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a b s t r a c t
The bipolar membrane electrodialysis (BMED) process requires three types of membranes: cation 
exchange, anion exchange and bipolar membranes. As commercial membranes are limited in 
performance, and have a relatively high cost, anion and cation exchange hybrid membranes were 
prepared in this study from poly(2,6-dimethyl-1,4-phenylene oxide) (PPO), polyvinyl alcohol (PVA) 
and two kinds of alkoxysilanes. The anion and cation exchange layers, containing –N+(CH3)3OH– and 
–SO3H groups, respectively, can be combined to prepare a bipolar membrane. These membranes were 
used in BMED process to regenerate CH3COOH and NaOH from the CH3COONa waste residue. 
The newly developed anion and cation exchange hybrid membranes are compact and homogeneous, 
having the water uptakes between 58.0% and 65.0%, an ion exchange capacity of 1.04–1.58 mmol g–1 
and an area resistance of 0.73–1.55 Ω cm2. The anion and cation exchange layers were combined as 
a bipolar membrane. This increases the membrane stability and area resistance (6.47 Ω cm2). The 
bipolar membrane is intact without layer separation after immersion in 65°C water or NaOH solution 
(1–2 mol L–1). The PPO/PVA hybrid membranes can produce 0.25–0.43 mol L–1 CH3COOH/ NaOH 
during the BMED process. The energy consumption is 18.2–26.5 kWh kg–1, and the current efficiency 
is 70%–72% after running 3 h at 20 mA cm–2.
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1. Introduction

The BMED process, driven by electric field, can combine 
the water dissociation of bipolar membrane with electrodi-
alysis of common ion exchange membranes [1,2]. Hence, the 
process can transform salt (MX) into its corresponding acid 
(HX) and base (MOH) without introduction of any other 
agents [3,4]. The process is environmentally friendly, highly 
effective and can be easily operated. Hence, the BMED pro-
cess is widely used to desalinate salt solutions to produce 
corresponding acids and bases [3–5]. For example, the BMED 
was used to dissociate the CH3COONa waste residue to 
regenerate CH3COOH and NaOH [6].

During BMED process, anion exchange membrane, cation 
exchange membrane and bipolar membrane are commonly 

separated by the silicone partition net to form different 
chambers such as feed, acid, base and electrode chambers 
[1]. Those membranes are the key factors to determine the 
running efficiency. Though there are many investigations on 
the BMED application, the categories of the membranes are 
restricted and several commercial membranes are generally 
utilized, such as AMV, CMV and BP-1 [6]. As the struc-
tures of commercial membranes cannot be optimized and 
the prices of commercial membranes are high, membranes 
with novel structure and low cost need to be developed. The 
developed membranes should show low voltage drop, high 
selectivity and high stability in BMED process [7].

The bipolar membrane contains multi layers, including 
anion exchange layer, intermediate layer and cation exchange 
layer [8], which can be fabricated by different methods. 
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For example, one porous substrate may be grafted with 
two oppositely charged groups on both sides, or one ion 
exchange membrane can be functionalized with oppositely 
charged groups by grafting or plasma polymerization 
[9,10]. Another method is direct adhering of anion and cat-
ion exchange membranes through hot-pressure or adhesive 
paste [11,12]. Besides, bipolar membranes can also be pre-
pared by continuous electrospinning of the layers, followed 
by the solvent evaporation and hot-pressing [8]. In addition, 
the casting method is more convenient and widely applied, 
namely, a cation (or an anion) exchange solution is cast onto 
the oppositely charged layer [7,13]. The casting method is 
suitable for various casting solutions and requires no special 
equipments and complex procedures.

However, there are three challenges for the casting 
method, including the introduction of intermediate layer, 
the combination strength between two layers, and the coor-
dination of layer properties. First, bipolar membrane needs 
intermediate layer to reduce the voltage of water split-
ting [8,14]. The introduction of intermediate layer not only 
increases the difficulty of membrane preparation but also 
reduces the combination strength between anion and cation  
exchange layers. Second, high combination strength is 
required to avoid layer separation. As the casting method 
does not include the hot-pressure procedure, layer separa-
tion may occur if the two layers lack sufficient combining 
strength. Finally, the cation and anion exchange layers need 
to be coordinated in properties [15]. For example, similar 
hydrophilicity of the two layers is desired; otherwise, the 
formed bipolar membrane may be greatly curled and layer 
separated after being immersed in water. Hence, coordinated 
layers with high combining strength need to be searched for 
preparing the bipolar membrane.

Poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) is a ver-
satile starting polymer [16], which provides the possibility 
for the development of BMED membranes. The PPO could 
be sulfonated to form SPPO or quaternized to form QPPO. 
The SPPO and QPPO could be hybridized with alkoxysilanes 
and mixed with polyvinyl alcohol (PVA) to form casting 
solutions and then PPO/PVA hybrid membranes [17,18]. 
The QPPO contains –N+(CH3)3OH– groups, which can be 
combined with PVA–OH groups through weak interactions 
such as hydrogen bonds. Thus, the compatibility beween 
QPPO and PVA phases is enhanced and the membrane stabil-
ity is elevated [18]. However, the SPPO, containing –SO3Na 
groups (SPPO–Na), is seriously phase-separated with the 
PVA component. The SPPO–Na/PVA membranes are highly 
hydrophilic (244%–470%, [17]), which need to be restricted to 
develop more stable membranes. The stable cation exchange 
layer may be further combined with anion exchange layer 
to form bipolar membrane.

Hence in this work, more stable cation exchange mem-
brane will be prepared from the SPPO containing –SO3H 
groups (SPPO–H) and PVA, which are cross-linked with two 
kinds of alkoxysilanes. The cation exchange layer will be 
combined with QPPO/PVA layer to form bipolar membrane. 
The bipolar membrane does not need to introduce another 
intermediate layer, for the PVA–OH groups may reduce the 
water splitting voltage. Besides, the –SO3H groups in cat-
ion exchange layer would be combined with –N+(CH3)3OH– 
groups in anion exchange layer through acid–base ionic 

bonds, which may enhance the combining strength between 
the two layers. The PPO/PVA hybrid membranes are all 
used in BMED process to dissociate the CH3COONa waste 
residue for regenerating CH3COOH and NaOH. The tar-
get in the membrane performance is sufficient stability and 
suitable BMED performance when compared with those of 
commercial membranes.

2. Experimental

2.1. Materials

All reagents were supplied by companies of China. 
Monophenyl triethoxysilane (EPh) was purchased from 
Dalian Yuanyong Organosilicon Plant (Dalian). The other 
reagents, such as polyvinyl alcohol (PVA), tetraethoxysilane 
(TEOS), CH3COOH, NaOH and Na2SO4 were purchased from 
Shanghai Sinopharm Chemical Reagent Co. Ltd., (Shanghai). 
The PVA, with an average degree of polymerization 1,750 ± 50, 
was dissolved in water to form 5 wt.% aqueous solution [18]. 
Purified water supplied by Tidynet purified Water Company 
(Yancheng) was used throughout the experiments. The water 
conduc tivity was lower than 6 µS cm–1 at 25°C.

CH3COONa waste reside, provided by a domestic agro-
chemical Co., Ltd., was produced during the manufacturing 
process of dithianon [6]. The composition of the waste resi-
due was complex, including most CH3COONa (~76.6 wt.%) 
and other impurities such as naphthalene, anthraquinone 
and pigment. The waste residue was dissolved in water 
through mechanical stirring to form the feed solution of 
BMED [6].

Brominated poly (2,6-dimethyl-1,4-phenylene oxide) 
(BPPO) and sulfonated poly (2,6-dimethyl-1,4-phenylene 
oxide) (SPPO) were kindly supplied by Tianwei Membrane 
Co. Ltd., Shandong of China. The BPPO, with bromination 
degree of 53.1% [19], was quaternized by trimethylamine to 
form quaternized poly (2,6-dimethyl-1,4-phenylene oxide) 
(QPPO) solution [18].

2.2. Preparation of PPO/PVA hybrid membranes

Anion and cation exchange membranes, together with 
bipolar membranes, were all prepared from PPO, PVA, TEOS 
and EPh, as shown in Fig. 1.

