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ABSTRACT

Radiation grafted and sulfonated FEP membranes were prepared by radiation-induced
grafting of styrene onto poly(tetrafluoroethylene-co-hexafluoropropylene) films at room
temperature and subsequently sulfonated. The membrane composition was controlled via
variation of the grafting conditions such as type of diluent, irradiation dose, dose rate and
monomer concentration. The membrane properties such as water uptake, ion exchange
capacity and ionic conductivity were found to be strongly dependant upon the degree of
grafting. The membranes were shown to have a good combination of physico-chemical
properties, which made them promising for development of low cost proton exchange
membranes

INTRODUCTION

Ion exchange membranes bearing sulfonic acid groups have been considered for
electrochemical cells where highly oxidative is mostly encountered such as PEM fuel
cells (1,2). Currently, there is a high demand to develop such membranes at low cost to
enhance the practical use of PEM fuel cells after the presently used membranes have been
found excessively costly (3,4). In development of new membranes, modification of pre-
existing polymers by radiation-induced grafting of a chemical functionality is an
advantageous technique, particularly, in terms of shaping and controlling the composition
as well as properties of the membrane (5,6). A number of studies have been reported the
preparation of sulfonic acid membranes by radiation-induced grafting of styrene onto
fluorinated polymers and subsequent sulfonation (7,12). Due to the chemical stability
needed, the base polymers have been confined to fluorinated polymers. Among
fluorinated polymers, FEP is well known for its high-radiation-resistance (13). Therefore,
the use of such film as a base polymer provides a possibility for using a wide range of
doses and dose rates. In our previous studies, styrene grafted and sulfonated membranes
were prepared by radiation-induced grafting of styrene onto polyethylene, PE, (14),
poly(tetrafluoroethylene), PTFE, (15,16) and poly(tetrafluoroethylene-co-perfluorovinyl
ether), PFA, (17,18) films followed by sulfonation. Roully et al. (19) reported the
preparation of similar membranes by grafting of styrene onto FEP film using
simultaneous irradiation technique followed by sulfonation. However, in their work the
effect of grafting conditions on the degree of grafting has not been revealed. In this study,
preparation of similar membranes is carried out by radiation-induced grafting of styrene
onto FEP films using simultaneous irradiation technique followed by sulfonation. The
effect of the variation of grafting conditions on the degree of grafting which mainly
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controls the membrane composition is investigated. The physico-chemcial properties of
the membranes obtained are determined in correlation with the variation of the degree of
grafting.

EXPERIMENTAL

Simultaneous Irradiation Grafting

FEP film (120 jam, Perghof, USA) was cut into strips of known size and weight and
immersed in a mixture of styrene (> 99 %, Fluka) and the diluent in a glass ampoule. The
ampoule was flashed with nitrogen (99.9 % purity) for 10 minutes and was sealed. The
grafting mixture was irradiated at dose rates in the range of 1.3-15.0 kGy/h using y-rays
from a Co-60 source at room temperature for different periods of time. Details of
preparation kinetics and properties of the grafted films were reported elsewhere (20). The
degree of grafting was gravimeterically determined using the following equation:

W 0 -W n
Degree of grafting (%)=— i -xlOO

Wo

Where, Wg and Wo are the weights of grafted and original films, respectively.

Sulfonation

The grafted films were sulfonated with a mixture of chlorosulfonic acid (Fluka) and
1,1,2,2-tetrachloroethane (Fluka) (30:70 v/v) for 5 hours at a temperature of 95 °C. The
sulfonated membranes were extracted and treated with 0.5 M KOH solution overnight.
The membranes were subsequently extended to acid form by boiling with 3.5 M HC1 for
2 hours and finally washed free of acid using pure water.

FTIR Measurements

Spectra of the original and the grafted PTFE films were measured with a Mattson, 6020-
Galaxy Series FTIR spectrometer equipped with an Attenuated Total Reflectance (ATR)
having KRS5 crystal (crystal face angle of 45 ° and refractive index of 2.38). The spectra
were analyzed in terms of frequency positions with reference to the literature.

Water Uptake

Vacuum dried membrane samples were equilibrated in pure water at a temperature of 100
°C for 2 h. The membrane samples were removed, the excess of water adhering to the
surface was quickly wiped by absorbent paper and then the membrane dimensions were
measured. The membrane water uptake was calculated as per the following equation:

Water uptake (vol%) = Vw ~ Vd x 100

Where, Vw and Vd are the volume of wet and dried films, respectively.
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Ion Exchange Capacity

The membrane samples in acid form were immersed into 0.5 MKC1 solution for 15 h at
room temperature. The protons (H+) released in the solution were titrated with
standerdized 0.05 M KOH solution by automatic titrator (Metrohom, Switzerland) until
pH 7 was reached. Form the volume KOH consumed in titration and volume of the
swollen membranes, ion exchange capacity per unit volume (meq/cm3) was calculated.
The degree of sulfonation was also calculated by taking the number of styrene molecules
into account as reported by Roully et al (19).

