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a b s t r a c t

Ion-exchange membranes consisting of sulfonated polyether sulfone with controllable porosities and
structures were prepared via a two-step phase inversion procedure. The porosity of membranes has been
deliberately controlled by adjusting drying conditions. It was experimentally evidenced that membranes
with high porosities possessed excellent conductivity; they also had poor selectivity and mechanical
stability, while non-porous membranes exhibited much better selectivity and mechanical strength at
vailable online 19 January 2011
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the cost of lower conductivity. Porous membranes with 2.11 mequiv cm−3 of fixed charged density,
0.33 mS cm−1 of conductivity, 0.9 of transport number and∼500 MPa of Young’s modulus were obtained
by carefully controlling the two-step phase inversion preparation process. The results from this work lead
to better understanding of the relationship among the formation conditions in water/dimethylformamide
(DMF)/sulfonated polyether sulfone (sPES) system, structures and properties of membranes, which may

emb
lectrodriving membranes
esalination

shed light on advanced m

. Introduction

High performance polymers with polyaryl skeletons such as pol-
arylsulfone, polyphenylsulfide and poly(ether ether)ketone have
een widely studied as the alternative materials for perfluorosul-
onic ionomers commercially known as Nafion in the past decades
1–4]. Aromatic skeleton not only makes the polymers thermally
nd mechanically stable, but also creates a variety of chemical
odification opportunities such as simply electrophilic substitu-

ion. Among these high performance polymers, polyethersulfone
PES) has been considered as a good polymer matrix candidate
or membrane formation due to its feasible processability and low
ost. PES membranes have been modified and prepared via sev-
ral techniques for applications as proton exchange membranes
nd nanofiltration membranes [1,4–16]. However, there were very
imited works investigating the use of PES for membrane design
specially porous IEMs suitable for various applications such as

lectrodialysis, desalination, gas separation process and water
urification [8].

There are several important parameters required for an IEM
hich include conductivity, selectivity, thermal and mechanical

∗ Corresponding author.
∗∗ Corresponding author. Tel.: +61 7 3365 4218; fax: +61 7 3365 4199.

E-mail addresses: maxlu@uq.edu.au (G.Q.M. Lu), l.wang@uq.edu.au (L. Wang).

376-7388/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.memsci.2011.01.008
rane design for appropriate applications.
Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

stabilities, and chemical resistance when exposed to solutions
under severe pH conditions. Unfortunately, to achieve one desir-
able property of IEMs is usually at the cost of another parameter.
For instance, to make membranes high conductive, the mem-
brane requires substantially amount of absorbed water to assist
the ionic migration. While the high water uptake makes mem-
branes mechanically unstable, and less selective. It is known that
morphology of membranes has a great influence on their perfor-
mance especially on the conductivity, selectivity and mechanical
property. Therefore, it is crucially important to optimize the prepa-
ration steps carefully so that the prepared membranes may suit
application with specific requirements. Unfortunately, there are
still limited publications focusing on relationship among prepa-
ration conditions, membrane structures and their properties. In
this work, we aim to study synthesis–structure–property ratio-
nale of the ion-exchange membranes. Polymer membranes based
on sulfonated polyether sulfone (sPES) with various structures
and pore sizes were synthesized via controlled phase inversion
procedures, namely dry and wet phase inversion, or a combi-
nation of both methods. The properties of membrane including
morphology, physical and electrochemical properties as well as

their thermal and mechanical stabilities were investigated. The
fraction of conducting region of each membrane was calculated
using derived Sand’s equation via chronopotentiometry technique.
We were finally able to correlate the preparation conditions
with membrane structures and properties to form a matrix for

ghts reserved.
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electing membranes suitable for the electrodriving membrane
rocess.

. Experimental

.1. Materials

Polyethersulfone (RADEL A) provided by Solvay Advanced Poly-
ers was dried at 120 ◦C for 24 h before use. The other chemicals
ere obtained commercially and were used as received without

urther purification.