Cation exchange membrane S was prepared from 
SPPO–H. The SPPO–H was obtained by immersion of SPPO–
Na (30 g) in 1 mol L–1 (M) HCl solution for 2 d, during which 
period the HCl solution (1,000 mL) was refreshed for once. 
The SPPO–H was washed in water for 4–6 times within 2 d, 
and then dried at room temperature under ventilated circum-
stance. The SPPO–H (16 g) was dissolved in 70 mL dimethyl 
formamide to form a homogeneous solution. Then 3.42 mL 
TEOS and 3.22 mL EPh were added dropwise into the solu-
tion within 0.5 h, and the mixture was taken sol-gel reaction 
at 65°C for 6 h. The mixture solution was added dropwise 
into 65°C PVA solution (192 mL) within 1 h, and then was 
continued to stir for 12 h to obtain the cation exchange cast-
ing solution. A part of the casting solution was cast onto a 
glass plate, and dried under adequate aeration to form a film. 
The film was peeled off from the glass plate and heated from 
60°C to 130°C at the rate of 10°C h–1, and kept at 130°C for 4 h.
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Anion exchange membrane Q was prepared according 
to previous method [18]. QPPO solution (16 g) was mixed 
with 1.86 mL TEOS and 2.02 mL EPh, and then stirred at 
65°C for 11 h to form a homogeneous solution. The solu-
tion was cast onto a glass plate and dried under adequate 
aeration to form a film. The film was immersed into 1 M 
NaOH solution for 2 h, then taken out and washed by water 
for six times within 3 h. The film was dissolved in 104 mL 
dimethyl formamide, and then added dropwise into 65°C 
PVA solution (192 mL) within 1 h. The mixture was stirred 
at 65°C for 6 h to obtain anion exchange casting solution. 
A part of the casting solution was cast and dried as the 
procedures of membrane S.

Bipolar membrane SQ was prepared from the anion 
and cation exchange casting solutions. Cation exchange 
casting solution (10.5 g) was first cast onto a glass plate. 
The casting solution was volatilized in a natural condi-
tion. The volatilized time was controlled to remove about 
75% solvent, after which an elastic film was formed. The 
film was not totally dried, so that the surface was elastic 
but not viscous. Then the anion exchange casting solution 
(10.5 g) was cast onto the elastic film, and volatilized in the 
natural condition to form combining layer. The two lay-
ers were fully dried to form bipolar membrane, and then 
peeled off from the glass plate. The bipolar membrane was 
heated from 60°C to 130°C at the rate of 10°C h–1, and kept 
at 130°C for 4 h.

2.3. Membrane characterizations

Fourier transform infrared spectroscopy (FTIR) was 
recorded using FTIR spectrometer (Nicolet 67, Thermo 
Nicolet) with a resolution of 0.09 cm–1 and a spectral range 
of 4,000-400 cm–1. Membrane morphology was observed by 
scanning electron microscopy (SEM) and digital photos. The 
SEM was carried out using a microscopy of SU8000 (Hitachi 
of Japan). Before SEM observation, the membrane cross- 
section was coated with gold. The digital photos were taken 
by iPhone 5.

Cation exchange capacity (IEC) was determined through 
the back titration method. The sample was first equilibrated 

in 1.0 M HCl solution for 2 d. Then the sample was washed 
by water totally, and finally immersed in 0.05 M NaOH 
for 2 d. IEC was determined from the decrease of NaOH 
through titration with 0.05 M HCl [17].

Water uptake (WR) and linear expansion ratio (LER) 
were measured to investigate the membrane hydrophilicity. 
Dry membrane sample was cut into 3 × 1 cm2 and weighed, 
and then the sample was immersed in water for 2 d at room 
temperature. The wet sample was taken out, and wiped 
with filter paper to remove its surface water. The wet sam-
ple was weighed and measured the length again. WR was 
calculated as the relative weight gain per gram of the dry 
membrane sample [17]. LER was calculated as LER = (L2−L1)/
L1 × 100%, where L2 and L1 are the lengths of wet and dry 
samples correspondingly [18].

Water swelling resistance was measured by their swelling 
behaviors in 65°C water. Pre-weighed membrane sample 
was immersed in 65°C water, and then taken out after 6, 24, 
48, 96, and 192 h. The sample surface was quickly wiped 
dry with filter paper and the wet sample was weighed. The 
swelling degree was recorded as the weight gain per gram 
of dry membrane sample. Finally, the wet sample was dried 
at 65°C till constant weight. The weight loss percentage was 
calculated as the relative weight loss per gram of the dry 
membrane sample.

