimated from Eq. (11).
b Deprived form chronopotentiogram.
c Measured at 2.5 mA cm�2.
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the value representing the fraction of current carried by counter
charges through membranes, which can also be expressed in the
term of permselectivity (Ps), was also improved by incorporating
SS. This is because SS carries additional charged functional groups,
and thus helps the Donnan exclusion to work more effectively.
However, the porosity and structure of the membranes and their
selectivity have to be carefully compromised. At high loading, larger
pores were formed in the membranes. These large cavities were
filled by equilibrium electrolyte solution that allows both ionic spe-
cies and solvent to transport across the membranes, resulting in
less selective behavior [30]. In the case of spherical particles
(SS1), the transport number and permselectivity increased with
increasing SS loading and peaked at around 1 wt.% loading. How-
ever, for SS3 and SS10, the peak was observed at lower percent
loading at around 0.2–0.5%. This is mainly due to the larger pore
sizes and lower charge density that reduce the Donnan exclusion
effect.

In summary, the properties of the newly developed composite
membranes were improved, and a number of membranes exhib-
ited comparable parameters as that of the benchmark membrane,
FKE. This clearly indicates the amount and shape of inorganic fillers
play important roles in tuning the key parameters of ion-exchange
membranes.

3.4. Chronopotentiogram and surface heterogeneity of the composite
membranes

To develop new membrane for the electrically driven processes,
it is important to understand the electrochemical properties of
membranes. In this work, we used chronopotentiometry to deter-
mine the degree of surface heterogeneity, which is believed to
greatly influence the electrochemical properties and polarization
phenomena of membranes [31]. Representative chronopotentio-
grams obtained at low inorganic loading are shown in Fig. 5.

A three-stage potential response to application of constant cur-
rent density through the system was typically observed. The first
stage shows a nearly constant potential that is due to a decrease
in the concentration of the depleted solution and increased con-
centration in the adjacent side of the membrane. When the ionic
concentration of the depleted solution drops to near zero, the po-
tential suddenly increases before reaching the final steady state.
The point at which the sharp increase in potential occurs is called
transition time (s), which can be expressed in the well-known
Sand equation, based on the assumption of homogeneous ionic
solution:

s ¼ ðC0ziFÞ2pD

4i2ð�ti � tiÞ2
ð11Þ

where i is the current density, C0 is the concentration of electrolyte,
zi is the valence of the ith ion, and D is the diffusion coefficient. The
characteristic values of the transition time are summarized in Table
3. In practical terms, IEM is considered heterogeneous on the micro-
scale, consisting of a conducting and non-conducting phases. The
transition times estimated from Eq. (11) were higher than those
obtained from the chrononpotentiograms. This may be due to the
local current density of the heterogeneous membranes near the re-
duced conducting region being higher than the overall current den-
sity of the entire surface, resulting in faster depletion of the ionic
species [7,31,32]. The fraction of the conducting region, e, can be
estimated by replacing the overall current density (i) with the local
current density in the conducting region (i/e) in Eq. (11). Using the
Sand equation, e can be expressed as follows;

e ¼ 2is1=2ð�ti � tiÞ
C0ziFðpDÞ1=2 ð12Þ
The results from the chronopotentiograms indicate that small
amount of charged inorganic fillers increased the conducting
region of the membrane surfaces. However, when the SS loading
was more than 1 wt.%, the agglomerates created separated phases
due to significant charge interaction and surface heterogeneity on
the membranes. Note that the deviation of the transition time in
chronopotentiogram and from that predicted by the Sand equation
was smaller, when surfaces of the membranes were more homoge-
neous and conductive.
3.5. Current–potential curve and concentration polarization of
membranes

The current–potential characteristics are well-known indication
of chemical polarization near the membrane interface. In the elec-
trodriving process, for example, in desalination by electrodialysis,
when potential is applied across the system, ionic species migrate
toward the opposite pole, passing through ion-selective mem-
branes that allow the counter ion to pass through and reject the
co-ions. Due to the difference in transport of ions through mem-
branes and electrolyte solutions, the solution concentration near
the membrane interface decreases on one side and increases on
the other side of the membrane. Once the concentration of the
depleting solution reaches zero, the concentration polarization
has a dramatic effect on the transport phenomena of membranes,
normally leading to a loss of current efficiency [6]. In a severe case,



Table 4
Desalination performances by ED with composite membranes and
FKE membrane.