.2. Sulfonation

PES was sulfonated with chlorosulfonic acid. In a typical proce-
ure, 20 g of PES was dissolved in 400 g of dichloromethane (Merk)
nder N2 atmosphere with stirring at room temperature. Then,
0 cm3 of chlorosulfonic acid (Sigma) was gradually and slowly
dded to the solution. The reaction was allowed to proceed for
50 min and then was terminated by precipitating the solution

nto cold water. The products were filtered and washed multiple
imes with deionized (DI) water until pH became approximately
–6. Finally, the sulfonated PES products were dried at 120 ◦C for
days under vacuum. This sPES polymer was used as a polymer
atrix for cation-exchange membranes.

.3. Membrane preparation

In a typical preparation procedure for cation-exchange mem-
ranes, 3 g of sPES was first dissolved in 9 g of dimethylformamide
DMF) at 60 ◦C for 4 h under stirring. The polymer solution was then
ast on glass substrates with different solution thickness using a
octor blade and then partially dried in a vacuum oven at 60 ◦C with
ifferent aging times from 0 to 48 h before precipitating in 60–70 ◦C
I water. The formed membrane sheet was peeled off and kept in DI
ater. The prepared membranes were treated in hot water for 2 h

nd then in 1 mol dm−3 HCl or 1 mol dm−3 NaCl for 24 h to obtain H+

r Na+ forms, respectively. After that, the membranes were rinsed
ith DI water and kept in DI water or 1 mol dm−3 NaCl solution. The
repared membranes were named by two numbers, representing
heir casting film thickness and the drying time in the dry phase
nversion step. For instance, the membrane of 0.50 mm casting film
hickness and 10 min of drying time was designated as 0.50–10. All
he membranes were equilibrated in working solution for at least
h before used.

.4. Membrane characterization

.4.1. Membrane morphology
Morphology and structure of the membranes were observed

sing scanning electron microscopy (SEM) on a JEOL 6300 electron
icroscope. To obtain sharp cross-sectional surface fracture the

amples were cut in liquid nitrogen, and then the captured water
as dried out overnight in freeze dryer to preserve their structure.

.4.2. Ion-exchange capacity (IEC) and water uptake of IEMs
IEC was measured using a titration method. The cation-

xchange membrane was firstly soaked in 1 mol dm−3 HCl and
hen washed with DI water to remove excess HCl and was sub-
equently immersed into 1 mol dm−3 NaCl solution. The number of
isplaced protons from the membrane was determined by titration

ith 0.01 mol dm−3 standard NaOH solution using phenolphthalein

s the indicator. Then the IEM was soaked in DI water for 24 h or
ore. After that, the membrane was taken out and water on the

urface was wiped off with tissue paper. The wet weight of mem-
rane was measured. Then the membrane was placed in an oven
ne Science 371 (2011) 37–44

at 50 ◦C for 10 h or until there is no change in membrane weight.
The dry weight of membrane was then recorded. The IEC and water
uptake of membranes were calculated using Eqs. (1) and (2),

IEC = ab

Wdry
(1)

Water uptake = Wwet −Wdry

Wdry
(2)

where a is the concentration of NaOH solution used (mol dm−3), b
is the volume of NaOH solution used (dm3), Wdry is the dry weight
of the membrane and Wwet is the wet weight of the membrane.

2.4.3. Electrochemical properties of IEMs
2.4.3.1. Membrane resistance. An IEM was first equilibrated in
0.5 mol dm−3 NaCl before being placed in a two compartment cell
between platinum electrodes with an effective area of 1 cm2. The
resistance of membranes was measured at room temperature by
impedance spectroscopy (IS) using Solarton 225B in a frequency
range from 1 to 106 Hz with an oscillating voltage of 100 mV ampli-
tude [17]. The resistance corresponding to the phase angle closest to
zero in the Bode diagram was recorded. Then, membrane resistance
(Rmem) was calculated by subtraction of electrolyte resistance (here
Rsol is the resistance of electrolyte in the cell measured without any
membrane) from membrane resistance equilibrated in electrolyte
solution (Rcell), according to the equation Rmem = Rcell−Rsol. Based on
the electrical resistance measurement, the conductivity (�, S cm−1)
of membranes was calculated according to Eq. (3),