Membrane stability was also investigated in 65°C NaOH 
solutions. Dry sample was immersed in NaOH solutions 
(1–2 M) for 60 h. Then the sample was taken out and washed 
by water for four times within 12 h. The wet sample was 
weighed after removing its surface water, and finally was 
dried till constant weight.

Swelling degree =
−

×
m m

m
2 3

3

100%  (1)

Weight loss percent =
−

×
m m

m
1 3

1

100%  (2)

Here m1, m2 and m3 represent the initial sample weight, wet 
weight and final dried weight, respectively.
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Fig. 1. Preparation of PPO/PVA hybrid membranes from PPO, PVA and two kinds of alkoxysilanes (TEOS and EPh).
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Membrane area resistance (Rm) was measured by using 
a specific measuring cell provided by Hefei Chemjoy 
Polymer Materials Co. Ltd. The membrane sample was 
immersed in 0.5 M NaCl solution for about 12 h. The elec-
trode chamber was filled with 0.3 M Na2SO4 solution, and 
the inner chamber was filled with 0.5 M NaCl solution. The 
sample was inserted into the slot (effective area 7.065 cm2), 
and the constant current was 0.05 A [20]. The area resistance 
Rm (Ω cm2) is calculated by the following equation:

R
U U
I

Sm =
−

×0  (3)

where U0 (V) is the gap voltage without membrane, U (V) 
is the membrane voltage, I (A) is the applied current and 
S (cm2) is the effective membrane area.

2.4. BMED for CH3COONa waste residue

The membrane configuration was adopted as BP–A–C–
BP, which contained three compartments, as shown in Fig. 2. 
CH3COO– and Na+ ions in the feed compartment were passed 
through the anion and cation exchange membranes, to com-
bine with the H+ and OH– ions produced from the bipolar 
membrane, respectively. Hence CH3COOH and NaOH were 
formed in the recovery compartments correspondingly.

The BMED setup was composed of: (1) a direct current 
power supply (DC power supply WYJ-0-60V/2A×2), pur-
chased from Shanghai Querli electronic equipment Co. Ltd.; 
(2) two peristaltic pumps (BT300-2J), purchased from Baoding 
Longer precision Pump Co. Ltd.; (3) the membrane stack, 
which used titanium-coated ruthenium as anode and cath-
ode. The membrane stack contained several Plexiglass par-
titions (thickness of 10 mm), one piece of anion exchange 
membrane, one piece of cation exchange membrane and two 
pieces of bipolar membranes. The effective area of each piece 
membrane was 20 cm2; and (4) four beakers to store elec-
trode rinsing solution, feed solution, acid and base recovery 
solutions, which contained 0.3 M Na2SO4, 1.5 M CH3COONa, 
0.1 M CH3COOH and 0.1 M NaOH (250 mL), respectively.

The visible bubbles in each compartment were elimi-
nated through circulating the solutions. Then the BMED 

proceeded with the current density of 20 or 50 mA cm–2. The 
NaOH and CH3COOH solutions were sampled every 0.5 h, 
and their concentrations were determined by acid–base 
titration.

The BMED performance was evaluated by the recovered 
acid/base concentrations, voltage drop, energy consumption 
E (kWh kg–1) and current density η (%). The E and η were 
calculated according to Eqs. (4) and (5).

E U I dt
C C V Mt

t
=

× ×
−( )× ×∫

0
0

 (4)

Here U is the voltage drop across the whole membrane stack 
(V); I is the current across the stack (A); t is the running time 
(s); Ct and C0 are the concentration of recovered NaOH or 
CH3COOH at time t and 0, respectively; V is the volume of 
recovered NaOH or CH3COOH solution (L); M is the NaOH 
or CH3COOH molar mass.

η =
× −( )× ×

× ×

n C C V F
N I t
t 0  (5)

Here n is the absolute valence of the ion (n = 1); F is 
the Faraday constant (96,500 C mol–1); N is the repeating 
unit of the stack.

3. Results and discussion

3.1. Preparation of the bipolar membrane

Though commercial polymers of BPPO and SPPO are 
directly used here, the polymers can be modified according 
to the requirements. For example, the bromination degree 
of BPPO can be elevated to 95%, and the BPPO can also be 
quaternized by triethylamine [21]. Besides, the sulfonation 
degree of SPPO can be adjusted under different bromination 
or sulfonation processes [22].

