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ABSTRACT: A sodium alginate (SA)–poly(vinyl alcohol)
(PVA)–chitosan (CS) bipolar membrane (BPM) was pre-
pared by a paste method with PVA, SA, and CS as starting
materials and modified by Fe3+ and GA as a crosslinking
agent. The morphology, functional groups, and physical
properties of the film were studied by scanning electron
microscopy, IR spectroscopy, and tensile testing, respec-
tively. The SA–PVA–CS BPM was used as a separator in
the electrolysis cell for electrogenerated ferrate(VI). The
results show that the SA–PVA–CS BPM possessed reasona-
ble physical and electrochemical properties. The SA–PVA–

CS BPM not only prevented ferrate(VI) from diffusing into
the cathode room but also played an important role in
the supply of OH2 consumed during the electrogenerated
ferrate(VI) process. Compared with the traditional method
of preparing ferrate(VI), electrodialysis with the BPM (SA–
PVA–CS) had the further advantage of lower alkali and
energy consumption. � 2007 Wiley Periodicals, Inc. J Appl
Polym Sci 107: 3076–3082, 2008
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INTRODUCTION

A bipolar membrane (BPM) is a polymeric layered
structure composed of a cation exchange layer and an
anion exchange layer. Protons and hydroxide ions are
generated by the splitting of water in the interface
under a reverse potential bias and migrate to the cath-
ode and anode rooms, respectively.1,2 Electrodialysis
with bipolar membranes (EDBM) is a type of technol-
ogy that is based on design for the environment and
‘‘green’’ chemistry.3 It has become a new growth point
in electrodialysis industries, and great potential exists
for it in industry and daily life, such as chemistry pro-
duction and separation, food processing, biochemical
industries, and environmental conservation.4–7 For
instance, Yu et al.8 reported the recovery of acetic acid
from dilute wastewater by means of EDBM. Bazinet
et al.9 developed an electroacidification technology by
using EDBM for the food industry. Sidhar10 success-
fully synthesized acetoacetic ester using EDBM with
methanol splitting, which initiates novel and green
paths for organic synthesis.10 However, there is still

no literature concerning electrogenerated ferrate(VI)
by EDBM, except by our group.

Ferrate(VI) species is a strong oxidant and has been
considered for the treatment of wastewater for years
because of its environmentally friendly properties and
high efficiency.11 For instance, it has been used as an
efficient water treatment reagent to disinfect microor-
ganisms, partially degrade and oxidize organic and
inorganic contaminants, and remove colloidal/sus-
pended particulate materials and heavy metals.12

Ferrate(VI) can be chemically and electrochemically
synthesized, and the electrochemical method has sev-
eral advantages, such as simple operation, safety, and
free hypochlorite. The basic principle of preparing
ferrate(VI) salts by the electrolytic method is shown in
eqs. (1)–(3). Cast iron is used as the anode and is oxi-
dized to form ferrate(VI) in a highly concentrated OH2

electrolyte. According to eq. (1), for every 1 mol of fer-
rate(VI) generated in the anode room, 8 mol of OH2 is
consumed. This means that a great amount of OH2 is
needed during the process of the electrogeneration of
ferrate(VI). EDBM technology was used to electrogener-
ate ferrate(VI) to supply OH2 timely in this study:

Anode reaction: Feþ8OH��6e�¼ FeO2�
4 þ4H2O (1)

Cathodereaction: 2H2Oþ2e�¼H2þ2OH� (2)

Side reaction: 4OH� � 4e� ¼ 2H2OþO2 (3)

The principle of the electrogeneration of ferrate(VI)
with a BPM as the septum is shown in Figure 1. The
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generated protons and hydroxide ions by water
splitting at the interface of the BPM move to the
cathode and anode rooms, respectively. Then, OH2

was guaranteed effectively in situ during the electro-
generation of ferrate(VI) in anode room. Meanwhile,
ferrate(VI) was prevented from diffusing into the
cathode room to be reduced. In our previous work,
sodium allyl methyl sulfonate (SAMS)–carboxy-
methyl cellulose (CMC)–chitosan (CS) BPMs were
prepared to electrogenerate ferrate(VI).13 The route
for the preparation of SAMS–CMC–CS BPMs was
rather complicated, and the starting material SAMS
is not friendly to the environment.

