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Abstract: Vinyl benzyl trimethyl ammonium chloride (VBTAC) was grafted onto poly(ethylene-co-tetrafluoro-
ethylene) (ETFE) film by γ-ray using simultaneous irradiation graft copolymerization in the presence of 2-hydroxyl
ethyl methacrylate (HEMA). The structure of the ETFE-g-(VBTAC-co-HEMA) anion membrane was confirmed by
Fourier transform infrared spectroscopy and thermogravimetric analysis. The degree of grafting (DG) of the mem-
brane increased with total irradiation dose and VBTAC monomer concentration. The highest DG of an ETFE-g-
(VBTAC-co-HEMA) membrane was 92%, which was synthesized by the treating of an ETFE film with a 0.8 M
solution of VBTAC monomer in the presence of 50 kGy irradiation. Different properties of the anion membrane,
such as water uptake and ion exchange capacity, increased as DG increased. The permeability and vanadium redox-
flow battery performance were measured for a membrane with a DG of 92%. The average voltage efficiency, cou-
lombic efficiency, and energy efficiency were 0.79, 0.88, and 0.70, respectively, all of which remained stable as the
number of cycles increased.

Keywords: radiation-induced graft copolymerization, ethylene tetrafluoroethylene, vinyl benzyl trimethyl ammonium
chloride, 2-hydroxy ethyl methacrylate, vanadium redox battery (VRB).

Introduction

Since the vanadium redox flow battery was proposed by
Skyllas-Kazacos, it has attracted attention as a promising
energy storage system.1,2 In particular, the vanadium redox
battery (VRB) has the advantage of a higher electromotive
force and a higher energy density compared to other redox
flow batteries (RFBs). Furthermore, the VRB has a long
cycle life, fast response time, design flexibility, deep-dis-
charge capability and low pollution emission.3,4

The RFB system is composed of two electrolyte solu-
tions, two electrodes and an ion exchange membrane. Ion
exchange membrane is the key component in a VRB system
because the RFB cell requires a separator to avoid mixing
and direct chemical reaction of reductant and oxidant elec-
trolytes.3,4 Moreover, Ion exchange membrane employed in
RFB system requires chemical resistance because the elec-
trolyte solutions are strong acid. On the other hand, it is pos-
sible to apply cation exchange membrane or anion exchange
membrane as a separator. Anion exchange membrane has an
advantage of lower permeability of vanadium ions since its
positive charge prevent vanadium ion from transporting across

the membrane. However, most of anion exchange mem-
branes have low chemical resistance.3,5

Ion exchange membranes in RFB system should possess
the following properties to achieve a high energy efficiency
and a long life cycle: high ionic conductivity, low perme-
ability of vanadium ions, good chemical stability and low
cost. Therefore, improving the properties of the ion exchange
membranes is of great importance for satisfying the demands
of a large scale application of VRBs.5

Radiation graft polymerization has been widely used as
an effective method for polymer modification. The advan-
tage of radiation graft polymerization is that it can be con-
ducted without chemical initiators or catalysts and can
provide control over the degree of grafting. Radiation graft
polymerization is initiated by the formation of active sites
on the polymer backbone using a radiation source such as ã-
rays and an electron-beam. The active sites may be ionic
chemical groups or free radicals.6-10

There has been a growing interest in fluoropolymers
because of their thermal, chemical and mechanical stabili-
ties.11-17 Qiu et al. reported on the preparation of amphoteric
ion exchange membranes by graft copolymerization of sty-
rene and dimethyl amino ethyl methacrylate onto a PVDF
film11 and Rohani et al. reported on the kinetics of graft
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copolymerization of styrene onto a poly(ethylene-co-tetra-
fluoroethylene) (ETFE) film.12

Moreover, as an anion exchange membrane monomer,
VBTAC has several advantages. The synthesis of an anion
exchange membrane using VBTAC does not require an
additional amination reaction because the VBTAC has an
anion functional group -NH4+, which improves the homoge-
neity of the reaction. 

However, it is difficult to graft VBTAC onto a hydropho-
bic fluoropolymer because VBTAC can be easily ionized
and VBTAC is incompatible with hydrophobic polymer as a
result, hence a few reports using 2-hydroxyl ethyl methacry-
late (HEMA) have been reported in order to overcome this
difficulty. Kolhe et al. reported on the grafting of VBTAC
onto nylon-6 fabric in the presence of HEMA18 and Tsuneda
et al. have attempted to graft VBTAC onto polyethylene in
the presence of HEMA;19 however, these works did not
elaborate on the ion exchange properties (such as IEC) and
only discussed the structural analysis of the products.

