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Polymeric anion-exchange membranes (AEMs) were synthesized via the photocopolymerization of a vinyl imidazolium ionic
liquid, with 1-butyl-3-(4-vinylbenzyl)imidazolium chloride ([BVBI][Cl]) as the anion-exchange group and styrene, acrylonitrile,
and divinylbenzene as cross-linked agents. The physical, mechanical, and electrochemical properties of the prepared AEMs such as
water uptake (%), swelling degree (%), ion-exchange capacity (mmol/g), thermal stability, tensile strength (Mpa), tensile modulus
(Mpa), elongation (%), and ionic conductivity (S/cm) were evaluated. The synthesized AEMs were shown to have good physical,
mechanical, and electrochemical properties for application of a capacitive energy extraction Donnan potential (CDP) device
membrane. The CDP device was fabricated by using the synthesized AEM. The specific capacitance of the CDP device with AEM
was determined as 2.53 F/g and 3.44 F/g by galvanostatic charge/discharge and cyclic voltammetry, respectively. The synthesized
AEM with imidazolium ionic liquid can be applied as the CDP device membrane.

1. Introduction
Polymeric anion-exchange membranes (AEMs), which have
selective anion permeability, were applied to wide range fields
such as clean up and decontamination processes. AEMs have
been traditionally investigated intensively because of their
current and potential applications such as ion-exchangers [1],
biomaterials [2], coating [3], and membranes in electrodialysis devices [4–7]. In the past decade, interest in AEMs has
been focused on their application toward more demanding
uses such as alkaline fuel cells, redox flow batteries, and
electrolyzers because of the low overpotential of many electrochemical reactions at high pH [8–11]. Most of studies that
have interest in AEMs have been related to the development
of materials based on quaternized polymers that contain
quaternary ammonium groups as anion exchangers.
On the other hand, a capacitive energy extraction Donnan potential (CDP) device is a piece of equipment that
extracts energy from the salinity gradient difference between

river and sea water. A CDP device was combined with carbon
electrodes and ion-exchange membranes in a supercapacitor flow cell, which has been proposed to have desirable
advantages [12]. Sales et al. proposed a characterization
methodology of a CDP device with AEM via CDP device
performance [13].
Ionic liquids (ILs) have been studied extensively in recent
years due to their unique properties. These properties of ILs
include being liquid at room temperature and possessing
thermal and electrochemical stability because they consist of
ions. In addition, ILs also possess low volatility, nonflammability, and high ion conductivity. The excellent ion-exchange
capabilities of ILs make them very useful in ion-exchange
applications. However, generally ILs cannot be polymerized
because they possess no vinyl groups in spite of having unique
properties. Therefore, ILs cannot be used to prepare anionexchange membranes.
In this study, vinyl IL monomer was synthesized with
a vinyl group named 1-butyl-3-(4-vinylbenzyl)imidazolium
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chloride ([BVBI][Cl]) in order to prepare AEMs. After that,
photocopolymerization of the [BVBI][Cl] was performed in
the presence of acrylonitrile and styrene as comonomers
in order to synthesize AEMs. The physical, mechanical,
and electrochemical properties of the synthesized AEMs
were investigated for application to the CDP device membrane. Finally, the specific capacitance CDP device with
the synthesized AEMs was determined by galvanostatic
charge/discharge analysis and cyclic voltammetry analysis.

2. Materials and Methods

Swelling (%) =

2.1. Materials. Styrene, acrylonitrile, 1-butylimidazole, 4vinylbenzyl chloride, and divinylbenzene were obtained
from Sigma-Aldrich, USA. The acetonitrile, sodium chloride,
sodium hydroxide, ammonia solution, and hydrochloric acid
solution (Samchun, South Korea) and P12 (NEO Special,
South Korea) were purchased. Before use, the acrylonitrile
was distilled and the styrene and divinylbenzene were made
inhibitor-free by passing the liquid through a column filled
with Al2 O3 powder.
2.2. Synthesis and Characterization of the [BVBI][Cl]. The
vinylated ILs, [BVBI][Cl], were synthesized by coupling reaction of 1-butylimidazole (0.2 mol, 30 mL) and 4-vinylbenzyl
chloride (0.2 mol, 39 mL) in acetonitrile (150 mL) at 70∘ C
for 16 h under nitrogen atmosphere. The resultants were
washed using ether three times to remove acetonitrile and
then the products were dried in a vacuum oven at room
temperature for 6 h to remove ether. The chemical structure
of the synthesized [BVBI][Cl] with vinyl groups was confirmed by 1 H NMR spectroscopy (Inova 600, Varian, USA)
and Fourier transform infrared spectroscopy (IS10 FT-IR,
Thermo Scientific, USA).
2.3. Preparation of the AEMs. The AEMs were synthesized as
follows: the mixture solution of the synthesized [BVBI][Cl]
(0.015 mmol, 4 g), styrene (0.043 mmol, 4.5 g), acrylonitrile
(0.028 mmol, 1.5 g), divinylbenzene (0.003 mmol, 0.5 g), and
P12 (2.0 wt% to feed) as a photoinitiator was stirred to
obtain a homogeneous solution. The AEMs were prepared
by photocopolymerization of the mixture solution on glass
plate using irradiation with ultraviolet light of a 250∼440 nm
wavelength for 30 min at room temperature as shown in
Figure 1.
2.4. Characterization of the AEMs. The chemical structure
of the synthesized AEMs was confirmed by 1 H NMR spectroscopy (Inova 600, Vairan, USA) and Fourier transform
infrared (FT-IR) spectroscopy (Is10 FT-IR spectrometer,
Thermo Scientific, USA). The morphology of the prepared
AEMs was also characterized by using a scanning electron microscope (FE-SEM (S-4800), Hitachi Science System,
Japan).
The water uptake 𝑊(%) for the synthesized AEMs was
calculated with the following equation:
𝑊 (%) =