The SQ membrane is prepared without the addition of 
intermediate layer or the hot-press procedure, which are 
often used in the preparation of other bipolar membranes 
[7,15]. The hot-press procedure is avoided due to the present 
casting method and the acid–base ionic bonds. On one hand, 
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Fig. 2. Schematic of the BMED configurations, in which “BP”, “A” and “C” represent bipolar, anion and cation exchange membranes, 
respectively.
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the cation exchange casting solution is volatilized to remove 
about 75% solvent and to form an elastic film, which can be 
directly combined with the anion exchange casting solu-
tion so that the combining strength between the two layers 
is enhanced. On the other hand, the –SO3H groups in cation 
exchange layer is able to be combined with –N+(CH3)3OH– 
groups in anion exchange layer through acid–base ionic 
bonds, which may enhance the combining strength between 
the two layers further.

The addition of intermediate layer is also avoided due to 
the incorporation of PVA in both anion and cation exchange 
layers. The PVA component is essential due to its three 
main functions. First, the high density of PVA–OH groups 
may reduce the voltage drop during BMED process, for 
the groups can accelerate the transport of H+ or OH– ions 
through weak interactions such as hydrogen bonds [17,18]. 
Second, the PVA–OH groups may also combine with the 
ion exchange groups (–SO3H and –N+(CH3)3OH–) through 
weak interactions, which elevate membrane stability such 
as swelling and alkaline resistances [18]. Finally, the PVA 
component can enhance the membrane flexibility due to its 
high mechanical strength [23].

Materials containing –OH or –NH2 groups are also used 
as the intermediate layer in previous reports, such as poly-
ethylene glycol, Fe(OH)3 and Fe–MIL–101–NH2 [8,13,14]. 
Hence, other polymers such as cellulose derivative and 
chitosan may also be added in the bipolar membrane to 
reduce the voltage drop.

3.2. Morphology of membrane S

The SEM graphs of previous membrane SPPO–Na/PVA 
and present membrane S are compared in Fig. 3. Previous 
SPPO–Na/PVA membranes have serious phase separation 
[17]. The SPPO–Na phase is similar to “islands” distributed 
in the PVA matrix. The serious phase separation is attributed 
to the low compatibility between SPPO–Na and PVA phases, 
and the low membrane cross-linking degree. The previ-
ous membranes are prepared from SPPO–Na, PVA and 

tetraethoxysilane (TEOS) [17]. The SPPO–Na and PVA have 
different polarities, which may be difficult to be cross-linked 
with only one kind of alkoxysilane (TEOS) [18]. Hence, the 
membrane is highly hydrophilic, as revealed by the high 
WR in the range of 244%–470% and the high swelling degrees 
in the range of 335%–878% in 65°C water. The membranes 
have been utilized in diffusion dialysis (DD) application but 
cannot be used in ED process.

The SEM graphs show that membrane S is generally 
homogeneous without significant phase separation (Fig. 3). 
The digital photo in Fig. 4 also shows that the membrane 
is smooth and homogeneous. The favorable homogeneity 
should be attributed to the improved compatibility among 
SPPO–H, PVA and two kinds of alkoxysilanes. First, the 
–SO3H group of SPPO can be combined with PVA–OH 
groups through hydrogen bonds. Second, the alkoxysilanes 
including TEOS and EPh may be cross-linked with PVA and 
SPPO-H correspondingly owing to their different polarities 
[18]. Finally, the acidic –SO3H groups may act as an acidic 
catalyst [24], which would accelerate the sol-gel reaction 
among –Si(OC2H5) and –OH groups and thus elevate the 
cross-linking degree of silica network. The –SO3H group, as 
an acidic catalyst, is superior to the HCl during membrane 
preparation. The HCl would induce the loss of PVA–OH 
groups and the emergence of unsaturated bonds during heat 
treatment, and thus membrane coloration occurs after the 
heat treatment [25].

The improved compatibility and cross-linking can elevate 
membrane stability. Membrane S has the WR of 65.0% and 
LER of 13.9%, as shown in Table 1, which are much lower 
than the previous values (WR of 244%–470% [17]). The IEC 
value is proper (1.58 mmol g–1) and the area resistance is 
low (1.55 Ω cm2). Hence, the membrane may be suitable to 
be used in ED process.