Ionic Conductivity

Ionic conductivity of the membranes in acid form was measured at room temperature by
AC impedance spectroscopy. Measurements were carried out using frequency response
analyzer (Solartron, 1250) in combination with electrochemical interface (EG&G
Princeton Applied Research) at a 0.01-100 kHz frequency range. The bulk resistance was
obtained from the intercept of the impedance curve with real axis at high frequency end
and subsequently the proton conductivity was calculated.

The commercial membrane Nafion 117 (Du Pont, USA) was used as a reference material.
The membrane samples were regenerated by soaking in 20 % HC1 at 80 °C for 4 hours
followed by washing several times with excess of ion free water before use.

Table I : The effect of the diluent type on the degree of grafting at various monomer
concentrations and at irradiation dose of 20 kGy.

Type of Diluent

Methanol
Benzene

Methylene chloride

Chain transfer
constantl2l>

0.30
0.20
0.15

Degree of grafting (%)
2.1 mol./L

2.1
4.5
5.0

3.2 moi./L
3.0
8.3
11.0

4.0 mol./L
3.5
13.2
22.0

4.5 mol./L "
6.2
12.1
31.0

5.2 mol./L
8.7
11.2
51.0

RESULTS AND DISCUSSION

The radiation-induced grafting of styrene onto FEP films and subsequent sulfonation
resulted in membranes having degrees of grafting in the range of 5-51 %. The degree of
sulfonation in all the membranes was found to be closed to 100 %. Therefore, the
compositions and the properties of the membranes are only discussed in correlation with
the degree of grafting.

Effect of Grafting Conditions

Table 1 shows the effect of the type of diluent on the degree of grafting at various
monomer concentrations. The dilution of styrene with methylene chloride was found to
remarkably increase the degree of grafting compared to the dilution with both methanol
and benzene. This is due to nature the methylene chloride which has a low chain transfer
constant that slow down the termination of the growing chains and the therefore, the
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degree of grafting was enhanced compared to methanol and benzene. As a result,
methylene chloride was used as diluent for the present grafting system.

0 5 10 15 20 25 30

irradiation dose (kGy)

Figure 1: The relationship between the degree of grafting and the irradiation dose for
grafting of styrene onto FEP film. Grafting conditions are: dose rate, 1.3 kGy/h; monomer
concentration, 4 mol/L; diluent, methylene chloride; film thickness, 120 um; temperature,

30 °C; atmosphere, N2.

Figure 1 shows the relationship between the degree of grafting and the irradiation dose for
grafting of styrene having a concentration of 4 mol/L in methylene chloride onto FEP
films at a dose rate of 0.37 Gy/s. The dose was varied in the range of 5-30 kCy. It was
found that the degree of grafting increases gradually with the increase in the irradiation
dose. This is due to the fact that higher irradiation doses lead to the formation of more
free radicals in the grafting zone and subsequently the grafting reaction was enhanced.

Figure 2 shows the relationship between the degree of grafting and the dose rate. The
degree of grafting was found to decrease with the increase in dose rate and vice versa.
Irradiation at high dose rate leads to fast decay of the formed radicals and fast termination
of the polystyrene growing chain. Therefore, short chains are formed and low degree of
grafting was obtained. On contrast, irradiation at low dose rates allows

5 10 15

Dose rate (KGy/h)

Figure 2: The relationship between the degree of grafting and the dose rate for grafting of
styrene onto FEP film. Grafting conditions are: dose, 20 kGy; monomer concentration, 4

mol/L. The rest of grafting conditions are the same as in Figure 1.
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Figure 3: The relationship between the degree of grafting and the monomer concentration
for grafting of styrene onto FEP film. Grafting conditions are: dose, 20 kGy; dose rate,

1.30 kGy/h. The rest of the grafting conditions are the same as in Figure 1.

the formed radicals to survive for longer time and therefore, long grafting chains are
formed. As a result, the degree of grafting increases.

Figure 3 shows the relationship between the degree of grating and the monomer
concentration. As can be seen, the degree of grafting increases with the increase in the
styrene concentration within the range of the used concentrations (2.1-5.0 mol/L). This
behavior is mostly attributed to the increase in the styrene diffusion and its concentration
in the grafting layers. However, the degree of grafting was found to be a function of the
amount of radicals formed in the grafting mixture. Therefore, these results suggest that
the degree of grafting of styrene onto FEP is not only depending upon the amount of
radicals formed in the grafting layers but also upon the diffusivity of styrene through the
polymer matrix and its concentration in the grafting layers as well. Since FEP scarcely
swells in most solvents, it was suggested that the grafting starts at the surface of the film
and proceeds internally to the middle of the film by successive diffusion of the styrene
through the grafted layers.

