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ature on various types of radiation and
radiation chemistry of polymeric materi-
als [15-17]. An excellent review on this
topic has recently been published by He-
ger [17]. In the present paper, a state-of-
the-art in the development of ion-exchange
membranes by radiation-induced graft co-
polymerization of styrene and acrylic acid
monomers into poly(tetrafluoroethylene-
co-hexafluoropropylene), commonly
known as Teflon-FEP or FEP, films is
presented. The reason behind using FEP
films as the base matrix is their high-
radiation resistance as compared to the
other f1uoropolymers such as Teflon.

2. Radiation Grafting:
General Aspects

Abstract. A state-of-the-art in radiation-induced graft copolymerization of styrene and
acrylic acid monomers into Tejlon-FEPfilms is presented with a view to develop proton
exchange membranes for various applications. This process offers an easy control over
the composition of a membrane by careful variation in radiation dose, dose rate,
monomer concentration, and temperature of the grafting reaction. By varying the nature
and the amount of the grafted content, it is possible to achieve a membrane with desired
physico-chemical properties. In this paper, a correlation among the degree of grafting,
structural changes, and properties of graft copolymer membranes is discussed.

1. Introduction

A graft copolymer is a polymer which
con sists of one or more types of molecules
as blocks connected as side chains to a
main chain. These side chains should have
constitutional or configurational features
that differ from those in the main chain [1].

-A-A-A-A-A-A-A-A-A-A-A-A-

graft copolymer

In this graft copolymer molecule, the
A chain, Bm and Bn are regular blocks. The
A chain is the main chain, and Bill and Bn
are the side-chain grafts.

The graft copolymerization is a pro-
cess where, in a first step, an active site is
created in a pre-existing polymer. This
site could be a free radical or an active
group which initiates the polymerization
of a monomer leading to the formation of
a graft copolymer.
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There are various methods to activate
the pre-existing polymer for the subse-
quent grafting, such as chemical, photo-
chemical, and high-energy irradiation [2-
4]. The most versatile way to produce
graft copolymers for membrane develop-
ment is the use of high-energy radiation,
as discussed later. After modification, the
polymer acquires some additional proper-
ties through the grafted component. This
process, therefore, offers a unique way to
combine properties of two highly incom-
patible polymers. The versatile nature of
the radiation-grafting process is that the
degree of grafting can be easily controlled
by proper selection of radiation dose and
dose rate [4]. Moreover, the grafting could
be carried out into a thin polymer film
which necessarily overcomes the post-
grafting problems of shaping a grafted
polymer into a thin foil for membrane
application. This is the reason thata number
of studies have been carried out to produce
ion-exchange membranes by radiation-
induced graft copolymerization of vinyl
and acrylic monomers into various poly-
meric films for different applications.
However, f1uoropolymers as base films
have generated considerable interest for
membrane preparation because of the in-
herent thermal, mechanical, and chemical
stability as compared to the hydrocarbon
polymers [5-14]. There is enormous liter-

2.1. Types of Radiation
Different types of high-energy radia-

tion are available to be used for the graft-
ing process [4][ 15-1 7]. These radiations
may be either electro-magnetic radiation,
such asX-rays and gamma rays, or charged
particles, such as beta particles and elec-
trons. The most widely used gamma radi-
ation source is the Co-60 source which
emits radiation of 1.17 and 1.33 MeV
(mean value 1.25 MeV). This is because
of the ease of its preparation, low cost, and
fairly long half-life time of 5.3 years.
Another gamma radiation source which
could compete with Co-60 is Cs-137. This
isotope is a fission product from the nucle-
ar-energy plants and emits radiation of
lowerenergy(O.66MeV)thanCo-60(1.25
MeV).

Two different types of gamma radia-
tion sources are available for irradiation
[15]. One of the sources is a 'cavity-type'
unit where the Co-60 unit forms a hollow
cylinder and remains stationary. The sam-
ple is introduced into this cylindrical cav-
ity by means of a moving drawer. A lead
shielding prevents radiation from escap-
ing. The second type of source is a 'cave
type' where Co-60 is kept in a shielded
container. The whole unit is kept under-
ground, and the source moves out with the
help of a moving belt for the irradiation of
a stationary sample. The shielding materi-
al in such sources is a concrete structure.
In some cases, the source is kept under
water as well. Such sources offer a wide
area for irradiation of samples and are,
therefore, used on an industrial scale [18).
The 'cavity-type' sources are more com-
pact and are widely used at a laboratory
scale.