In this work, VBTAC which prevents vanadium ion from
cross-over due to its anion functional group was grafted
onto ETFE filme which has a high durability in the presence
of HEMA by using 60Co γ-irradiation and its characteriza-
tion was investigated. The degree of grafting was modulated
by varying the reaction conditions, such as the monomer
concentration and radiation time. The structure of the graft
copolymers was confirmed by FTIR, DSC and TGA char-
acterization methods. In addition, the important properties
of ion exchange membranes, such as the water uptake, ion
exchange capacity, ion conductivity, permeability of vana-
dium ions and VRB performance, were evaluated.

Experimental

Materials. An ETFE film of 100 µm thickness, supplied
by Asahi Glass Co., Ltd. (Tokyo, Japan), was used as a sub-
strate. VBTAC and HEMA were purchased from Sigma-
Aldrich Co. (New York, USA). The solvents dimethyl for-
mamide (DMF) and methanol were obtained from Samchun
Chemical Company (Seoul, Korea). VOSO4·3H2O as an
analytical reagent was supplied by Shanghai Luyan Fine
Chemical Industry. Nafion 117 membrane was purchased
from Du Pont and immersed in deionized water for 24 h
prior to use. 

Graft Copolymerization. Figure 1 shows the synthetic
route for the preparation of the ETFE-g-(VBTAC-co-
HEMA) anion exchange membrane by radiation-induced
graft copolymerization of HEMA and VBTAC onto an
ETFE film. The ETFE film (6 cm×7 cm) was washed with
acetone and dried to a constant weight. Subsequently, the
ETFE film was immersed in an aqueous solution of HEMA
and VBTAC monomer in a sealed test tube. After degassing
with nitrogen for approximately 30 min, the sealed test tube
was subjected to γ-ray irradiation from a 60Co source. The

monomer concentration and grafting conditions are described
in Table I. The irradiation induces a scission in the π bonds
of the vinyl group in HEMA and VBTAC, leading to the
formation of HEMA and VBTAC radicals. It is possible that
HEMA and VBTAC are grafted onto active sites in the
ETFE film and the reaction is finally terminated by hydro-
gen radicals. 

The radiation dose rate was 1 kGy/h and the degree of
grafting was measured with respect to the dose time. After
the irradiation, the samples were washed with methanol for
24 h and then dried in the oven for 12 h. The DG was calcu-
lated using the following eq. (1):

DG (%) = (Wg-W0)/W0 × 100 (1)

where Wg and W0 are the weight of irradiated and un-irradi-
ated ETFE film, respectively.

FTIR Spectroscopy and Thermal Analysis. The origi-
nal ETFE film and the ETFE-g-(VBTAC-co-HEMA) mem-
branes were characterized by using FTIR spectroscopy
(Model IR Prestige-21, Shimadzu, Kyoto, Japan), thermo-
gravimetric analysis (TGA Q500, USA) and differential
scanning calorimetry (DSC Q20, TA instruments, USA).
The FTIR spectra were collected in the transmission method
using 20 scans with a resolution of 4 cm-1 at room tempera-
ture. For TGA and DSC analyses, the sample was heated to
600 oC at a heating rate of 10 oC/min using a nitrogen gas
flow rate of 100 mL/min. 

Scanning Electron Microscopy (SEM). Surface images

Figure 1. Schematic mechanism of irradiation-induced grafting
of HEMA and VBTAC onto an ETFE film.

Table I. Monomer Concentration and Grafting Conditions
for the Synthesis of ETFE-g-(VBTAC-co-HEMA)

Matrix
Concentration Radiation Conditions

VBTAC
(M)

HEMA
(M)

Dose Rate
(kGy/h)

Total Dose
(kGy)

ETFE Film

0.10
0.20
0.40
0.80

1.5 1 10-50
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of the original ETFE film and the ETFE-g-(VBTAC-co-
HEMA) membranes were obtained by using an SEM (JEOL
JSM-840A, USA). Incident electron beam energies of 0.5 to
30 keV were used. In all cases, the beam was at normal inci-
dence with respect to the sample’s surface and a measure-
ment time of 100 s was used. All surfaces of the sample
were covered with osmium using the ion sputtering method.