� = L

RmemA
(3)

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

2.4.3.2. Membrane potential and transport number. Membrane
potential was measured in a two compartment cell, in which a ver-
tical membrane of 1.0 cm2 effective area separated two solutions
of 0.01 mol dm−3 NaCl and 0.05 mol dm−3 NaCl, respectively. The
potential difference across the membrane was measured using a
multimeter which was connected to Ag/AgCl reference electrodes.
The transport number, t̄+, was calculated by the following equation:

Em = RT

F
(2t̄+ − 1) ln

(
C1

C2

)
(4)

where R is the gas constant, F is the Faraday constant, T is the abso-
lute temperature, C1 and C2 are the concentration of electrolyte
solutions in the testing cell.

2.4.3.3. Current–voltage characteristics and chronopotentiometry.
The same two compartment cell was used to determine i–v curve
and chronopotentiogram of the membrane in 0.025 mol dm−3 NaCl.
The cell was connected to Solartron Multistat 1480 via two Pt elec-
trodes. For i–v curve, the potential difference was applied across the
membrane and the corresponding current was measured via two
Ag/AgCl reference electrodes. The chronopotentiogram was con-
ducted by applying constant current densities of 1–7.5 mA cm−2

and the corresponding potential was automatically recorded every
1 s for a period of 300 s.

2.4.4. Thermal and mechanical stabilities of membranes
Thermal stability of the membranes was investigated using ther-
mogravimetric analysis (TGA) (Mettler Teledo) under nitrogen flow
of 20 cm3 min−1 at a heating rate of 10 ◦C min−1 in the range of
25–800 ◦C. The mechanical properties of membranes were mea-
sured by means of tensile test in wet state using an Instron 5800
at a speed of 2 mm min−1. Membranes were cut into a rectangular



C. Klaysom et al. / Journal of Membrane Science 371 (2011) 37–44 39

F ng tim
( od fro

s
s
w

3

3

s
p
e
t
c
p
b
a
i
b
u
t
6
m
o
t
c
i

v
fi
t
h
p
o
n
p
p
t
s
m

ig. 1. SEM images of membranes prepared with different film thickness, and dryi
f1–3) 0.25–10, and (g1–3) 0.45–E. Note that E stands for solvent evaporation meth

hape with dimensions 50 mm×5 mm. The gauge length of each
pecimen was 14 mm. At least five specimens from each sample
ere tested to acquire reliable average data.

. Results and discussion

.1. Preparation conditions and membrane structures

In this work sPES membranes with different porosities were
ynthesized using a so-called phase inversion process, namely wet
hase inversion (precipitation), or dry phase inversion (solvent
vaporation), or the combination of these two processes. In general,
he morphologies of membrane depend highly on the preparation
onditions. It has been reported that one of the key preparation
arameters is the nonsolvent/solvent exchange rate, which can
e controlled by tuning a number of synthesis conditions such
s the concentration and viscosity of the casting solution, cast-
ng film thickness, additives and the temperatures of coagulation
ath [11,18–20]. In our membrane formation process, DI water was
sed as the nonsolvent and the DMF was used as the solvent. The
emperature of water coagulation bath was thermally controlled at
0–70 ◦C to reduce synthesis condition variation. Fig. 1 shows the
orphologies of the prepared membranes. It was noticed that the

btained membranes showed macrovoid-free structure. The struc-
ure and porosity of the membranes can be easily controlled by
ontrolling the wet film thickness and also film drying time before
mmersing in water bath to form membrane sheet.