Synchrotron also offers the possibility
to produce radiation over a broad range of
the energy spectrum [ 191. The photon en-
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Fig. I. Schematic represenTation of radiation grafting

mer and the monomer are exposed to radi-
ation at the same time. The radicals are,
therefore, generated in both the polymer
and monomer units. A chemical reaction
of the monomer with the polymer back-
bone radical initiates the grafting reaction.
Alternatively, a two-step grafting proce-
dure may be adopted. In the first step, the
polymer is exposed to radiation which
leads to the formation of radicals on the
macromolecular chain. If the irradiation is
carried out in air, radicals react with oxy-
gen leading to the formation of peroxides
and hydroperoxides (hydroperoxide meth-
od). When contacted with monomer, the
irradiated polymer initiates grafting by
thermal decomposition of hydro peroxides.
In the absence of air, these macromole-
cular radicals remain trapped in the poly-
mer matrix and jnitiate the grafting in
the presence of a monomer (trapped radi-
cals method). Simultaneous radiation graft-
ing is, therefore, a single-step process
while pre-irradiation method involves two-
steps.

The sensitivity of a polymer towards
radiolytic degradation is an important fac-
tor before selecting the irradiation dose. A
number of studies have been devoted to
the structural changes and mechanism of
degradation in f1uoropolymers by high-
energy irradiation (e.g., [24-26]). The ex-
tent of degradation largely depends on the
chemical nature of polymers. Among per-
fluorinated polymers, Teflon has been
widely used for the grafting of various
monomers [27-31]. Thjs polymer has a
very low resistance to high-energy radia-
tion which causes degradation even for
low doses of gamma radiation [32). How-
ever, the copolymer poly(tetrafluoro-
ethylene-co-hexaf1uoropropylene) (FEP)
shows a much higher resistance against
gamma radiation [33]. Therefore, it offers
the possibility to carry out grafting under
a wide range of radiation doses without
much influencing its inherent mechanical
properties. This is the reason that we at-
tempted to develop cation-exchange mem-
branes based on FEP films. There are few
studies to develop membranes by radia-
tion grafting of various monomers into
FEP films [34-42). These monomers fall
into two categories: the one containing an
active group in its molecule, such as acryl-
ic or methacrylic acid and the other one
which contains no functional group, such
as styrene and which has to be functional-
ized in a post-grafting reaction. In this
paper, we present various aspects of the
membrane preparation by the grafting of
both types of monomers into FEP films,
but a great deal of emphasis is given to
styrene grafting.

Pre-irradiation
hydroperoxide melhod

penetrate the bulk of the FEP films, which
are usually of 25-200 ~ thickness. This is
the advantage of the high-energy radiation
grafting over UV -induced photochemical
grafting in the presence of a sensitizer.
The latter cannot penetrate the bulk of the
polymer film. As a result, the grafting
involving UV radiation remains confined
virtually to the surface layers of a film,
leaving behind a bulk of the film unmodi-
fied [21-23]. At the same time, UV-in-
duced grafting needs a photosensitizer
which, if left behind in the film matrix,
may act as an impurity. Photochemical
grafting is, therefore, interesting for appli-
cations only where surface properties of a
polymer need to be altered.

The absorbed radiation dose is defined
as the amount of energy imparted to mat-
ter. The most recent unit of radiation is
Gray (Gy) which corresponds to 104 ergl
g [IS). For larger doses, kilogray (KGy) is
used. The dose rate is, therefore, defined
as the absorbed dose per unit time and is·
represented as Gy/min.

2.2. Methods of Radiation Grafting
The use of gamma rays or of an elec-

tron beam is to generate radicals in the
grafting system. The following three dif-
ferent methods may be used for the radia-
tion-initiated grafting process [4]: a) si-
multaneous radiation grafting, b) pre-irra-
diation in air (hydroperoxide method), and
c) pre-irradiation in vacuum (trapped-rad-
icals method).

