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ABSTRACT: The nano-ZnO and nano-TiO2 were added
into chitosan (CS) anion layer to prepare polyvinyl alcohol
(PVA) - sodium alginate (SA)/ TiO2-ZnO-CS (here, PVA:po-
lyvinyl alcohol; SA:sodium alginate) bipolar membrane
(BPM), which was characterized using scanning electron
microscopy, atomic force microscopy (AFM), thermogravi-
metric analysis (TG), electric universal testing machine, con-
tact angle measurer, and so on. Experimental results
showed that nano-TiO2-ZnO exhibited better photocatalytic
property for water splitting at the interlayer of BPM than
nano-TiO2 or nano-ZnO. The membrane impedance and
voltage drop (IR drop) of the BPM were obviously

decreased under the irradiation of high-pressure mercury
lamps. At a current density of 60 mA/cm2, the cell voltage
of PVA-SA/TiO2-ZnO-CS BPM-equipped cell decreased by
1.0 V. And the cell voltages of PVA-SA/TiO2-CS BPM-
equipped cell and PVA-SA/ZnO-CS BPM-equipped cell
were only reduced by 0.7 and 0.6 V, respectively. Further-
more, the hydrophilicity, thermal stability, and mechanical
properties of the modified BPM were increased. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 122: 1245–1250, 2011

Key words: bipolar membrane; photocatalysis; water
splitting; nano-ZnO; nano-TiO2

INTRODUCTION

Bipolar membranes (BPMs) comprise an important
area of membrane research. Usually, a BPM is com-
posed of a cation exchange layer, an anion exchange
layer, and an interlayer, which consists of the area
between the cation layer and the anion layer.1,2 With
the help of an electrical field, protons and hydroxide
ions are generated by water splitting at the inter-
layer and migrate into the cathode chamber and the
anode chamber, respectively.3–5

BPMs have been applied in industries for pollu-
tant control, resource recovery, and chemical proc-
essing with a simple process, high efficiency, and
low waste disposal.6–9

The BPM potential depends largely on the IR drop
of the interlayer.10 The BPMs with excellent perform-
ances such as high water-splitting efficiency and low
membrane impedance are expected. Recently, more
and more attention has been paid to modification of
cation layer or anion layer, and introduction of cata-
lytic interlayer to promote water splitting.11

Simons found that water splitting of a BPM was
promoted when the cation or anion layer was coated
with one or more suitable inorganic electrolyte such
as sodium metasilicate, chromic nitrate, ruthenium
trichloride, or indium sulfate.12

Xu et al. prepared the anion layers with different
ammonium groups by reacting the bromomethylated
poly(2,6-dimethyl-1,4-phenylene oxide) (BPPO) with
different amines, and then the corresponding BPMs
were prepared by casting the sulfonated poly(pheny-
lene oxide) (PPO) solution on these anion exchange
layers. They found that water splitting was too
much extent related with pKb value of amines.13

Wakamatsu et al. prepared cation-exchange fiber
(CEF) and anion-exchange fiber (AEF) fabrics as the
interlayer of a BPM by electrospray deposition and
postdeposition chemical modification. Experimental
results showed that the AEF fabrics enhanced water
splitting, and the CEF fabrics reduced water
splitting.14

Chen et al.15 reported that SA/CS BPM was modi-
fied by copper phthalocyanine tetrasulfonic acid and
copper tetra-aminophthalocyanine, respectively,
which could reduce the membrane impedance and
IR drop of the BPM.
TiO2, as a photocatalyst, is possessed of many

advantages such as high photocatalytic activity,
good chemical stability, resistance to light corrosion,
harmless to human body, and so on.16 Previous
studies indicated that the photocatalytic activity of
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ZnO-doped TiO2 would be enhanced.17 In addition,
when inorganic nanoparticles were added into poly-
mer material, the mechanical properties and thermal
stability would be improved due to the surface effect
and interfacial action of the nanoparticles.18

In this article, nano-ZnO and nano-TiO2 were
added into PVA-SA/CS BPM to promote water
splitting, reduce membrane impedance, and improve
the thermal stability and mechanical properties of
the BPM. The decrease of membrane impedance and
cell voltage would help to inhibit the side electro-
chemical reactions in the chambers.