As can be seen in Fig. 1, the membrane obtained from con-
entional precipitation method by immersing the nascent polymer
lm directly into water bath (it took casting solution around 1 min
o form nascent film at room temperature, see Fig. 1a1–3) was
ighly porous with largest pore size compared to membranes pre-
ared under other conditions. On the other hand, the membrane
btained from solvent evaporation method exhibited dense and
on-porous structure (see Fig. 1g1–3). Typically for membranes

repared by phase inversion procedure, the properties of casting
olymer solution have significant influence on the structure of
he resultant membranes [16]. The more viscous the solution, the
maller exchange rate between nonsolvent and solvent in poly-
er film solution due to the rheological hindrance, thus resulting
e; (a1–3) 0.45–0, (b1–3) 0.50–10, (c1–3) 0.45–5, (d1–3) 0.45–10, (e1–3) 0.45–15,
m dying polymer film for 2 days.

in membrane structure with smaller pore size. If we suddenly
immersed the casted film in water bath, the low viscous polymer
can be partly dissolved in water and membrane sheet could not be
formed. In this work, to control the viscosity of the film solution
and subsequently the nonsolvent/solvent exchange rate, the cast-
ing polymer film solution was further dried in the vacuum oven for
longer period before it was precipitated in the water bath [11]. Most
part of the solvent in casting film solution were removed when it
was dried in the vacuum oven for longer than 15 min and com-
pletely evaporated after 2 days, leaving dense, nonporous structure
in the resultant membranes. It has been reported that film thickness
also plays a role in void formation and the asymmetric structure
of the membranes [19,21,22]. In this work, the formation of the
macrovoids could not be observed in all casting films with differ-
ent thicknesses. However, the thinner the casting film is, the denser
the membranes are because the solvent in the thinner film can
be removed easier at the given drying time. In addition, it is well
known that the structure of IEMs play crucial role on the perfor-
mance of the membranes especially on their ionic conductivity and
the selectivity. In general, membranes with larger pores or higher
porosity possess better conductivity, however their selectivity are
diminished. In the case of denser membranes, they possess bet-
ter selectivity while suffer from high membrane resistance. More
details about the effect of membrane structures on their electro-
chemical properties will be discussed in the next section.

3.2. Preparation condition–structure and properties relationship

The preparation condition and membrane properties were sum-
marized in Table 1. It is worth noting that while the IEC of the
prepared membrane was considerably constant under each condi-
tion, the water uptake was significantly increased with increasing
the porosity of membranes. In addition, the conductivity of the
membranes followed similar trend with the water uptake as con-
tinuous water channel enhances the mobility of ions. On the

other hand, the fixed charge density of membranes increased with
reduced pore size and porosity. It has been known that the selectiv-
ity of IEMs depends highly on the pore size and fixed charge density
on the pore walls [23]. With higher porosity and larger pore size in
the membrane, the Donnan exclusion become less effective and
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Table 1
Formation conditions of IEMs and their properties.

Name Drying time
(min)

Casting
thickness
(mm)

Membrane
thickness
(mm)

Estimated pore
diameter (nm)a

Water
uptake (%)

IEC
(mequiv g−1)

Fixed charge
density
(mequiv cm−3)

� (mS cm−1) t̄i

0.45–0 0 0.45 0.20 ± 0.01 100–200 274.96 0.74 ± 0.09 0.26 39.24 0.55
0.50–10 10 0.50 0.20 ± 0.01 100–200 265.38 0.70 ± 0.02 0.26 19.17 0.58
0.45–5 5 0.45 0.10 ± 0.01 50–100 238.71 0.67 ± 0.10 0.28 19.00 0.60
0.45–10 10 0.45 0.05 ± 0.01 >50 35.00 0.74 ± 0.02 2.11 0.331 0.90

21.51 0.70 ± 0.01 3.18 0.083 0.95
16.00 0.65 ± 0.10 4.06 0.034 0.95
13.87 0.68 ± 0.02 4.85 0.072 0.95
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3.53.02.52.01.51.00.50.0

i (
m

A
 c

m
-2

)

0

1

2

3

4

0.45-E
0.25-10
0.45-15
0.45-10

Ohmic Plateau Overlimiting current

platΔV

ilim

1/R1

1/R3

a

E (Volt)

6543

i (
m

A
 c

m
-2

)

4

6

8
0.45-5
0.50-10
0.45-0

b

T
C

0.45–15 15 0.45 0.03 ± 0.01 No visible pore
0.25–10 10 0.25 0.01 ± 0.01 No visible pore
0.45–E 2 days 0.45 0.03 ± 0.01 No visible pore

a Estimated from SEM results.

hus the ionic species with any signs can freely move across [23].
s a consequence, the transport number, which is directly related

o the selectivity of membranes, also increased with reduced pore
izes. In this case, the membrane with narrower pores and higher
harge density will exclude co-ionic species and behave as the
elective membrane.