A general schematic representation of
the three methods is shown in Fig. 1. In
simultaneous radiation grafting, the poly-
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ergies of >0.1 Me V would be interesting
for irradiation of tluoropolymers.

A large number of linear accelerators
are available which produce electrons of
energies in the range of 1-6 MeV. We
refer the reader to the literature [4] [l5-
171 for more specific information.

From the grafting point of view, the
basic difference in both types of radiation
lies in terms of the high penetration power
of the electromagnetic radiation [20).
Charged particles lose energy al most con-
tinuously through a large number of small
energy transfers while passing through
matter. However, photons tend to lose a
relatively large amount of intensity by
interaction with matter. This is the advan-
tage of the electromagnetic radiation, such
as gamma rays, that the fraction of pho-
tons, which do not interact with a finite
thickness of matter, is transmitted with
their original energy and direction (expo-
nential attenuation law). Hence, the dose
rate of radiation may be easily controlled
by the use of a suitable attenuator without
influencing the photon energy, which is a
very important aspect in radiation-initiat-
ed polymerization [4). Lead, with its half
thickness value of 1.06, is the most widely
used attenuator for gamma radiation due
to its lower required thickness as com-
pared to other attenuators.

As evident later, the distribution of
grafts across the film thickness is a very
important requirement for membrane prep-
aration. Therefore, radical generation
throughout the film thickness is neces-
sary. Fortunately, all kinds of radiation
discussed above have sufficient energy to
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3. Membrane Preparation

3.1. Grafting Method
The membrane preparation was car-

ried out by the grafting of styrene and
acrylic acid using two methods, i.e., si-
multaneous and pre-irradiation grafting
and details have been reported in earlier
publications [37][42][43]. Diluents for the
styrene and acrylic acid were benzene and
H20, respectively. The degree of grafting
corresponds to the percent increase in
weight of the FEP films after the grafting
reaction and was obtained as per follow-
ing equation. Fig. 2. Sulfur distribution in membranes with different degrees of grafting probed by microprobe

analysis. a) 3%; b) 13%. Grafting conditions: dose, 60 KGy; monomer concentration, 60%;
temperature, 60°; diluent, benzene.
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where, Wo and Wg are the weight of the
ungrafted and grafted films, respectively.

For acrylic-acid-grafted FEP films, no
post-grafting reaction was needed to pro-
duce ion-exchange membranes. Howev-
er, for styrene-grafted films, the sulfona-
tion was carried out to introduce sulfonic-
acid groups as ionic sites. The degree of
sulfonation was found to be -100% [42].

c

Fig. 3. Schematic representation afthe 'Grafting Front' mechallism

Addillonal Gralling

100% sulfonation, it may be assumed that
the distribution of sulfur as obtained from
the microprobe analysis, represents the
distribution of grafted chains. It may be
seen from Fig. 2 that, at a low graft level of
3%, grafts are located near the surface
only. However, with the increase in de~
gree of grafting (ca.] 3%), grafts are incor-
porated across the film (see Fig. 2b). The
two profiles on both sides differ to some
extent as in Fig. 2a. It appears that the
amount of the grafted pol ystyrene is slight-
1y different which may not be significant
in terms of absolute amounts, but this
leads to a little bit different swelling of the
two grafted layers. As a result, the swell-
ing and diffusion of monomer from two
sides within the film becomes somewhat
different and leads to the slight variation in
the profile on both sides of the film. The
scattering in Fig. 2b indicates the graft
content at various places across the FEP

e

~ Grafted Zone

d

Grafting Front

Graft Penetration
Before discussing the influence of the

grafting conditions, it is important to illus-
trate the mechanism of graft penetration
into the FEP film. This will provide an
important basis to understand the grafting
process. As evident later, a homogeneous
distribution of the grafted component
across the FEP film is necessary for the
membrane applications. Our kinetic study
on the styrene grafting into FEP films as
well as microprobe measurements on graft-
ed and subsequently sulfonated films have
revealed that the grafting takes place by
the 'front mechanism' [43-45]. The sulfur
distribution across the membrane matrix,
as observed from microprobe measure-
ments, is presented in Fig. 2. Owing to the

ed in [43]. An extensive review of kinetic
behaviour in different polymer-monomer
systems is discussed by Chapiro [4].