The main objective of this study was to prepare an
inexpensive BPM exhibiting a low electrical resist-
ance and reasonably good mechanical properties and
to apply the BPM technique to the electrogeneration
of ferrate(VI). CS and sodium alginate (SA) as a nat-
ural, low-cost polyelectrolyte were expected to be
effective materials for the BPM on the basis of their
abundance of functional groups, amino groups, and
carboxylic groups. SA and CS were blended with
poly(vinyl alcohol) (PVA) and modified by Fe3+ and
glutaraldehyde (GA) as a crosslinking agent, respec-
tively, because PVA possesses serial good properties,
such as film-forming abilities, highly hydrophilic
natures, excellent mechanics, and good chemical re-
sistance to organic solvents.

EXPERIMENTAL

Materials

CS with an N-deacetylation degree of 90%, SA,
PVA-124, GA (25% content in water), and iron tri-
chloride were purchased from Guoyao Chemicals
Co., Ltd. (Si Chuan, China). Poly(vinyl sulfate) potas-

sium salt (PVSK), poly(diallyldimethylammonium
chloride), and toluidine blue (TB) were all purchased
from Wako Pure Chemical Industries Co. Ltd.
(Osaka, Japan). Ammonium ferrous sulfate, potas-
sium dichromate, chromium trichloride, and other
chemicals (Guoyao Chemicals Co., Ltd., Si Chuan,
China) used for the investigations were analytical
grade.

Preparation of the SA–PVA–CS BPM

A two-step process was used to prepare the SA–
PVA–CS BPM (Fig. 2). A 3 wt % PVA solution was
prepared by the dissolution of PVA in distilled
water with stirring for 1 h at 908C; the solution was
then kept at 258C for 24 h. The mixture of 2 wt %
SA and 3 wt % PVA solution with a ratio of 3 : 2 was
stirred for 2.5 h to make PVA–SA. A crosslinked ge-
latinous PVA–SA membrane was first cast on a glass
plate that was first washed with acid and alkali solu-
tions. Subsequently, it was introduced into a room
accompanying solvent evaporation at a controlled
rate, and then, the PVA–SA film was immersed in an
8% FeCl3 aqueous solution for 10 min to incorporate
a certain concentration of FeCl3 into the membrane.
Macroscopically, the membrane appeared light yel-
low; we refer to this membrane as Fe–PVA–SA.

In the second step, the mixture of 2 wt % CS and
3 wt % PVA solution with the same ratio of 3 : 2 was
stirred for 2.5 h with GA as the crosslinking agent;
we refer to this mixture as GA–PVA–CS. Then, the
GA–PVA–CS solution was cast onto the surface of the
Fe–PVA–SA membrane to form the BPM. Finally, this
composite membrane was allowed to be totally dried
in air at 258C for around 2 days.

Membrane characterization

Characterization by scanning electron microscopy
(SEM) and IR and measurement of the
mechanical properties

The morphology of the membranes was examined by
SEM (Philips, XL-30, Netherlands Philip Co., Ltd.,
Netherlands). The characteristic functional groups
were investigated by Fourier transform infrared
(FTIR) absorption spectroscopy (American Necolet

Figure 1 Mechanism of the electrogeneration of FeO2�
4 in

the electrolysis cell with the BPM as a septum.

Figure 2 Schematic diagram of the preparation of the
SA–PVA–CS BPM.
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5700). A Lloyd instrument (Lloyd LR5K, England)
was used to determine the mechanical properties of
the dry membranes before or after modification. The
grip length was 25.00 mm, and the speed of testing
was set at a rate of 2.0 mm/min. All the data were
given by computer.

Measurement of the current–voltage curves

The current voltage curves of the BPM were con-
ducted in a special design cell similar to the setup
employed in a previous study.14 The cell was coni-
cally shape and permitted a large surface for the
current electrodes and a small area for the mem-
brane to minimize border effects and make the cur-
rent through the membrane approximately homo-
geneous. The BPM, with a cross-section area of
1.04 cm2, was fixed between the two half-cells. A
graphite electrode (2 cm2) was installed as the
working electrode. The current was supplied by a
direct-current power system (Instrument and Elec-
trical Equipment Co., Ltd., ZhenJiang, China)
(DF1720SB5A). A 0.5M Na2SO4 electrolyte solution
was added to the cell. The volume of each cell was
100 mL. The cell voltages with and without the
membrane were measured under the same condi-
tions. The potential differences between both were
the actual voltages that appeared across the mem-
brane according to the description by Simons.15