EXPERIMENTAL

Materials

Sodium alginate, chitosan (CS) with an N-deacetyla-
tion degree of 90%, nano-ZnO, nano-TiO2, and glu-
taraldehyde (25% by volume in water) were pur-
chased from Guoyao Chemicals. Other chemicals
were analytical grade.

Preparation of BPMs

Preparation of PVA-SA/TiO2-ZnO-CS BPM

PVA aqueous solution (100 mL 6.0 wt %) was added
into100 mL of 3.0-wt % SA aqueous solution, and
then the PVA-SA solution was poured onto a glass
plate and dried at room temperature. The membrane
was cross-linked with FeCl3 solution (9.0 wt %) for
30 min and dried to form PVA-SA cation exchange
membrane (area 50 cm2).

The TiO2-ZnO-CS solution was made by mixing
100 mL 3.0-wt % CS aqueous solution, 80-mL nano-
ZnO (0.01 g), and nano-TiO2(0.01 g) alcohol solution,
and 3-mL glutaraldehyde (0.25% by volume in
water) and stirring for 30 min. The TiO2-ZnO-CS so-
lution was poured over the prepared PVA-SA mem-
brane and dried to form the PVA-SA/TiO2-ZnO-CS
BPM.

Preparation of PVA-SA/TiO2-CS BPM

In comparison with PVA-SA/TiO2-ZnO-CS BPM, the
PVA-SA/TiO2-CS BPM was prepared. The prepara-
tion method of PVA-SA/TiO2-CS BPM was similar to
that of PVA-SA/TiO2-ZnO-CS BPM, except that nano-
ZnO was not added into the CS aqueous solution in
the preparing process of the CS anion membrane.

Preparation of PVA-SA/ZnO-CS BPM

In comparison with PVA-SA/TiO2-ZnO-CS BPM, the
PVA-SA/ZnO-CS BPM was prepared. The prepara-
tion method of PVA-SA/ZnO-CS BPM was similar
to that of PVA-SA/TiO2-ZnO-CS BPM, except that

nano-TiO2 was not added into the CS aqueous solu-
tion in the preparing process of the CS anion
membrane.

Characterization of BPMs

Scanning electron microscopy analysis of BPM

The morphology of the interlayer of PVA-SA/TiO2-
ZnO-CS BPM was observed by a scanning electron
microscopy (SEM; XT30 ESEM-TMP, Philips).

Atomic force microscopy observation of TiO2-ZnO-
CS membrane

Nanoscope Multimode IIIa scanning probe micros-
copy (Veeco Instruments) was used to observe the
surface morphology of the TiO2-ZnO-CS membrane.

Measurement of the thermal stability of BPM

The thermal stability of the BPM was evaluated with
thermogravimetric analysis (TG) analyzer
(NETZSCH STA 449C). The investigation tempera-
ture was from room temperature to 600�C at a heat-
ing rate of 10�C/min. All the samples were per-
formed under dynamic nitrogen.

Determination of mechanical properties of BPM

The mechanical properties of the BPMs were meas-
ured using electric universal testing machine
(CMT6104, Shenzhen Sans Testing Machine in China).
And the tensile strength is calculated as follows:

dt ¼ P=bd (1)

Here, dt is the tensile strength (MPa); b is the width
of BPM sample (mm); d is the thickness of BPM
sample (mm); P is the maximum load (N).

Determination of hydrophilicity of CS membrane

The contact angles of CS membranes before and af-
ter modification with nano-ZnO, nano-TiO2, or
nano-TiO2-ZnO were determined using contact angle
measurer [SL 200B, S & L (Shanghai) in China]. The
smaller the contact angle is, the stronger the hydro-
philicity of a membrane will be.

Measurement of current–voltage curve of BPM-
equipped cell

The current–voltage (J–V) curve of the modified
BPM-equipped cell was measured using a direct cur-
rent source (DF1720SB5A, Ningbo Zhongce Electron-
ics in China).The experimental equipment was
shown in Figure 1.
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The BPM was fixed between the cathode chamber
and the anode chamber as a separator. The catholyte
and the anolyte were both 250 mL 1.0 mol/L
Na2SO4 solution. The anode and cathode were both
Pb electrodes (area 2 cm2). After the lid was put on,
the J–V curve was measured. Next, the high-pres-
sure mercury lamps were turned on, and the J–V
curve was measured once more.