Initiation:
P'+M ~ PM"

Propagation:
PM'/l+M ~ PM',,+I

Termination:
PM"" + PM"III ~ dead polymer

where, p' is the primary radical site, PM' is
the initiated chain, M is the monomer unit
and PM"/l and PM"III are the growing graft
chains. Any parameter that influences one
or more of these three kinetic steps should
lead to a variation in the degree of grafting.
A detailed study of the kinetics of the
grafting in FEP/styrene system is present-

3.2. Grafting Conditions vs. Degree of
Grafting

As evident later, physico-chemical
propertries of a membrane are governed
by the degree of grafting which in turn is
controlled by the grafting conditions em-
ployed in a system. It, therefore, becomes
of utmost importance to determine the
influence of grafting parameters on the
degree of grafting. The most important
parameters are radiation dose rate, radia-
tion dose, monomer concentration, tem-
perature of the grafting reaction, and addi-
tives. The overall graft copolymerization
process involves three kinetic steps which
may be represented as follows.
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film. This scattering is eliminated at high-
er degree of grafting of> 19% (not shown
in Fig. 2). These results indicate that the
initial grafting takes place at the film sur-
face only. This grafted layer swells in the
reaction medium (styrene and benzene act
as solvents for polystyrene grafts), and
further grafting proceeds by the progres-
sive diffusion of monomer through the
monomer swollen grafted layer into the
bulk till the 'grafting front' reaches the
middle of the film.

The whole process of the grafting reac-
tion involving the 'graftingfront' mecha-
nism is presented in Fig. 3. The figure
shows the front movement from both sides
of the film. Itmay be stated that stage a and
b are obtained at a low graft level of ca.
3%. With the increase in the grafting, the
two fronts move much closer and the front
advances to stage c. As a result of the
further movement of the front, the nonho-
mogeneous film of stage c is transformed
into a homogeneous one (stage:l). Based
on our earlier results [45], it may be stated
that stagefis achieved beyond a graft level
of 13% for that particular system. The
movement of the 'grafting front' to the
middle and the growth of the chains in the
grafted zone (additional grafting) proceed
simultaneously. This mechanism repre-
sents a general scheme of the graft pene-
tration in FEP films. Since, the degree of
grafting vs. time depends on the grafting
conditions employed ina system, the loca-
tion of grafts at any time would also vary
under different grafting conditions. The
distribution of grafts shown in Fig. 2 cor-

responds to the conditions as mentioned
over there. It may be mentioned here that
the 'front mechanism' also operates for
the grafting of acrylic acid into FEP films
[35][37].

Monomer Concentration
The degree of grafting in pre-irradia-

tion can be easily controlled by proper
selection of grafting conditions, such as
the monomer concentration. Fig. 4 shows
the influence of the reaction time on the
degree of grafting of styrene into FEP
films at 60% [vol-%] monomer concen-
tration. The grafting shows a sharp in-
crease for the initial time and tends to level
offbeyond 4 h. However, the grafting does
not reach saturation even after 56 h of
reaction time, although, the increase is
very little. Therefore, the degree of graft-
ing at 56 h represents the final degree of
grafting. From the results, it may be stated
that a grafting time of 8-10 h is the most
appropriate to achieve almost maximum
degree of grafting. In acrylic acid grafting
into FEP films (Fig. 4), however, the sat-
uration is achieved within 2 h. It may be
mentioned here that the grafting medium
has a quite different composition compris-
ing H20 as diluent along with H2S04 and
FeS04 as additives. Each additive has its
own influence over the grafting kinetics.
Looking into the complexity of the graft-
ing mechanism, it is difficult to offer any
explanation to the different behaviour in
two systems.