IEC. The method for measuring the IEC was developed
from procedures described in the literature.20 The ETFE-g-
(VBTAC-co-HEMA) anion exchange membrane was equil-
ibrated in a 1.0 N Na2CO3 solution for 24 h. Subsequently,
the equilibrated solution was titrated with a 0.1 N AgNO3

solution. A K2CrO4 standard solution was used as an indica-
tor. The ion exchange capacity was calculated using the fol-
lowing eq. (2):

IEC (meq/g) = (N×V)/W × 100  (2)

where N and V are the concentration (meq/mL) and the vol-
ume (mL) of AgNO3, respectively.

Water Uptake and Swelling Ratio. The ETFE-g-(VBTAC-
co-HEMA) anion exchange membrane was immersed in
deionized water for 24 h. The membrane was then removed
from water and the surface was patted dry with an absorbent
paper to remove the excess water adhering to the surface.
The membrane was weighed and the water uptake was cal-
culated using the following eq. (3):21

Water uptake (%) = (Ww-Wg)/Wg × 100 (3)

where Ww and Wg are the weight of the sample under wet
and dry conditions, respectively. 

A dried membrane sample (3×3 cm) was also immersed
in water for 24 h to measure the swelling ratio. After removal
from the water, the length of the samples was measured.
The swelling ratio was calculated using eq. (4).

Swelling ratio (%) = (lw - ld)/ld × 100 (4)

Here, lw and ld are the length of the samples in wet and dry
conditions, respectively.

Permeability of Vanadium Ions. The permeability of
vanadium ions through the ETFE-g-(VBTAC-co-HEMA)
anion exchange membrane was investigated. A Vanadium
(IV) solution was prepared by dissolving 1 M VOSO4·5H2O
in a 2 M H2SO4 solution. The left reservoir was filled with a
vanadium ion solution and the right reservoir was filled
with a 1 M MgSO4 solution in 2 M H2SO4. MgSO4 was used
to balance the ionic strength and reduce the osmotic pres-
sure. The area of the membrane exposed to the solution was
1.77 cm2 and the volume of the solutions on both sides was
25 mL. An aliquot of the MgSO4 solution was removed and
analyzed using inductively coupled plasma atomic emission
spectrometry (ICP-AES, Leeman, Profile) at regular time
intervals to determine the concentration of vanadium ions in
the solution. For comparison, the permeability of vanadium
ions through a Nafion 117 membrane was also tested using

the same method. 
VRB Performance. The VRB was fabricated by sand-

wiching the membrane between two pieces of graphite of
carbon electrodes. Solutions of 1.5 M V(II)/V(III) and V(IV)/
V(V) in 2.5 M H2SO4 were used as the electrolyte in the
positive and negative half-cell, respectively. The area of the
membrane was 5 cm2 and the volume of the electrolyte
solution in each half-cell was 40 mL. The battery was first
charged to 1.6 V at a current density 20-60 mA·cm-2. Subse-
quently, the open circuit voltage (OCV) was measured at
room temperature.22

Results and Discussion

Synthesis of ETFE-g-(VBTAC-co-HEMA) Anion Exchange
Membranes. The effect of the total irradiation dose and the
monomer concentration on the degree of grafting are shown
in Figure 2. An increase in total dose from 0 to 30 kGy
affected the degree of grafting. Above 30 kGy, a further
increase in the total dose has little or no effect on the DG. In
addition, the degree of grafting increases with increasing
monomer concentration. The maximum degree of grafting
of 91.7% was obtained at a total dose of 50 kGy and a
VBTAC monomer concentration of 0.80 M.

FTIR Spectroscopy.The structures of the original ETFE
film and the ETFE-g-(VBTAC-co-HEMA) membrane were

Figure 2. Effects of the total dose on the degree of grafting at dif-
ferent monomer concentrations.