Under the same conditions, the J–V curve was
measured without membrane between the two half-
cells. The difference between the cell voltages of
BPM-equipped cell and undivided cell was the IR
drop of the BPM.15

RESULTS AND DISCUSSION

SEM of PVA-SA/TiO2-ZnO-CS BPM

The scanning electron micrograph of PVA-SA/TiO2-
ZnO-CS BPM was presented in Figure 2. Two dis-

tinct layers in the BPM were observed. The bottom
layer was the TiO2-ZnO-CS anion exchange layer
(approximately 52.7 lm thick), while the upper layer
was the PVA-SA cation exchange layer (approxi-
mately 28.2 lm thick). The two layers were closely
combined with each other, and there was no bubble
or crack at the interlayer with a thickness in nano-
meter range.

AFM of TiO2-ZnO-CS membrane

The atomic force microscopy (AFM) image of TiO2-
ZnO-CS membrane was shown in Figure 3. The
nanoparticles were uniformly distributed on the sur-
face of the TiO2-ZnO-CS membrane. The sizes of
nanoparticles were smaller than 100 nm. The surface
of the membrane was smooth and compact, and no
pinhole was observed.

Mechanical properties of PVA-SA/TiO2-ZnO-CS
BPM

The mechanical properties of the different BPMs
were listed in Table I. The elongation rate rose when
the nano-TiO2-ZnO was added into PVA-SA/CS
BPM. Introduction of nanoparticles into CS anion
layer destroyed the intermolecular hydrogen bonds
of CS chains, which formed between AOH and
ANH2, lowered the crystallinity of membrane and
increased the flexibility of CS chains. According to
the crack pining theory, nanoparticles may act as

Figure 1 Schematic diagram of the experimental equip-
ment: 1, box shell; 2, lid; 3, electrolysis cell; 4, cathode; 5,
anode; 6, BPM; 7, high-pressure mercury lamps.

Figure 2 SEM of PVA-SA/TiO2-ZnO-CS BPM. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 3 AFM image of TiO2-ZnO-CS membrane. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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obstacles to crack growth by pinning, which also
improved the elongation rate of the membrane.19

In addition, the tensile strength, maximum load,
and Young’s modulus were noticeably increased,
and the mechanical properties were enhanced evi-
dently. The characteristics of nanoparticles such as
higher rigidity than polymer molecular, high specific
surface area, and sufficient particle-matrix adhesion
should be credited for the improvement of mechani-
cal properties. A large number of AOH groups
existed on the surface of nanoparticles. ANH2

groups in CS chains were protonated to form
ANHþ

3 , which could subsequently connect with
AOH groups of nanoparticles through hydrogen
bonds to form net structure. Also, nanoparticles had
strong attractive force due to large specific surface
area. The CS chains could be attracted to the surface
of nanoparticles, which acted as crosslinking points
in the membrane. Besides the above two factors,
stresses transfer and elastic deformation from matrix
to nanoparticles could also improve the mechanical
properties of membrane.

Thermal stability of PVA-SA/TiO2-ZnO-CS BPM

The TG curves of PVA-SA/CS BPM and PVA-SA/
TiO2-ZnO-CS BPM were shown in Figure 4. Both of
the BPMs were decomposed in steps, which corre-
sponded to the loss of physical adsorption water
and the decomposition of macromolecular chains,
respectively. After modification, the TG curve
shifted to high temperature zone, which indicated
that the thermal stability of the modified BPM was
improved. According to the above discussion, CS
chains were combined with nanoparticles through
hydrogen bonds and the attraction of nanoparticles
to form net structure in the membrane, which
helped to improve the interaction force between CS
chains and nanoparticles, and blocked the movement
of CS chains during heating. It meant that the
decomposition of CS chains would need more
energy, resulting in the increase of thermal stability.

Hydrophilicity of the modified CS membrane

The contact angles of CS membranes modified by
nano-ZnO, nano-TiO2, or nano-TiO2-ZnO were

shown in Figure 5. After modification, the contact
angle of CS membrane decreased from 104.01� [Fig.
5(a)] to 84.62� [Fig. 5(b)], 34.65� [Fig. 5(c)], and 24.99�

[Fig. 5(d)], respectively. Because a large number of
AOH groups existed on the surface of nanoparticles,
the hydrogen bonds formed between water mole-
cules and nanoparticles , which led to the improve-
ment in hydrophilicity of the modified CS
membrane.