Membrane Flux
(Mole m�2 h�1)

g P (kW h kg�1 salt)

FKE 7.7 0.84 3.80
0SS 4.3 0.53 5.89
0.2SS1 6.7 0.84 3.83
0.2SS3 7.1 0.95 3.18
0.2SS10 5.3 0.87 3.69

Time (min)
0 20 40 60 80 100 120 140 160 180 200

pH
0

2

4

6

8

FKE
0SS
0.2SS1
0.2SS3
0.2SS10

Fig. 7. pH values of depleting solutions from ED test.
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this may lead to pH change due to water dissociation, which will
promote scale formation and damage to the membranes. Thus, fur-
ther increasing the driving force will not further improve the effi-
ciency of the system. Therefore, it is important to know the
limiting point of the operating conditions. The current density at
which drastic concentration polarization occurs, known as the lim-
iting current density (LCD, ilim), can be estimated experimentally
from the i–v curve and theoretically via Eq. (13) based on classical
polarization theory:

ilim ¼
jzjCFD

dðti � tiÞ
ð13Þ

Fig. 6 shows the representative i–v curves from composites at low
percent loading of SS in each series compared to a commercial mem-
brane (FKE). Typical i–v curves with three stages of potential change
were obtained; (1) the Ohmic region at the beginning when the po-
tential varies with current according to the Ohms’ law; (2) plateau
region caused by concentration polarization, and (3) the overlimit-
ing potential region, where the transport phenomena of the IEM de-
pends mainly on electroconvection phenomena. In general, shape
and plateau length of the IEM depends on many factors and is
strongly influenced by the structure of the membranes and their sur-
face heterogeneity [33]. Membranes with favorable surface homo-
geneity will provide a well-defined plateau region. The LCD and
characteristic values of all membranes are summarized in Table 3.

Compared to the pristine membrane, the composite membranes
possessed higher LCD. It is worth noting that theoretically the LCD
is proportional to the reciprocal of transport number as defined by
Eq. (13) under the same testing conditions. However, the results
revealed the opposite trend. This can be explained by the locally
higher current density (i⁄) of the reduced conducting surface in
the microheterogeneous model. The limiting current density (ilim)
obtained experimentally and the current density near conducting
region with applied correction factor (fraction of conducting region
of the membrane surface (i⁄ = ilim/e)) were also listed in Table 3. As
can be seen from the results, after taking the fraction of conducting
region into account, the membranes with lower transport number
exhibited higher i⁄ as expected theoretically following the classical
polarization theory. It was clear that the presence of a small
amount of SS enhanced the fraction of conducting surface and elec-
trochemical properties and also increased the LCD, offering advan-
tages for ED application.

3.6. Desalination of NaCl by ED

The preliminary ED tests of some selected membranes were
displayed in this section. The performance of a membrane in ED
E (Volt)
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Fig. 6. i–v Curve of composite membranes at low wt.% fillers compared with a
commercial membrane.
application depends not only on the properties of the tested mem-
branes but also the operating conditions and the cell design. The
composites with low additive loading (0.2 wt.%) from each series
were selected to desalt the monoelectrolyte solution, NaCl, using
our home-designed lab-scale ED cell. The performances of the
membranes in terms of flux, energy consumption, and current effi-
ciency are summarized in Table 4. Note that each experiment was
carried out for 3 h, and the values shown here were estimated at
the final stage of the experiment.

Note that the term ‘‘flux’’ in this work refers to the amount of
salts removed per unit active area of membrane in a given time. It
was encouraging to see that with significant improvement in con-
ductivity and transport number, the composite membranes showed
much better performance in ED compared with the pristine sPES
membrane. In the case of the SS3 composite membranes, the overall
performance was even slightly better than the commercial FKE one.
Moreover, as mentioned earlier, our composite membranes have
improved LCD, allowing these materials to operate at higher poten-
tial difference without reducing current efficiency. The more the
driving force applied, the better the performance expected. With
the same operating potential, the pH of the diluted solution treated
by the commercial membrane became acidic after a short time of
operation (see Fig. 7), indicating that this membrane may have al-
ready undergone water dissociation, while the pH of treated solu-
tion from our prepared membranes remained nearly constant.
4. Conclusions

A new type of inorganic–organic nanocomposite IEMs was suc-
cessfully prepared. The presence of inorganic fillers had a signifi-
cant impact on the structure of the membrane, which in turn
affected the overall membrane properties. It was evidenced that
inorganic fillers, carrying extra functional groups for the organic
polymer matrix, enhanced overall physicochemical and electro-
chemical properties including water uptake, IEC, conductivity,
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transport properties, and conducting fractions of the membrane
surface, while maintaining good mechanical and thermal stability
of the parent matrix. The shape of inorganic fillers strongly influ-
enced the membrane structure and properties of the composite
membranes. The optimized composite exhibited comparable per-
formances in ED of the benchmark commercial membrane.
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