.3. Current–potential curves and chronopotentiogram

Once an IEM is placed in electrolyte solution under the applied
otential difference, ionic species in the solution move into differ-
nt directions according to the nature of their charges. Considering
cation-exchange membrane (CEM) system, cations move towards

he cathode side by passing through CEM. The different migration
ates of ions in IEM and in solution caused unavoidable phe-
omenon of concentration gradient near the interface between
lectrolyte solution and membranes. The counter-ions driven by
lectrostatic interaction of the charged functional groups will leave
he depleting solution and accumulate near the surface on the
ther side of the membrane. The concentration gradient developed
n the diffusion boundary layer near the membrane interface is
ifferent from that of adjacent bulk solution, known as the con-
entration polarization. It is important to investigate the transport
henomenon of the membrane particularly in the diffusion bound-
ry layer to better understand the properties of IEMs for a given
pplication. In this work, i–v curve and chronopotentiogram were
sed to investigate the electrochemical properties and transport
henomena of the prepared membranes. The limiting current den-
ity (LCD) is one of the crucial parameters of IEMs that normally
imits the flux in the separation process especially in electrodriv-
ng process such as electrodialysis. The LCD of membranes can be
etermined from i–v curve, in which the inflection point between
wo regions of ohmic and plateau occurred [24].

A typical s-shape i–v curve was obtained from each of our
repared membranes (see Fig. 2), and the LCD was also listed in

able 2. The different slopes imply the differences in conductivity
f each membrane. The membrane prepared from solvent evapora-
ion method showed i–v characteristic with poorly defined plateau
ompared to the others. Typically, the shape of i–v curve depends on
he testing conditions including the nature and surface properties

able 2
haracteristic values from chronopotentiograms of the prepared membranes.

Name/applied i (mA cm−2) t̄i LCD (mA cm−

0.45–0/7.5 0.55 6.0
0.50–10/7.5 0.58 5.5
0.45–5/7.5 0.60 6.1
0.45–10/3.0 0.90 2.0
0.45–15/3.0 0.95 1.9
0.25–10/2.5 0.95 1.8
0.45–E/1.0 0.95 1.2

a Calculated value using Eq. (6).
b Value from chronopotentiogram.
Fig. 2. (a and b) i–v curves of the prepared membranes tested in 0.025 M NaCl at
room temperature.

of membranes, electrolyte solution, and the hydrodynamic condi-
tion in the testing system [25]. The results showed that the LCD
increased following the trend of conductivity and water uptake.

Based on the concentration polarization theory, the LCD can be
expressed in the correlation among diffusion boundary layer thick-
ness (ı), diffusion coefficient (D), and transport number as shown

2) �a �b ε

55.2 30.0 0.74
38.6 30.0 0.88
31.4 25.0 0.89
32.2 26.0 0.90
26.6 20.0 0.87
38.4 27.0 0.84

239.7 30.0 0.35
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ig. 3. (a and b) Chronopotentiogram of the prepared membranes in 0.025 M NaCl.

n Eq. (5);

lim =
|z|CFD

ı(ti − ti)
(5)

here ilim is the limiting current density, C is the concentration of
lectrolyte, and zi is the valence of the ith ion. The boundary layer
hickness was considered to be the same for each membrane as
t is well known as a function of hydrodynamic conditions such
s feed flow or stirring rate, which was controlled in this study.
herefore, as expected, the LCD was proportional to the reciprocal
f the transport number of the membranes.