The results in Fig. 5 show that the
higher the styrene concentration, the high-

er is the degree of grafting. Since, the
grafting depends largely on the monomer
availability to the radical sites within the
film, at higher monomer concentration,
the styrene availability into the film in-
creases. As discussed in previous sec-
tions, one of the important requirements
for the monomer diffusion into the bulk of
the filmis its high degree of swelling in the
grafting medium. If the dilution of mono-
mer has any impact on the swelling of the
grafted matrix, monomer diffusion will be
influenced accordingly. Fortunately, graft-
ed polystyrene chains swell not only in its
own monomer styrene but also in benzene
and, therefore, regulate the monomer dif-
fusion. As a result, the degree of grafting
also increases. However, the nature of the
solvent (Sx)' which is used as diluent,
plays an important role in determining the
degree of grafting. If the solvent has a high
chain transfer constant, the growing chain
will be quickly terminated leading to low
graft levels [4].

Deactivation:

PM'" + Sx --; PM"x + S'

Another factor governing the degree of
grafting is the solubility of the polystyrene
homopolymer in the grafting medium. If
the homopolymer dissolves in the mono-
mer or solvent, it will increase the viscos-
ity of the grafting medium. As a result, the
monomer penetration into the film is con-
siderably lowered.

One of the ways to overcome the prob-
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Fig. 4. Influence of time on degree of grafting in pre-irradiation grafting. • Fig. 5. Variation of degree of grafting with styrene COllcelltratioTl
styrene (grafting conditions: dose, 60 KGy; monomer concentration 60%,
temperature, 60°; diluent benzene) and D.acrylic acid (grafting conditions:
dose, 40 KGy; monomer concentration, 30%; Mohr's salt 0.1 %; H2S04 0.2
molll; temp. 60°; diluent, water).
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Fig. 6. Inf7uence of radiation dose on degree of grafting. Simultaneous
radiation grafting of styrene. Grafting conditions: dose rate, 0.5 Gy/min;
temperature, 60°.

Fig. 7. Influence of the temperature on the filllll degree (!fgrafting lIlld the
initial rate of grafting. Pre-irradiation grafting of styrene. Grafting condi-
tions same as in Fig. 4.

The most important requirement to
achieve better graft yields in simultaneous
grafting is a low radiation dose rate. The
overall grafting trend in both pre-irradia-
tion as well as simultaneous grafting re-
mains the same. The higher the dose of
radiation, the higher is the degree of graft-
ing. However, in simultaneous radiation
grafting, relatively lower doses are needed
to achieve a degree of grafting comparable
to pre-irradiation [42][43]. The reason
behind such an observation is that in si-

Influence of Radiation Dose
The basic difference between simulta-

neous and pre-irradiation grafting is that
in the former case, radiation dose is a
function of the grafting time. While in the
latter case, radiation dose and grafting
time are two independent parameters. The
radiation dose has considerable influence
on the degree of grafting for both the
monomers used in our studies. The results
in Fig. 6 on the simultaneous radiation
grafting of styrene into FEP films show
that the higher the dose, the higher is the
degree of grafting [42]. This is essentially
due to the higher number of radicals gen-
erated in the system at higher radiation
dose which take part in the grafting reac-
tion. Since, the monomer (M) is also ex-
posed to radiation, considerable homopol-
ymer formation takes place in the grafting
medium which reduces the efficiency of
the grafting system to a large extent.

lem of homopolymer formation is the use
of ferrous salts in the grafting medium
[351. Fe2+ deactivates OH' radicals gener-
ated in the grafting system as per follow-
ing equation.

OH' + Fe+2 -7 OH- + Fe+3

However, the disadvantage of the fer-
rous salt as additive is that it deactivates
the growing chains as well, which leads to
the decrease in the degree of grafting.

Cross-linker
Cross-linkers are used in conjunction

with the monomer to achieve certain de-
sirable properties in a grafted membrane.
However, the addition of a cross-linker to
the grafting system leads to a decrease in
the degree of grafting [43]. This is because
of the fact that the very initial grafted
chains get cross-linked. As a result, the
mobility of macromolecular chains is con-
siderably lowered. This decreases the
swelling and hence the monomer diffu-
sion into the bulk of the film. It is reflected
in the rapid deactivation of growing chains
leading to lower graft levels as compared
to a system without cross-linker. There-
fore, in the presence of a cross-linker, the
grafting has to be carried out for a relative-
ly longer time to achieve a comparable
degree of grafting.