3.3. Morphology of membrane SQ

The digital photo of membrane SQ, as shown in 
Fig. 4, is homogenous and compact. The membrane is a little 

 

 

500 nm 

S 
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(a) (b)

Fig. 3. SEM graphs of previous and present membranes with the magnifications of 10,000× (a) and 55,000× (b). The previous 
membrane has serious phase separation due to its usage of SPPO–Na, while the present membrane S is generally homogeneous due 
to its usage of SPPO–H.
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curled, which happens during the combination of anion 
and cation exchange layers, for the two layers have differ-
ent volatilizing and contraction rates during the aeration 
and following heat treatment. The curled degree increases 
as the membrane area increases. Besides, the membrane is 
also curled in water due to the different hydrophilicity of 
the two layers. Fortunately, here anion and cation exchange 
layers are coordinated in structure and property. The two 
layers are both prepared from PPO, PVA and alkoxysila-
nes, and they have similar hydrophilicity (58%–65%). The 

coordination can reduce membrane curly degree and thus 
elevate membrane smoothness. The smooth membrane is 
more suitable to be equipped in the BMED stack.

The SEM graph with low magnification (Fig. 4) can 
show the whole membrane cross section. The two layers are 
combined tightly without significant pores or interstices. 
The tight combination should be attributed to the casting 
method and the compatibility between two layers. The anion 
exchange casting solution was cast onto the elastic cation 
exchange layer, which still contains ~25% solvent to enhance 

S Q 

(a)  

(b)  

25 µm 

SQ 

SQ 

Fig. 4. (a) Digital photos and (b) SEM graphs of PPO/PVA hybrid membranes.

Table 1
Fundamental properties of PPO/PVA hybrid membranes

Membrane S Q SQ

Thickness/mm 0.16–0.18 0.12–0.14 0.22–0.26
Composition SPPO–H, SiO2 and PVA QPPO, SiO2 and PVA SPPO–H, QPPO, SiO2 and PVA
Ion exchange property Cation exchange Anion exchange Bipolar
IEC/mmol g–1 1.58 1.04a –
Area resistance/Ω cm2 1.55 0.73 6.47
WR/% 65.0 58.0 77.0
LER/% 13.9 16.3 14.2

aValue is cited from the study by Wu et al. [18].
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their combining strength. Besides, the two layers should 
be compatible due to their coordinated structures, which 
may further elevate their combining strength.

3.4. Membrane FTIR spectra

The FTIR spectra of PPO/PVA hybrid membranes 
are shown in Fig. 5. The broad band of 3,100–3,600 cm−1 is 
attributed to the stretching vibration of −OH groups from 
‒SO3H, PVA and Si–OH [24,26]. The peak at 1,600 cm–1 
corresponds to the vibrations of C=C groups of benzene. The 
peak at 1,465 cm–1 is due to the stretching of CH3–, –CH2– and 
–CH– groups (δ), and the intensity is stronger for membrane 
Q due to its –N+(CH3)3 groups. Another two peaks at 1,095 
and 1,035 cm–1 are due to the Si–O–Si and Si–O–C vibrations 
[27], indicating the formation of silica network. Besides, a 
significant peak at 1,065 cm–1 appears for membrane S, which 
is due to the S=O bonds of –SO3H groups [28].

3.5. Membrane area resistance

Membranes S and Q have the area resistances of 0.73–
1.55 Ω cm2 (Table 1), which are lower than those of com-
mercial membranes AMV and CMV (1.5–3.0 Ω cm2 [6]). The 
lower area resistance can be analyzed from the membrane 
structures, including silica network and functional groups. 
The silica network provides some interfaces between organic 
and inorganic phases [29] and thus may reduce the area 
resistance. The functional groups, including ion exchange 
and –OH groups, can elevate membrane hydrophilicity and 
thus reduce the area resistance.

However, bipolar membrane SQ has much higher area 
resistance (6.47 Ω cm2) than previous commercial bipolar 
membrane FBM (< 3 Ω cm2 [6]). The value is also much higher 
than the total value of membranes S and Q. The high area 
resistance indicates that the ion exchange groups, includ-
ing –SO3H and –N+(CH3)3OH– have been combined in the 
interface between anion and cation exchange layers. The ion 
exchange groups should form ionic bonds through the acid–
base reaction, which reduce their conductivity and elevate 
the interface resistance.