J–V curve of BPM-equipped cell

The J–V curves of the modified BPM-equipped cell
before and after UV irradiation were shown in Fig-
ure 6 (curves C and E were the J–V curves of PVA-
SA/CS BPM-equipped cell and the undivided cell,
respectively). At a current density of 60 mA/cm2,
the cell voltages of PVA-SA/TiO2-CS BPM-equipped
cell (curves B and b) and PVA-SA/ZnO-CS BPM-
equipped cell (curves A and a) decreased by 0.7 and
0.6 V, respectively, under the irradiation of high-
pressure mercury lamps because of the photocata-
lytic function and high photon efficiency of nano-
ZnO and nano-TiO2.
The cell voltage of PVA-SA/TiO2-ZnO-CS BPM-

equipped cell (curves D and d) decreased by 1.0 V
under the irradiation of high-pressure mercury
lamps. As shown in Figure 7, because the

TABLE I
Mechanical Properties of the Different BPMs

BPM
Maximum
load (N)

Tensile
strength (MPa)

Elongation
rate (%)

Young
0
s

modulus (MPa)

PVA-SA/CS 37.741 12.580 81.29 30.68
PVA-SA/ZnO-CS 48.442 21.062 63.85 50.07
PVA-SA/TiO2-CS 52.859 26.430 93.96 63.86
PVA-SA/TiO2-ZnO-CS 57.496 28.748 94.68 82.48

Figure 4 TG curves of the BPMs. (a) PVA-SA/CS BPM
and (b) PVA-SA/TiO2-ZnO-CS BPM.
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conduction band of ZnO is higher than that of ZnO,
the photoexcited electron on the conduction band of
ZnO is rapidly transferred to the conduction band of

TiO2, which leads to a high efficiency for the separa-
tion of photoexcited electron and photoexcited hole.
Therefore, the recombination rate of photoexcited
carriers is reduced, and the photocatalytic efficiency
for water splitting is improved.
In addition, modification using nano-TiO2-ZnO

could dramatically reduce the cell voltage of PVA-
SA/CS BPM-equipped cell (curves C and D) without
UV irradiation. It was because the improvement in
hydrophilicity of the modified CS membrane and
interaction between membrane and water molecules

Figure 5 The contact angles of the CS membranes (a) CS membrane; (b) ZnO-CS membrane; (c) TiO2-CS membrane; (d)
TiO2-ZnO-CS membrane.

Figure 6 J–V curves of the modified BPMs before and af-
ter UV irradiation: (A) PVA-SA/ZnO-CS BPM (no irradia-
tion); (a) PVA-SA/ZnO-CS BPM (irradiation); (B) PVA-
SA/TiO2-CS BPM (no irradiation); (b) PVA-SA/TiO2-CS
BPM (irradiation); (C) PVA-SA/CS BPM; (D) PVA-SA/
TiO2-ZnO-CS BPM (no irradiation); (d) PVA-SA/TiO2-
ZnO-CS BPM (irradiation); (E) no membrane. Figure 7 Mechanism of photocatalytic water splitting.
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relaxed the molecule bonds in water, promoted
water molecules easily splitting to protons and hy-
droxide ions, and decreased membrane impedance
and IR drop.

CONCLUSIONS

The nano-ZnO and nano-TiO2 were added into CS
anion layer to prepare the PVA-SA/TiO2-ZnO-CS
BPM, which was characterized using SEM, AFM,
TG, electric universal testing machine, contact angle
measurer, and so on.

Experimental results showed that nano-TiO2-ZnO
coupled semiconductor appeared better photocata-
lytic property for water splitting at the interlayer of
BPM than nano-TiO2 or nano-ZnO. Under the irradi-
ation of high-pressure mercury lamps, the mem-
brane impedance and IR drop of the modified BPMs
were evidently decreased.

Furthermore, the hydrophilicity, thermal stability,
and mechanical properties of the modified BPM
were increased. The increase in hydrophilicity of the
BPM and the weakening of the bonding force of
water molecule promoted water splitting at the
interlayer, which reduced the membrane impedance
and IR drop.

The authors thank Danmei Pan and Fujian Institute of
Research on the Structure of Mater, Chinese Academy of Sci-
ences for kind help in the AFMmeasurement.
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