Figure 4 : FTIR spectra of (A) original FEP film FEP-g-polystyrene films having various
degrees of grafting: (B) 5 %; (C) 21 %; (D) 31 %; (E) 51 %.
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Evidence of Grafting

Grafting of styrene onto FEP film was confirmed from FTIR-ATR spectra of original and
FEP-g-polystyrene films having various degrees of grafting presented in Figure 4. The
absorption bands at 1150-1250 cm"1 and 980 cm"1 are characteristics for the stretching
vibration of CF2 and C-F of CF3 groups present in the original FEP film. The presence of
benzene ring of polystyrene grafts is established by the = C-H stretching vibration at 3050
cm"1 and the skeletal C = C in-plane stretching vibrations at 1500 cm"1 and 1600 cm"1,
respectively. The mono-substitution of benzene ring is confirmed by the aromatic out-of-
plane C-H deformation band at 860 cm"1 and by the C- H out-of-plane bending overtone
and combination band patterns in the region of 1660 - 2000 cm"1. The absorption bands at
2800 - 2900 cm"1 and 2900 - 3000 cm"1 are assigned for the symmetric and the
asymmetric stretching of CH2 group, respectively. It is clear that the features of the
spectra of the grafted films confirm the successful grafting of styrene onto PTFE
backbone. The variation in the degrees of grafting is confirmed by the variation in the
intensity of polystyrene characteristic bands.

0 10 20 30 40 50 60

Degree of grafting (%)

Figure 5 : The relationship between the water uptake and the degree of grafting for FEP-
g-polystyrene sulfonic acid membranes.

Properties of the Sulfonated Membranes

The relationship between the water uptake and the degree of grafting of the membranes is
shown in Figure 5. The water uptake in terms of volume is found to increase steeply with
the increase in the degree of grafting. This is owing to the increase in the hydrophilicity
imparted to the membranes as a result of the incorporation of more hydrophilic sulfonic
acid groups with the increase of the degree of grafting.

Figure 6 shows the relationship between the ion exchange capacity (IEC) and the degree
of grafting of FEP-g-polystyrene sulfonic acid membranes. It can be observed that IEC
depends strongly on the degree of grafting of the membranes. As the degree of grafting
increases, the IEC of the membranes per unit volume (meq/cm3) increases. This behavior
can be reasonably attributed to the increase in the number of ionic sites enhanced by the
increase in the number of polystyrene side chain grafts subjected to sulfonation.
Therefore, the increase in the degree of grafting leads to more incorporation of sulfonic
acid groups within the membrane matrix.
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Figure 6 : The relationship between the ion exchange capacity and the degree of grafting
for FEP-g-polystyrene sulfonic acid membranes.

Figure 7 shows the relationship between the proton conductivity and the degree of
grafting of the membranes at room temperature. The results show that the proton
conductivity increases as the degree of grafting increases. This is most likely due to the
increase in amount of sulfonic acid groups followed by the increase in the water uptake
with the increase in the degree of grafting. However, the proton conductivity shows a
sharp increase at the beginning and tends to level off upon reaching certain degree of
grafting. This can be explained by taking the distribution of sulfonated polystyrene grafts
in the membrane into consideration. Since the grafting of styrene onto FEP was suggested
to start at film surface and continues to the middle by

a
5

O«gr*« of grafting (%}

Figure 7 : The relationship between the proton conductivity and the degree of grafting for
FEP-g-polystyrene sulfonic acid membranes.

progressive diffusion of the monomer through the grafted layers. Therefore, at low
degrees of grafting the grafts are located near to the surface of the film while its middle
remains un-grafted and subsequently exerts simultaneous higher local resistance and low
proton conductivity. As the grafted layers move internally and reach the middle of the
film beyond a degree of grafting of ~20 %, the local resistance vanished and consequently
the proton conductivity increases. Further increasing in the degree of grafting does not
bring any considerable changes to the proton conductivity due to the achievement of
homogenous distribution of sulfonated polystyrene grafts in the membrane.
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Table II shows a comparison between some of the physico-chemical properties of FEP-g-
polystyrene sulfonic acid membranes and Nafion 117 commercial cation exchange
membrane. The two FEP-g-polystyrene sulfonic acid membranes have higher IEC and
reasonable water uptake compared to Nafion 117 membranes. Moreover, they have
acceptable thicknesses and their proton conductivities are in the same order of magnitude.

Table II : A comparison between some of the physico-chemical properties of FEP-g-
polystyrene sulfonic acid membranes and Nafion 117 commercial caton exchange

membrane.

Membrane type

+FEP-g-PSSA
+FEP-g-PSSA

Nafion 117 (Du Pont)

Degree of
grafting

(%)
22

31
-

Water uptake
(vol %)

32

51
39

IEC
(meq/cm3)

2.1

3.0
1.9

Proton conductivity
( Q " W ) x 10~2

2.2

3.5
5.6

Thickness
(um)

160

170
180

" PSSA= Polystyrene sulfonic acid

CONCLUSION

FEP-g-polystyrene sulfonic acid membranes were successfully prepared by radiation-
induced grafting of styrene FEP films followed by sulfonation. Starting with a
commercial FEP copolymer in a film form, the problem of membrane shaping was easily
circumvented. Degrees of sulfonation closed to 100 % were achieved. The membrane
composition, which is controlled by the degree of grafting was found to be strongly
dependent upon grafting conditions studied in this work. Moreover, the membrane
properties were found to be functions of the degree of grafting. Therefore, the proper
selection of the grafting conditions provides a mean to optimize the membrane
compositions and properties via controlling of the degree of grafting. Further
investigations have to be carried out to evaluate the other membrane properties including
thermal as well as chemical stability.
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