𝑊𝑤 − 𝑊𝑑
× 100%,
𝑊𝑑

where 𝑊𝑑 and 𝑊𝑤 are the weight of the dried and wetted
AEMs immersed in deionized water at room temperature for
24 h, respectively. Here, the wetted AEMs were treated by
removing the excess water on the surface using tissue paper.
The swelling ratio (%) for the AEMs was characterized by
a linear expansion ratio, which was determined by the difference between the wet and dry dimensions of a membrane
sample. The calculation was conducted with the following
equation:

(1)

𝑋wet − 𝑋dry
𝑋dry

× 100%,

(2)

where 𝑋wet and 𝑋dry are the lengths of the wet state and dry
state AEMs, respectively.
The ion exchange capacity (IEC) of the AEMs was
determined via a back-titration method. The AEMs were
dried and weighed before immersing them in a 0.01 M NaOH
solution (100 mL) for 48 h. The AEMs with hydroxide ions
were again immersed in 0.01 M HCl solution for 48 h. After
anion exchange, the HCl solution was titrated by a 0.01 M
ammonia solution in the presence of phenolphthalein as an
indicator. The IEC value was calculated as follows:
IEC =

𝑉0,HCl 𝐶HCl − 𝑉𝑋,HCL 𝐶HCl
,
𝑚dry

(3)

where 𝑉0,HCl and 𝑉𝑋,HCl are the volume of the consumed HCl
without AEMs and with AEMs, respectively. 𝐶HCl is the molar
concentration of the HCl, which is titrated by the 0.01 M
ammonia solution, and 𝑚dry is the mass of the dry samples.
Titration was performed three times.
The mechanical properties of the samples were measured
by using an Instron universal tester (AG-X, Shimadzu, Japan)
at room temperature, with 10 mm × 25 mm at a crosshead
speed of 25 mm/min. Tensile strength, tensile modulus, and
elongation at break values were recorded.
The thermal stabilities of the synthesized samples were
recorded by thermogravimetric analyzer (TGA N-1000,
SCINCO, South Korea) under a nitrogen flow from 25 to
500∘ C at a heating rate of 10∘ C/min 𝑟.
The resistance value of the prepared AEMs was measured
by four-point probe alternating current (AC) impedance
spectroscopy (IM 6 EX, Zahner, German) with a frequency
range of 1 Hz to 1 MHz. The ionic conductivity of the membrane, 𝜎 (S/cm), was calculated from the equation:
𝜎=

𝑙
,
𝑅𝐴

(4)

where 𝑙 is the distance between two platinum wire electrodes
(cm), 𝐴 is the cross-sectional area of sample (cm2 ), and 𝑅
is the sample resistance value from the AC impedance data
(Ω). The samples were fully hydrated in deionized water for
24 h for conductivity measurement. To maintain the relative
humidity at 100% during the experiments, conductivity measurements were conducted in a chamber filled with deionized
water under fully hydrated conditions.
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Figure 1: Synthesis of anion-exchange vinyl monomer and anion-exchange polymer by UV copolymerization.