3.6. Stability in 65°C water

Membrane stability is first investigated in 65°C water. 
The swelling degrees, as shown in Fig. 6, are in the range 
of 108%–118%, 346%–412% and 230%–264% for membranes 
S, Q and SQ, respectively, which are much higher than 
the WR values (58.0%–77.0%). The high swelling degrees 
indicate that some weak interactions, such as hydrogen 
bonds and electrostatic interaction within PPO/PVA hybrid 
membranes, are damaged in hot water. The weight loss 
percentages are in the range of 19.0%–25.6%, as shown in 
Table 2. The values increase with the membrane swelling 
degree.

The swelling degrees of membrane S are stable in the 
range of 108%–118% within 192 h, which are much lower 
than previous SPPO–Na/PVA membranes (335%–878%) [17]. 
The stable and lower values are attributed to the enhanced 
cross-linking degree and the favorable compatibility 
between SPPO–H and PVA phases. The stability of mem-
brane S means that the cation exchange layer is also stable 
within the bipolar membrane. Hence, the swelling degrees 
of membrane SQ are lower than those of anion exchange 
membrane Q.

3.7. Stability in 65°C NaOH solutions

The membranes are also immersed in 65°C NaOH 
solution to investigate their alkaline resistance. The swelling 
degrees are in the range of 210%–382% after immersion in 
1 M NaOH solution, as shown in Fig. 7. The value of mem-
brane S (210.2%) is higher than its swelling degree in 65°C 
water, indicating the erosion effect of alkaline solution. 
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Table 2
Weight loss percentages in 65°C water or NaOH solutions for 
PPO/PVA hybrid membranes

Membrane S Q SQ

Water for 192 h/% 19.0 25.6 20.5
1 M NaOH for 60 h/% 31.4 30.7 24.7
2 M NaOH for 60 h/% 26.0 25.7 24.1
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The alkaline solution can not only swell the membrane but 
also erode membrane structure. The weight loss percent-
age (31.4%) is also higher than that in 65°C water due to the 
erosion.

As the NaOH concentration increases to 2 M, the 
swelling degrees and weight loss percentages decrease to 
146%–177% and 24.1%–26.0% correspondingly. The results 
indicate that though the alkaline solution can erode the 
membrane structure, the erosion degree does not increase 
with the solution concentration. The decreased swelling 
degree may be attributed to the combination of PVA–OH 
groups and OH– ions in the solution [30], which decreases 
the combining chances of PVA–OH groups to water.

The swelling degree and weight loss percentage of 
bipolar membrane SQ are lower than those of membranes 
S and Q, indicating the bipolar membrane has higher 
stability. The higher stability should be mainly attributed to 
the strong combination between anion and cation exchange 
layers. Anion exchange casting solution is cast onto the 
elastic cation exchange layer, which can enhance their com-
bining strength. The two layers are combined through weak 
interactions, covalent bonds and ionic bonds (Fig. 1). The 
weak interactions include hydrogen bonds and electrostatic 
interaction, the covalent bonds include Si–O–Si and Si–O–C 
formed by sol-gel reaction, and the ionic bonds come from 
the reaction between –SO3H and –N+(CH3)3OH– groups. 
Hence, the bipolar membrane can still be intact without 
layer separation after the high swelling in water and NaOH 
solutions, which is essential for the BMED application.

The ionic bonds, in the form of –N+(CH3)3 –SO3
– (Fig. 1), 

should be stronger than the previous combination between 
–SO3Na and –N(CH3)3Cl groups [31] and thus can increase 
the membrane stability. The SQ membrane is still intact 
without layer separation after the swelling and erosion, 
though the membrane has much higher hydrophilicity 
(WR of 77.0%) than commercial membrane BP-1 (23%–26% 
[1]). However, the ionic bonds would reduce the activ-
ity of –SO3H and –N+(CH3)3OH– groups and thus increase 
the membrane area resistance. Fortunately, only a part of 
the groups are combined in the layer interface, and the 

membrane BMED performance is still comparable with that 
of commercial membrane, which will be discussed in the 
following section.