Figure 3. FTIR spectra of original ETFE film and ETFE-g-
(VBTAC-co-HEMA) membrane, with a degree of grafting of
91.74%.
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confirmed using FTIR spectroscopy23,24 (Figure 3). The
peaks at 2926 and 2853 cm-1 are assigned to the -CH2-
asymmetric and symmetric stretching vibration in ETFE
(Figure 3(a)), respectively. Moreover, the peaks at 1465 and
720 cm-1 are attributed to the -CH2- scissoring and rocking
deformation, respectively. Upon grafting, the intensity of
the peaks at 1203 and 1148 cm-1, assigned to the -CF2-
asymmetric and symmetric peaks, shows a decrease (Figure
3(b)). A new peak appears at 1726 cm-1 due to the presence
of a -COO- group, as well as a broad peak in the region of
3600-3000 cm-1, attributed to the -OH group of HEMA.
Furthermore, the appearance of a peak at 842 cm-1 is attrib-
uted to p-disubstituted benzene. This peak confirms the
presence of the aromatic ring of VBTAC. In this manner,
the structure of the ETFE-g-(VBTAC-co-HEMA) mem-
brane is confirmed.

Thermal Analysis. Figure 4 shows the TGA and DSC
curves of the original ETFE film and ETFE-g-(VBTAC-co-
HEMA) membranes with a degree of grafting of 19.10%,
52.96%, and 91.74%. The original ETFE film shows high
thermal stability above 480 oC and exhibits a rapid decom-
position above this temperature. However, the TGA curve
of ETFE-g-(VBTAC-co-HEMA) shows a two-step weight
loss: one in the range of 260-400 oC and another above
480 oC due to the degradation of the graft chain and that of
the ETFE matrix, respectively. In the case of ETFE-g-(VBTAC-
co-HEMA) with a degree of grafting of 91.74%, approxi-
mately 41% of grafted VBTAC and HEMA were found to
be decomposed in the first step.25 As shown in Figure 4(b),

the melting points of the original ETFE film and various
ETFE-g-(VBTAC-co-HEMA) membranes are observed at
approximately 260 oC. This similarity indicates that the intrinsic
crystallinity of the ETFE parent film and the ETFE-g-
(VBTAC-co-HEMA) membranes is similar, which suggests
that the grafting occurs in the amorphous region.26

SEM Images. SEM images with a 500x and 3,000x mag-
nification of the original ETFE film and the ETFE-g-
(VBTAC-co-HEMA) membranes with a degree of grafting
of 19.1%, 52.9%, and 91.7% are shown in Figure 5. The
original ETFE film has a smooth surface in all of the images
at a magnification of 500x and 3,000x; however, in the case
of ETFE-g-(VBTAC-co-HEMA), a number of grains appear
in the SEM image. Furthermore, as the grafting reaction
proceeds, the size of the grain increases. This trend is
clearly observed in the images at a 3,000x magnification.
The ETFE-g-(VBTAC-co-HEMA) membrane with a degree
of grafting of 19.1% has smaller grains relative to the other
membranes in the series, but the graines of the ETFE-g-
(VBTAC-co-HEMA) anion exchange membranes becomes
larger as the grafting reaction proceeds.

Figure 4. (a) TGA curve and (b) DSC curve of the original ETFE
film and the ETFE-g-(VBTAC-co-HEMA) membranes.

Figure 5. SEM images of the original ETFE film and the ETFE-
g-(VBTAC-co-HEMA) membranes.
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Effect of Degree of Grafting on the IEC. IEC measures
the content of the ammonium ion in the ETFE-g-(VBTAC-
co-HEMA) membranes. The relationship between the
degree of grafting, the IEC and the calculated ion exchange
capacity is shown in Figure 6. The calculated value was
obtained based on the assumption that the reaction was con-
ducted using the same mole ratio of VBTAC to HEMA. The
IEC increased with an increasing degree of grafting and the
values were similar with Nafion 117® when the degree of
grafting was 40% or more. This result is likely due to fac-
tors such as steric hindrance within the polymer. In the
images with a 3,000x magnification, it is shown that, as the
grafting reaction proceeds, the pore size decreased so that
the number of adsorption sites decreases due to a reduction
in the surface area, even though the degree of grafting
increases. Moreover, the observed IEC values are somewhat
lower than the calculated values, which may occur because
the mole ratio of VBTAC to HEMA is not the same in the
reaction.

Water Uptake and Swelling Ratio. The influence of water
uptake of the membranes on the degree of grafting is shown
in Figure 7(a). This figure indicates that the water uptake
reaches 34.98% for a degree of grafting of 91.74%. The
increase in swelling corresponds to the higher content of
ammonium groups with an increasing degree of grafting,
which in turn increases the hydrophilicity in the membrane.
This result is also confirmed in Figure 7(b), which shows
the relationship between the water uptake and the IEC. The
data in Figure 7(a) can be fit by a linear function, whereas
that of Figure 7(b) can be fit by a quadratic function. The
swelling ratio is also given in Figure 7(a) to investigate
dimensional stability because water uptake affect swelling
ratio. As shown in Figure 7(a), the swelling ratio increased
dramatically at the degree of grafting of 83% or more and
the value was more than 10%. Thus, the optimum degree of
grafting is considered to be below 63%. 