Measurement of the swelling degree of
the membrane

Before measurement, the membranes were immersed
in an alkaline solution for 24 h at room temperature
to reach final dilation. Then, the membranes were
taken out of the solution and carefully wiped with an
absorbent paper before they were weighed (Ws). The
weight Wd was obtained for the membrane dried at
808C in an oven. The degree of swelling (Sw) was
determined from the weight difference between the
wet and dry membranes according to eq. (4)

Sw ¼ ðWs �WdÞ=Wd 3 100% (4)

Colloid titration

Colloid titration was carried out for measurement of
the charge density of the polyelectrolyte. The con-
centration of ��NH+

3 in the CS polyelectrolyte was
measured by titration with PVSK as the counterpo-
lyanion and TB as the metachromatic indicator.
As for the measurement of the concentration of
��COO2 in the SA polyelectrolyte, 10 mL of poly
(diallyldimethylammonium chloride) standard solu-
tion was added first; the extra amount of polycation
was measured by titration with PVSK and TB as the

metachromatic indicator in the same way. The
charge density of the polyelectrolyte was calculated
by the following equations:

EDðCSÞ ¼ C 3 V

1000 3 m
(5)

EDðSAÞ ¼ C 3 ð10� VÞ
1000 3 m

(6)

where ED is the charge density (mmol/g), V is the
consumed volume of the PVSK standard solution
(mL), C is the concentration of PVSK standard solu-
tion (1.0 mmol/L), and m is the weight of the poly-
electrolyte.

Apparatus for the electrochemical
generation of ferrate(VI)

The electrogeneration of ferrate(VI) was carried out
with a laboratory-scale electrolysis cell, which was
composed of one cathode room and one anode room
separated by the SA–PVA–CS BPM, as shown in
Figure 1. Gray cast iron (Q235 C% � 0.2%) and plati-
num were installed as the anode and cathode elec-
trodes, respectively. The effective area of the gray
cast iron was 15.6 cm2. In both chambers were
added 110 mL of 14 mol/L NaOH. A constant cur-
rent was applied by a direct-current source
(DF1720SB5A). The concentration of ferrate(VI) was
determined by chromite every 15 min.16

RESULTS AND DISCUSSION

SEM analysis

The microscopic analyses of the SA–PVA–CS mem-
brane are shown in Figure 3. As expect, a two-layer
structure was observed [Fig. 3(c)]. Both layers had a
dense surface without pores. The upper layer (GA–
PVA–CS) was more compatible with a homogeneous
surface [Fig. 3(a)], whereas the bottom layer (Fe–
PVA–SA) had a close-net structure [Fig. 3(b)]. The
distinct microcosmic phase of the two layers was
attributed to the different composition and the cross-
linkage.

FTIR spectra

Figure 4 displays the FTIR spectra of the PVA, CS,
GA–PVA–CS, Fe–PVA–SA, and SA membranes. The
FTIR spectrum of the pure PVA membrane showed
absorption peaks at about 3296 cm21 for ��OH and
about 1419 and 1091 cm21 for the ��C��O group.
The spectrum of CS exhibited characteristic IR peaks
of ��NH2 at 1551 cm21 and of ��NHCOCH3 at
1635 cm21. Figure 4(c) illustrates that the effect of
GA on the chemical structure of the PVA–CS mem-
brane. Broadened absorption peaks for the ��OH
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group in PVA were found. The specific change was
due to the reaction between hydroxyl groups and
GA. The absorption of the ��NH2 group was
decreased because of the reaction between GA and
the ��NH2 group to form a ��N¼¼C bond.17,18 The
reaction in hydroxyl groups, amido, and GA was
considered evidence of compatibility between PVA
and CS [Fig. 3(a)].