The major disadvantage using a cross-
linker is that the rate of homopolymeriza-
tion is enhanced as the cross-linker con-
tent in the grafting medium is increased.
This leads to the quick gelation of the
monomer in the grafting system, thereby
limiting the time of the grafting reaction
[43].

yradiation

M -7

M' + M -7

M'

homopolymer

multaneous grafting, the radical genera-
tion and the grafting reaction proceed si-
multaneously, leading to a more efficient
utilization of radicals. While in pre-irradi-
ation grafting, considerable radical-radi-
cal recombination takes place during the
exposure of the film which results in a
decrease in the radical concentration with-
in the film.

Temperature
The temperature of the grafting reac-

tion has a profound influence over the
degree of grafting. The effect of the tem-
perature on the initial rate of grafting and
the final degree of grafting is presented in
Fig. 7. The initial rate of grafting (as
obtained, e.g., in Fig. 4, from the slope of
the time-conversion plot for initial in-
crease in the degree of grafting) increases
with temperature. However, the final de-
gree of grafting shows an opposite trend. It
may be mentioned here that this behaviour
was found to be similar for the grafting of
styrene and acrylic-acid monomers into
FEP films [37][43]. These results may be
understood from the fact that the reactivity
of radicals increases with increasing tem-
perature and leads to the higher initial
grafting rate. At the same time, once cer-
tain grafting has taken place, monomer
has to diffuse through the swollen grafted
layers before reaching and reacting with
the radical sites. Due to the high viscosity
of the monomer-swollen grafted zone, the
grafting process is diffusion-controlled.
Owing to the unavailability of a sufficient
number of monomer radicals to the graft-
ing sites, growing chains terminate faster
at higher temperature leading to lower
graft yields. At lower temperatures, not
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only the grafting is slow, but also their
termination is slowed down due to the
lower reacti vity of radicals, leading to the
higher graft yields.

Nature of Radicals
The nature of radicals initiating the

grafting in irradiated FEP is still a subject
of discussion. When irradiation is carried
out in vacuum, active centres are essen-
tially p' radicals which remain trapped in
the FEP matrix. It is evident from the
studies of Hegazy et at. [41], that the
grafting of acrylic acid into FEP films is
initiated from p' radicals. However, ina-
diation in air should lead to the interaction
of trapped radicals with atmospheric O2,

resulting in the formation of POO' radi-
cals. Studies of Chapiro and coworkers
[34-36] on the grafting of acrylic acid and
vinylimidazole into FEP films suggest,
that even if the active centre is a peroxy
radical, it is the p' or PO' radical which is
involved in the grafting process. Authors'
observation is based on the study that in
the event, a peroxy radical initiates the
grafting, the graft will be attached to the
backbone in the form of a P-O-O-graft
linkage. Such a structure would breakaway
the grafted chain via the cleavage of 0-0
bond at higher temperatures. However,
this is not the case and no weight loss takes
place once a grafted film is heated to 80°
(a temperature where peroxides decom-
pose) under vacuum. These observations
indicate that the initiating radical is a p' or
possibly a PO' species.

Nature (~f Radiation
An interesting aspect of membrane

preparation is that the nature of radiation

does not influence the degree of grafting
into FEP films [37]. Fig. 8 shows the
influence of the pre-irradiation dose on the
grafting of acrylic acid into FEP films. It
may be seen from the results that yand
electron beam irradiation result exactly in
the same graft yields. These results indi-
cate that the radical generation during
exposure of the FEP film is identical irre-
spective of the nature of the radiation
employed. It may be noted that the yirra-
diation needs several hours or days of
exposure of the FEP film. In contrast,
electron beam exposure is carried out for
a few min to achieve a similar dose. The
electron-beam, therefore, offers the possi-
bility of reducing the time of exposure
which is an important factor for the com-
mercial production of such membranes.