The hydration number, defined as the amount of water
molecules per quaternary ammonium (nH2O/NR4

+), calcu-
lated from Figure 7(a) and (b), is approximately 7.6 for all

of the samples. On the other hand, the water uptatke of
Nafion 117® was approximately 20% and the value was
similar with the synthesized anion exchange membrane at a
degree of grafting of 40%-60%.

Permeability of Vanadium Ions through the ETFE-g-
(VBTAC-co-HEMA) Anion Exchange Membrane. Although
ion exchange membrane is the key component in a VRB
system, crossover of vanadium ion result in serious self-dis-
charge of the battery and low energy efficiency. Anion
exchange membrane avoids this problem because its posi-
tive charge prevent crossover of vanadium ion. The cross-
over of vanadium ion through the anion exchange membrane
synthesized in this study and commercial cation exchange
membrane, Nafion 117® is given in Figure 8. As time increases,
the vanadium concentration increases gradually; however,
the change in the concentration is smaller than that of
Nafion 117®. According to Luo et al., the concentration of
vanadium ions in right reservoir is given as below:27

(5)

where V is the volume of the solution, A is the area of the
membrane, P is the permeability of vanadium and T is the
thickness of the membrane; c0 and ct are initial concentra-
tion of the vanadium solution and the concentration of right
reservoir at time (t). 

V
dct

dt
------- AP

T
--- c0 ct–( )=

Figure 6. Effects of the degree of grafting on the ion exchange
capacity.

Figure 7. Effects of the degree of grafting (a) and the ion
exchange capacity: (▲■◆●) water uptake, (△□◇○) swell-
ing ratio and (b) on the water uptake properties.
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The permeability obtained from Figure 8 was calculated
from the eq. (4). The values of Nafion 117® and anion
exchange membrane were 8.42×10-7 and 0.49×10-7 cm2/
min, respectively.

VRB Performance of the ETFE-g-(VBTAC-co-HEMA)
Anion Exchange Membrane. The charge-discharge perfor-
mance of the ETFE-g-(VBTAC-co-HEMA) anion exchange
membrane (DG of 91.7%) at a current density of 20 mA·
cm-2 is presented in Figure 9(a) and (b). The average volt-
age efficiency and coulombic efficiency are 0.79 and 0.88 V,
respectively. Accordingly, the whole energy efficiency ranges
from 0.66 to 0.73 V. Furthermore, the efficiencies are sta-
ble as the number of cycles increases, indicating that the
ETFE-g-(VBTAC-co-HEMA) anion exchange membrane
is suitable for VRB.

The voltage, coulombic and energy efficiency values at a

current density of 20-60 mA·cm-2 are summarized in Table
II. The highest energy efficiency was obtained at a current
density of 20 mA·cm-2. As the current density increases, the
efficiencies of the membrane are gradually reduced, but the
difference is not large. 

Conclusions

ETFE-g-(VBTAC-co-HEMA) membranes were prepared
using 60Co γ-ray irradiation in the presence of HEMA and
VBTAC and their properties were evaluated. The effect of
grafting was confirmed by FTIR, TGA, DSC, and SEM
analyses and the membrane properties, such as degree of
grafting, water uptake and IEC, were investigated. The
increases in the total dose and the monomer concentration
have been shown to exert influences over the degree of
grafting. The maximum degree of grafting was 91.74% and
was achieved at a total dose of 50 kGy and a VBTAC
monomer concentration of 0.80 M. The IEC and water
uptake of ETFE-g-(VBTAC-co-HEMA) increased with an
increasing degree of grafting because of the increase in the
amount of functional groups and hydrophilicity, respec-
tively. In this study, the optimum IEC and water uptake
were 0.80 meq/g and 19.01%, respectively, at a 61.02%
degree of grafting. The permeability of vanadium ions was
lower than that of Nafion 117. The average voltage effi-
ciency, coulombic efficiency and energy efficiency were
stable as the number of cycle times increased. The highest
energy efficiency was obtained at a current density of 20
mA·cm-2.
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