Chronopotentiogram is well known as a powerful tool for study-
ng the transport phenomena close to membrane surface [8,26–28].
his technique can also be used for investigating the concentration
olarization near membrane interfaces and surface heterogene-

ty of the membranes by applying constant current density and
easuring the potential difference during the course of testing.

ig. 3 shows the chronopotentiograms of the obtained membranes,
hich were measured at room temperature in diluted electrolyte

olution.
Typical three stages in potential changes were obtained when

onstant current density was applied at higher LCD value. At the
eginning a constant or slowly increased potential is observed due
o the gradually developed concentration polarization. Then the
otential shapely increased when the concentration of depleting
olution near membrane–solution interface decreased to nearly
ero before reaching steady stage at the end. The inflection point
here significant potential change occurs, namely transition point

nd transition time, can be obtained from the chronopotentiogram.
he curve shape and transition time depend highly on the morphol-

gy and the transport property of membranes. The transition time
an be express in the well known Sand’s equation;

= (C0ziF)2�D

4i2(t̄i − ti)
2

(6)
ne Science 371 (2011) 37–44 41

where i is the applied current density, C0 is the concentration of
electrolyte, and zi is the valence of the ith ion. Characteristic val-
ues including the transition time from chronopotentiograms were
summarized in Table 2.

Noting that the transition times calculated from Eq. (6) were
higher than those derived from the chronopotentiograms. This
implies that the membrane surface was not entirely conductive
as assumed in the Sand’s equation. The ion-exchange membranes
might be considered inhomogeneous on the micro-scale containing
conducting and non-conducting areas [8,29,30]. Because local cur-
rent density near conducting area was higher than overall current
density of the entire surface, less time was required for removing
ionic species in the depleting solution, thus resulting in smaller
transition time in the micro-heterogeneous membranes. In this
work, the faction of conducting region, ε, was also calculated by
derived Sand’s equation as shown below:

ε = 2i�1/2(ti − ti)

CoziF(�D)1/2
(7)

The fraction of conducting region increased to a peak with reduced
porosity and then declined again when the membrane structure
became too dense. Membrane prepared from two-steps phase
inversion procedure with 10 min drying time and 0.45 mm film
thickness possessed the highest fraction of the conducting region.

It is worth noting that these results revealed the membrane
properties and behavior applicable in NaCl solution which is the
major ion component of salt-rich water. However, in the system
with divalent or other monovalent electrolytes, the membranes
may react differently and provide different trends, because the
electrochemical properties and transport behavior of the mem-
branes also depend on the interaction between charge functional
groups with ionic species. The different pore sizes have dif-
ferent sieving effects towards the transport of ionic species of
different sizes. The influence of different electrolyte solutions on
the membrane behaviors is needed to be further experimentally
studied.

3.4. Thermal and mechanical stability of the membranes

It was clear that all the membranes exhibited very good ther-
mal stability (Fig. 4a) and started to decompose at around 500 ◦C,
which is sufficient for electrolydialysis operation. The mechanical
stability of the prepared membranes was tested in wet condition
at room temperature. Fig. 4c and d shows tensile stress, strain and
Young’s modulus of the prepared membranes. As we can see that
the mechanical properties of the prepared membranes were signif-
icantly influenced by their structure and amount of water absorbed.

When tensile force was applied, IEMs with high porosity and
high amount of water uptake can be largely extended because the
absorbed water acts as the plasticizers and makes membrane flexi-
ble. However these membranes could not suffer from high pressure
and thus resulted in low Young’s modulus. On the other hand, mem-
brane with denser structure possessed more robust structure and
can stand to higher pressure with higher modulus properties. Mem-
branes with moderate porosity or dense structure offered good
mechanical stability, among which the membranes prepared from
the solvent evaporation methods exhibited highest mechanical sta-

bility over 700 MPa the modulus. As the results, we can conclude
that the membrane obtained from the conditions of 0.45 mm of
casting thickness and 10 min of drying time with moderate porosity
shows sufficient mechanical stability for the applications in desali-
nation process.
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Fig. 4. Mechanical and thermal properties of the prepared membranes; (a) TGA curve, (b) tensile stress, (c) tensile stain, and (d) Young’s modulus.