2.5. Fabrication of CDP Device Flow System with AEMs. The
CDP device flow system with a flow channel of 10 cm × 2.2 cm
× 1.5 cm was fabricated according to a homemade method
(see Figure 7(a)). Graphite plates were used as current collectors (unique carbon, South Korea). Here, each current
collector was introduced to an activated carbon electrode,
which is prepared by coating of the activated carbon slurry
with 10% nafion (Sigma-Aldrich, USA) on carbon paper. The
surface area of the activated carbon electrode was calculated
as 22 cm2 . In detail, the carbon slurry was prepared by the
mixing of the activated carbon powder (2.0 g) and 10% nafion
(2.0 mL) in 2-propanol (2.0 mL) by magnetic stirring for 12 h.
The carbon slurry was casted by doctor blade on the surface of
graphite paper (Wonatech, South Korea) and was then dried
for 24 h at room temperature. The 0.5 M NaCl solution and
a 0.017 M NaCl solution as an electrolyte were sequentially
flowed in the CDP device at a 60 mL/min flow rate.
The capacitance (𝐹) was investigated by the cyclic voltammetry and galvanostatic charge-discharge methods (Versa
STAT-3, Ametek, USA). In detail, the cyclic voltammetry
analysis of the CDP device was performed from 0.4 V to
−0.4 V with 1 mV/s. The capacitance (𝐹) of the CDP device
with AEMs was measured as the total integrating current
value in a range of 0.0 V∼+0.3 V from the obtained cyclic
voltammograms.

Galvanostatic charge-discharge with a current density
of 0.45 A/m2 was also performed. The capacitance (𝐹) was
calculated as in the following equation:
𝑄
(5)
,
Δ𝑉
where 𝐶 is the capacitance (𝐹), 𝑄 is the amount of charges (𝐶),
and Δ𝑉(𝑉) is obtained from Galvanostatic charge-discharge
data.
𝐶=

3. Results and Discussion
Figure 2 designates the Fourier transform infrared (FT-IR)
spectra of the [BVBI][Cl] as ionic liquids and the prepared
AEMs. Both [BVBI][Cl] and the AEMs displayed the characteristic peaks at 3000∼3200 cm−1 and 1450∼1600 cm−1 due
to the aromatic ring in vinyl ionic liquids and AEMs. The
characteristic peaks at ∼1578 cm−1 and ∼861 cm−1 were also
displayed due to the imidazolium cations stretching band.
The peaks of the cyano (–C≡N) group for the vinyl ionic
liquids and AEMs were presented at 2248 cm−1 as strong
stretching. As for results, the vinyl ionic liquids as vinyl
monomers and AEMs were successfully synthesized.
Figure 3 shows the 1 H NMR spectra of the synthesized
vinyl ionic liquids (Figure 3(a)) and AEMs prepared by
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Figure 2: FT-IR spectra of [BVBI][Cl] (black line) and anionexchange membrane (red line).

photocopolymerization (Figure 3(b)). The structures of the
[BVBI][Cl] and AEMs were assigned as shown in Figure 3.
From these results, it is clear that the AEMs for CDP device
were successfully synthesized.
Figure 4 presents photograph (Figure 4(a)), of the surface
SEM images (Figure 4(b)), and the cross-section SEM image
(Figure 4(c)) for the AEM prepared photocopolymerization.
The prepared AEM appeared as a transparent film and
displayed uniform surface morphology as shown in Figures
4(a) and 4(b). The thickness of the prepared AEMs was
determined to be about 26.1 𝜇m from the cross-section SEM
images. In the cross-section SEM image of the AEM, the
diversiform voids were presented due to solvent evaporation
based on high temperature induced during photocopolymerization. However, visual observation was used to confirm that
the prepared AEMs displayed good mechanical properties
before they were used as a CDP device membrane.
Figure 5 displays thermogravimetric analysis (TGA)
curves (Figure 5(a)) and an impedance plot (Figure 5(b)) of
AEM prepared by photocopolymerization. In Figure 5(a), the
first weight loss for the AEM was displayed during 250∘ C∼
450∘ C due to copolymer main degradation. These results
mean the synthesized AEM displayed high thermal stability.
The electrical resistance of the SEM was 9.47 × 103 Ω as
shown in Figure 5(b). The ion conductivity of the AEM was
calculated to be 3.05 × 10−3 S/cm. As for results, the prepared
AEM could be applied as an anionic-exchanged membrane in
a CDP device flow system.
Table 1 summarizes the physical, mechanical, and electrochemical properties of the synthesized AEM. The water
uptake (%) and swelling degree of the AEM were 66.0%
and 27.8%, respectively. Tensile strength, tensile modulus,
and elongation at the break of the prepared AEM were
calculated to be 13.3 Mpa, 330.3 Mpa, and 42.6%, respectively.
The ion exchange capacity (IEC) of the prepared AEM can be
refracted from the exchangeable properties. The IEC value of
the AEM was 0.499 mmol/g, and this value was close to the
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Figure 3: 1 H NMR spectra of the synthesized vinyl ILs (a) and
AEMs prepared by photocopolymerization (b).