3.8. BMED for CH3COONa waste residue

The produced CH3COOH and NaOH concentrations 
increase with the time, as shown in Fig. 8. The recovered 
concentration is 0.25 M after running 3 h at 20 mA cm–2, while 
the values increase to 0.42–0.43 M at 50 mA cm–2. The results 
indicate that though membrane SQ employs no catalyst 
layer, it can also generate acid and base due to the PVA–OH 
groups. The groups, which can form weak interactions with 
H+ or OH– ions [17,18], are likely to catalyze water splitting 
reaction for acid and base generation.

The voltage drops are in the range of 21–61 V, as shown 
in Fig. 9, which are similar to previous values (21–58 V, [6]). 
The similar voltage drops can be analyzed from the mem-
brane area resistances. Membranes S and Q have lower area 
resistances, while bipolar membrane SQ has higher area 
resistance than previous commercial membranes. Hence, 
the total resistance may be balanced between present and 
previous membrane stacks. Fig. 9 also shows that the volt-
age drops decrease with the time, which is attributed to the 
increasing concentrations in the acid and base compartments. 
The voltage drop at 20 mA cm–2 is much lower than that at 
50 mA cm–2 before running 2.5 h, but the value increases after 
running for 3 h. The increased value is a little strange, which 
may be attributed to the membrane contamination. The 
membrane may be contaminated after running for 3 h due to 
many other impurities in the CH3COONa waste residue [6].

The energy consumption is high in the initial time, 
especially for the NaOH at 20 mA cm–2, as shown in Fig. 10. 
The high energy consumption should be attributed to the 
high voltage drop and the acid/base leakage during the initial 
time. The acid and base solutions are circulated to eliminate 
the visible bubbles before the BMED process, during which 
some of the acid or base may be leaked under the concen-
tration gradient.
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The energy consumption decreases with the time, which 
is 18.2 kWh kg–1 for CH3COOH and 26.5 kWh kg–1 for NaOH 
at 20 mA cm–2. The values are a little higher than the pre-
vious values (15 kWh kg–1 for CH3COOH and 20 kWh kg–1 
for NaOH [6]). However, the previous acid compartment 
was added with a strong acid 001*7 type of cation-exchange 
resin to decrease the voltage drop; otherwise the energy 
consumption would be much increased [6]. Here the BMED 
process can be proceeded without any resin.

The current efficiency is generally stable within 
70.4%–73.7% for CH3COOH at 20 mA cm–2, while the value 
increases to 72.6% after 3 h for NaOH, as shown in Fig. 11. The 
values are lower than previous values (higher than 85%), 
which should be attributed to the acid/base leakage by 
the PPO/PVA hybrid membranes. The membranes contain 
plenty of –OH groups, which can transport H+ or OH– ions 
through hydrogen bonds [17,18]. Hence, the CH3COOH 
or NaOH leakage would be more significant than that of 
previous commercial membranes [6]. The leakage may 

become more serious at high current density due to high 
recovered concentrations, which can be reflected by the 
decreasing current efficiency at 50 mA cm–2.

4. Conclusions

Three types of hybrid membranes, including anion 
exchange, cation exchange and bipolar membranes, were 
prepared from PPO, PVA and alkoxysilanes. The cation 
exchange membrane contains –OH and –SO3H groups, 
which can form weak interactions such as hydrogen bonds 
to enhance membrane homogeneity and stability. The anion 
exchange membrane contains –N(CH3)3OH– groups, which 
is combined with the elastic cation exchange layer to form 
bipolar membrane.

The PPO/PVA hybrid membranes are compact and 
homogenous, with the WR of 58%–77% and IEC of 1.04–
1.58 mmol g–1. The swelling degrees are in the range of 
115%–412% in 65°C water and 146%–382% in 65°C NaOH 
solution (1–2 mol L–1). The bipolar membrane is still intact 
without layer separation after the swelling. The anion and 
cation exchange membranes have the area resistance of 
0.73–1.55 Ω cm2, but the bipolar membrane has high area 
resistance of 6.47 Ω cm2 due to the combination of –SO3H 
and –N(CH3)3OH groups. The PPO/PVA membranes are 
used in BMED process to regenerate acid and base from 
CH3COONa waste residue. The energy consumption is 18.2–
26.5 kWh kg–1, and the current efficiency is 70%–72% after 
running 3 h at 20 mA cm–2. Further research may be focused 
on reducing the area resistance and leakage of the PPO/PVA 
hybrid membranes.
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