Fig. 5. Correlation summary among preparation conditions, membrane structures and properties. Note: aAt the same casting film thickness and precipitation conditions,→
increase in parameter,← decrease in parameter ED, PEMs, RO are denoted for electrodialysis, proton-exchange membranes and reverse osmosis, respectively.
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.5. Preparation conditions–structure–property relationship of
EMs

From the results in this work, we could correlate the prepara-
ion condition of ternary DMF/sPES/water system with membrane
tructure and property as summarized in Fig. 5.

By controlling drying time in dry phase inversion step before
recipitating the casting polymer film in nonsolvent coagulation
ath or controlling the viscosity of casting solution, porosity of
he membrane can be easily controlled. As discussed in previous
ections, the morphology of the membranes plays crucial role on
he performance and mechanical property of the membranes. IEMs
ith pore interconnecting structure exhibited excellent conduc-

ivity, but poor mechanical strength. Though these membranes
ay not be suitable for membrane applications due to the insuf-

cient mechanical stability, their high porosity creates potential
or surface modification inside the pores [31,32]. For instance,
ith negative charge on the pores of membranes, pore-filling

an be realized by filling other materials into the pores driven
y of electrostatic force between the matrix membrane and the
lling materials, which may offer specific surface properties for
icro/ultrafiltration applications [32]. Therefore, surface modifi-

ation of membrane pores is the promising tool to further tune this
ype of membranes. On the other hand, the dense IEMs possessed
xcellent selectivity and mechanical strength, but less ion conduc-
ivity. These membranes may be suitable for gas separation process,
esalination by reverse osmosis (RO) or pervaporation desalina-
ion. With charged functional groups, they also showed a potential
o use in ultra-filtration and microfiltration with repulsion of some
ons to avoid fouling. Though their ion conductivity was not good
ompared to the porous ones, they are still promising for use as pro-
on conducting membrane. In general, for a given IEM, its proton
onductivity is much higher than its ionic conductivity. However,
he detailed characterization for proton conducting membranes
as required to confirm this prediction. We have applied this
embrane as a proton conducting membrane in water splitting

rocess for hydrogen production and published elsewhere [33].
urprisingly, our prepared membranes performed as well as Nafion
embrane in water splitting process. In addition, the ionic con-

uctivity of the dense membranes can also be further improved
y incorporating some functionalized inorganic fillers to provide
xtra functional groups and improve overall conductivity and selec-
ivity while still maintain mechanical strength of the membranes
34]. On the other hand, higher degree of sulfonation with more
xed ionic functional groups on polymer main chains of PES is
xpected to provide higher ion conductivity in polymer matrix. It
s our understanding that this correlation was specifically applied
or membranes prepared from sPES in ternary DMF/sPES/water sys-
em, while it may also shed light on the preparation of other types of

embranes. Note that in the present work we investigated mainly
n the relationship among preparation conditions, structure and
roperty of the membranes, whereas we are also clearly aware that
he performance of the prepared membranes is a very important
cope, which will be the subject of our future investigation.

. Conclusions

The combination of dry and wet phase inversion was proved to
e useful synthesis route for designing membranes with desired
orosities and structures. The porosity of the membranes can be

asily controlled by changing the drying period and casting film
hickness. Increased drying period led to membranes with less
orosity and denser structure. It was evidenced that the properties
nd performance of IEMs especially their conductivity and selec-
ivity depended highly on membrane morphology and porosity.

[

[

ne Science 371 (2011) 37–44 43

Though IEMs with interconnecting pore structure exhibited excel-
lent ionic conductivity, their transport number and selectivity were
proven to be very poor. On the other hand, membranes with smaller
pores and denser texture were more selective, but less conduc-
tive. This is associated with the charged density of the membranes
structure and pore surface. Membranes under optimized prepara-
tion conditions demonstrated 2.11 mequiv cm−3 of fixed charged
density, 0.33 mS cm−1 of conductivity, 0.9 of transport number and
∼500 MPa of modulus, which will satisfy the application require-
ments of electrodriving membranes. The findings of this study
may lead to better understanding of the preparation conditions in
ternary DMF/sPES/water system on the final structures of the mem-
branes, which in turn affect their properties and electrochemical
behavior.
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