theoretical value (0.567 mmol/g). As for results, the prepared
AEMs can be used as separators in CDP device flow systems.
Figure 6 displays a photograph of the CDP device flow
system with AEMs (Figure 6(a)) and cell potential (mV)
and power density (mW/m2 ) according to time (Figure 6(b))
for 0.5 M NaCl electrolyte flow as charging and 0.015 M
NaCl electrolyte flow as discharging. In CDP flow system
performance, the 0.5 M NaCl electrolyte first flowed through
the CDP flow device as a charging step related to linear cell
potential. In this study, the linear cell potential (∼18 mV) of
the CDP device with AEM was reached at time of 1000 s. This
means that ions flowed through the anion-exchange membranes to the capacitive electrodes. The Donnan potential
occurred in the CDP device with AEM from ion flow to the
capacitive electrode as cell potential. In this CDP device with
AEM performance, the highest power density obtained was
calculated at 109.0 mW/m2 as charging step and 20 mW/m2
as discharging step, respectively. As for the results, energy
extraction from the CDP device flow system with AEM could
be obtained according to the salinity gradients.
Figure 7 displays cyclic voltammograms with a 1.0 mV/s
scan rate (Figure 7(a)) and the galvanostatic charge and
discharge (Figure 7(b)) of the CDP device flow system with
0.45 A/m2 current density at a 60 mL/min flow rate. In
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Figure 4: Photograph (a), the surface SEM images (b), and cross-section SEM image (c) for the AEM prepared photocopolymerization.
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Figure 5: Thermogravimetric analysis (TGA) curves (a) and an impedance plot (b) of AEM prepared by photocopolymerization.

Table 1: Physical, mechanical, and electrochemical properties of the synthesized AEMs.
Physical properties

AEM

Mechanical properties

Tensile
Water uptake Swelling ratio Tensile
(%)
(%)
strength (Mpa) modulus
(Mpa)
66.0
27.8
13.3 ± 2.1
330.3 ± 24.1

Elongation at
break (%)
42.6 ± 7.7

Electrochemical properties
Ion exchange capacity
Ion conductivity
(mmol/g)
(S/cm)
Theoretical
Experimental
3.05 × 10−3

0.567

0.499
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Figure 6: Photograph of the CDP device flow system with AEMs (a) and cell potential (mV) and power density (mW/m2 ) according to time
(b) for 0.5 M NaCl electrolyte flow as charging and 0.015 M NaCl electrolyte flow as discharging.
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Figure 7: Cyclic voltammograms with 1.0 mV/s scan rate (a) and galvanostatic charge and discharge (b) with 0.45 A/m2 current density of
CDP device flow system at a 60 mL/min flow rate.

Figure 7(a), the specific capacitances of the CDP device with
AEM and without AEM were calculated at 3.44 F/g and
2.93 F/g, respectively. In Figure 7(b), the specific capacitances
of the CDP device with AEM were also determined to
be at 2.53 F/g and 2.20 F/g as charging and discharging,
respectively. The specific capacitances of the CDP device
without AEM were also determined to be 2.41 F/g and 2.17 F/g
as charging and discharging, respectively. As for the results,
the specific capacitance of the CDP device with AEM was
higher than that of the CDP device without AEM. The
prepared AEMs can be used as a separator in CDP device flow
systems.
Table 2 summarizes the specific capacitances (F/g) of a
CDP device flow system with a 60 mL/min flow rate in 0.5 M

NaCl electrolyte in the presence and absence of AEM. The
specific capacitance of the CDP device flow system with
AEM was higher than that of the CDP device flow system
without AEM by CV and galvanostatic charge and discharge
measurement. From these results, the synthesized AEM can
be applied as a separator in CDP device flow systems.

4. Conclusions
The AEMs were synthesized via the photocopolymerization
of vinyl imidazolium ionic liquid, [BVBI][Cl] as anionexchange group, styrene, acrylonitrile, and divinylbenzene
as cross-linked agents. The synthesized AEMs were characterized with physical, mechanical, and electrochemical
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Table 2: Specific capacitances (F/g) of the CDP device flow system
with a 60 mL/min flow rate in 0.5 M NaCl electrolyte in the presence
and absence of AEM.
Galvanostatic charge-discharge
Discharge
Charge (F/g)
(F/g)
Without AEM
With AEM
a
b

2.41
2.53

2.17
2.20

a

[6]

Cyclic
voltammetryb
2.41
3.44

At a 0.45 A/m2 current density.
At a 1 mV/s scan rate.

properties in order to be used as membranes in CDP devices.
As a result, the conclusions are as follows.

[7]

[8]

[9]

(1) Water uptake (66.0%), swelling degree (27.8%), tensile
strength (13.3 Mpa), tensile modulus (330.3 Mpa),
elongation at break (42.6%), ion conductivity
(3.05 × 10−3 S/cm), and ion exchange capacity
(0.499 mmol/g) for the AEMs were evaluated.

[10]

(2) The specific capacitance of a CDP device flow system
with AEMs was calculated at 3.44 F/g by CV analysis
and at 2.53 F/g by galvanostatic charge-discharge
analysis, respectively.

[11]

(3) That synthesized AEM can be applied as a separator
in CDP device flow systems.

[12]
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