The characteristic absorption peaks of the ��COO2

functional group appeared at 1590 and 1414 cm21.
When we compared SA with the Fe–PVA–SA mem-
brane, a weaker absorption peak of ��COO2 was
observed in Fe–PVA–SA; this meant that SA and
PVA were modified by Fe3+ to form a cross-net
structure, which was in agreement with the SEM
results [Fig. 3(b)]. Thus, Fe3+ as a center cation was
coordinated to ��COO2 in the Fe–PVA–SA chelate
polymer.19,20

Properties of the monolayer

The charge densities of CS and SA were about 5.57
and 3.78 mmol/g, respectively. Compared with val-

ues in the literatures, such as 0.76 mmol/g for
��NHþ

3 and 0.33 mmol/g for ��COO2 in carboxy-
methyl CS,21 and 0.162, 0.176, and 0.189 mmol/g for
��NHþ

3 in cationic starches,22 CS and SA possessed
higher charge densities. The basic properties of the

Figure 4 IR spectra of (a) PVA, (b) CS, (c) GA–PVA–CS,
(d) Fe–PVA–SA, and (e) SA membranes.

Figure 3 SEM micrographs of the SA–PVA–CS BPM: (a) GA–PVA–CS layer, (b) Fe–PVA–SA layer, and (c) cross section
of SA–PVA–CS.
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GA–PVA–CS and Fe–PVA–SA membranes are listed
in Table I.

The mechanical capabilities of the membranes
before and after modification are shown in Table II.
Because of the ring structure in the polymer main
chain and the intermolecular hydrogen bond in the
polar groups (��OH, ��COO2, and ��NH2) present
in the polymer, SA and CS were ascribed with a
rigid structure with a relative high Young’s modulus
(1217.3 and 907.1 MPa, respectively). The flexibility
of Fe–PVA–SA and GA–PVA–CS obviously in-
creased with decreasing Young’s modulus (297.5 and
214.1 MPa, respectively) and rising elongation at
break when compared to the CS and SA membranes.
Hence, the degree of rigidity obviously decreased. In
general, the plastic material had a higher tensile
strength, whereas the rigid material was more pres-
sure-proof. Thus, the breaking strain dropped a lit-
tle. The results indicated that the mechanical proper-
ties were effectively because of the formation of the
close-net crosslinking structure after modification.

Swelling degree of the SA–PVA–CS membrane

Because the electrochemical generation of ferrate(VI)
reaction had to be set up in an alkaline solution [eq.
(1)], the swelling of SA–PVA–CS in different concen-
trations of OH2 solution was studied. As shown in
Figure 5, the swelling of the SA–PVA–CS membrane
underwent dramatic changes after crosslinking, al-
though SA and CS are well known as soluble poly-
mers. The swelling degree of the SA–PVA–CS mem-
brane increased significantly at the lower OH2 con-
centration (<10 mol/L) and then decreased with
increasing OH2 concentration (10–14 mol/L). This
tendency of the swelling degree was quite similar to
that of the carboxymethyl CS membrane in alcoholic

solution and is explained by the theory of plasticiza-
tion.23 A certain concentration of OH2 acted as a
plasticizer for the SA–PVA–CS membrane.

In fact, the swelling of the BPM affected the elec-
trochemical properties of the BPM in the electrolysis
bath. Sufficient water had to be kept in the BPM to
make the system functional because water molecules
in the BPM were split into H+ and OH2 by the elec-
tric field during the electrolysis. In the system of the
electrochemical generation of ferrate(VI), the swel-
ling of SA–PVA–CS (� 35%) would help the BPM to
maintain better shape stability and mechanical
strength as well as sufficient water flux into the
interface region to replenish the consumed water.

Permeability of OH2

As described previously, the ��NHCOCH3, ��NH2

weak basic group in the SA–PVA–CS BPM enhanced
the dissociation of the water, according to Simons’
theory.24 Considering the alkaline condition for the
generation of ferrate(VI) and the OH2 exchange abil-
ity of the anion layer (GA–PVA–CS), we investigated
the concentration of OH2 in the anode room using
the SA–PVA–CS BPM and the GA–PVA–CS mem-
brane as a septum, respectively. Figure 6 plots the con-
centration of OH2 increasing with time at 2 mA/cm2.
For the SA–PVA–CS BPM, OH2 dissociated from
water at the interface directly migrated into the an-
ode room. Thus, in the same electrolysis conditions,
the concentration of OH2 in the anode room with
SA–PVA–CS BPM as a septum was greater than
that of the corresponding monolayer (GA–PVA–
CS). SA–PVA–CS BPM was available to generate
ferrate(VI) because of the sufficient supplement of
OH2. Another advantage was that the electrolyte

TABLE I
Characteristics of the GA–PVA–CS and Fe–PVA–SA Membranes

Membrane
Ion exchange capacity

(mequiv/g dry)
Water content

(%)
Functional
groups

GA–PVA–CS 1.86 48.74 ��NH2, ��N¼¼CHR, ��NHCOCH3

Fe–PVA–SA 2.24 46.51 ��COO2

TABLE II
Mechanical Capabilities of the Membranes Before and After Modification

Membrane
Rigidity
(N/m)

Young’s
modulus (MPa)

Breaking
strain (MPa)

Elongation
at break (%)

CS 22,134 907.1 12.6 67.9
GA–PVA–CS 5,482 214.1 8.9 47.9
SA 20,938 1217.3 10.5 17.6
Fe–PVA–SA 11,320 297.5 9.2 40.0
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solution could be maintained as a strong base,
which prevented the reduction of ferrate(VI).

Electrochemical generation of ferrate(VI)

As shown in Figure 7(a), the concentration of the
electrochemical generation of ferrate(VI) increased as
time passed. When current passed across the BPM,
electrical conduction was achieved by the transporta-
tion of H+ and OH2 ions generated by the electro-
dissociation of water in the BPM. The higher the cur-
rent density was, the more OH2 was generated. The
net results were that an alkaline solution was formed
in the anode room on the anion-exchange side of the
BPM, where ferrate(VI) was subsequently generated.
The anion-exchange layer could be rationalized in
terms of minimizing concentration polarization and
membrane fouling by electrostatic repulsion to fer-
rate from its surface. SA–PVA–CS improved the
ionic conductivity and prevented ferrate(VI) from
diffusing into the cathode room. The concentration

of ferrate(VI) was about 2.43 mmol/L at 10 mA/cm2

for 2 h.
A comparison of the electrogeneration of ferra-

te(VI) by the SA–PVA–CS BPM with a Nafion mem-
brane under the same operating conditions is shown
in Figure 7(b). The concentration of ferrate(VI) gener-
ated by the SA–PVA–CS BPM was obviously higher
than that by the Nafion membrane as septum at dif-
ferent current densities after 2.5 h of electrodialysis.

In our study, Fe3+ was immobilized in the cation-
exchange layer. Hanada et al.25 suggested that the
cation-exchange layer, which was pretreated by
heavy-metal ions such as Fe2+, Fe3+, Ti4+, Sn2+, Sn4+,
Zr4+, Pd2+, and Ru3+, would reduce the voltage of
electrolysis. This effect might have been due to a
special structure of the transition region after the
heavy metal ions penetrated into the junction of the
BPM, which might have resulted in a more hydro-
philic interphase and consequently accelerated the
water dissociation. The voltage of the electrolysis
bath was about 2.1 V during the electrogeneration of

Figure 5 Effect of OH2 on the swelling capacity.

Figure 6 Changes in the concentration of OH2 in the
anode chamber.

Figure 7 (a) Dependence of the FeO2�
4 concentration on

the duration of electrolysis and (b) comparison of Nafion
and the SA–PVA–CS BPM for 2.5 h of electrolysis.

Figure 8 Current voltage curve of the SA–PVA–CS BPM.
I, current density.
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ferrate(VI) at 10 mA/cm2. The electrical energy con-
sumption was lower.

The potential differences equipped with and with-
out membranes indicated the IR drop of the mem-
brane, shown in Figure 8. However, the IR drop of
the membrane increased with increasing current
density, which was as low as 0.2 V at 10 mA/cm2,
in agreement with the literature.14

CONCLUSIONS

Natural, low-cost polysaccharides (CS and SA) were
successfully modified by blending with PVA with
FeCl3 and GA as crosslinkages. The SA–PVA–CS
BPM was prepared by a two-step method and was
composed of a Fe–PVA–SA cation layer and a GA–
PVA–CS anion layer. It was used as the separator in
the electrolysis cell for electrogenerated ferrate(VI).
The OH2 consumed in the generation of ferrate(VI)
was effectively supplied when the proton (H+)
and hydroxide (OH2) ions generated by the spitting
of water migrated to the anode and cathode, respec-
tively. Therefore, the SA–PVA–CS BPM holds
promise for application in the electrogeneration of
ferrate(VI) for lower energy consumption.
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