Pre-grafting Storage
The storage of irradiated films prior to

grafting is an important factor which might
influence the activity of films towards
grafting. It has been found that irradiated
FEP films stored at a temperature of -60°
for four months retain their activity [43].
For FEP-g-polyacrylic-acid membranes,
FEP films were stored at -200for two
weeks prior to irradiation. The degree of
grafting did not show any decrease under
the specified experimental conditions [37].
It indicates that free radicals generated
during pre-irradiation are not destroyed
during storage. This offers the possibility
of exposing a large quantity offilms in one
single step and storing them at lower tem-
perature for the subsequent grafting reac-
tion in a later stage. This makes pre-irradi-
ation grafting more attractive as compared
to simultaneous where each reaction has

to be carried out in the radiation source.
From the above discussion, it is evident
that the degree of grafting depends on
reaction conditions utilized in a system. It
is, therefore, possible to produce a graft
copolymer membrane with desired graft
content by the proper selection of grafting
conditions.

4. Structure and Properties
of Membranes

4.1. Structural Changes in Membranes
The physical properties of these radia-

tion-grafted membranes are considerably
influenced not only by the nature and the
amount of the grafted moiety but also by
the structure that builds up during grafting
as well as post-grafting processes. In semi-
crystalline polymers, the degree of crys-
tallinity plays an important role in deter-
mining the mechanical stability as well as
the transport behaviour of the polymer. It
has been observed that grafting of styrene
and subsequent sulfonation leads to con-
siderablechanges in crystallinity [46](47].
The results presented in Fig. 9 show the
variation in amorphous fraction in the
membrane with increasing degree of graft-
ing. As the grafting increases, amorphous
content shows an increasing trend. It is
caused by the cumulative influence of the
dilution of inherent crystallinity by incor-
poration of amorphous polystyrene grafts
into the noncrystalline region of the FEP
film as well as of partial distruption of
inherent crystallites [46][47].

The schematic representation of the
crystallinity variation during the two-step
membrane preparation is presented in Fig.
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10. The grafting proceeds by the incorpo-
ration of polystyrene grafts into the amor-
phous region of the membrane. Since,
polystyrene grafts are amorphous in na-
ture, this simply exerts a dilution effect on
the inherent crystallites ofthe FEP matrix.
The inherent crystallites, therefore, re-
main intact for the whole range of graft
levels, 15-40% (Fig. 10 B). The second
step of membrane preparation, i.e., sul-
fonation, leads to considerable changes in
the crystalline region. Firstly, the sulfona-
tion increases the weight fraction of the
amorphous grafted component by further
diluting the crystalline/amorphous ratio.
Secondly, the grafting results in the at-
tachment of polystyrene chains both in the
amorphous region as well as to the crystal-
lite surface. Once the membrane is swol-
len in H20, sulfonated polystyrene do-
mains within the perfluorinated matrix
expand. This leads to strong hydrophilic-
hydrophobic stresses developing at the
lamella-graft interjuncture. As a result,
some of the grafted chains are cleaved off
the lamellar surface leading to the partial
disruption of the crystallite as shown in
Fig. 10 C [46][47]. The cumulative influ-
ence of the dilution effect and crystal dis-
ruption is so high that the crystallinity in a
membrane with 40% grafting decreases to
almost one/third of its original value (Fig.
9). A similar behaviour in crystallinity
changes of FEP-g-polyacrylic acid mem-
branes was observed [48].

4.2. Physico-chemical Properties
As evident in the following sections,

by careful variation of the degree of graft-
ing, it is possible to control various impor-
tant properties, e.g., ion-exchange capac-

FEP-g-PSt FILM

FEP-g-PSA MEMBRANE

Fig. 10. Schematic representation of the crystalline changes in a graft copolymer jilmllnd lImemb1'lllle
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ity, swelling, and resistivity of membranes.
These properties are further altered by the
presence of a cross-linker in the mem-
brane matrix. A desired variation in the
membrane properties could be achieved
by proper selection of a cross-linker and
its content in a membrane. One can, there-
fore, design a copolymer membrane ac-
cording to the specific need for an applica-
tion. In the following section, some phys-
ical properties as a function of the degree
of grafting in membranes are described.

fon-Exchange Capacity (fEC)
IEC is an important property which

governs the hydrophilicity and H20 con-
tent of membranes to a large extent. As the
degree of grafting increases, the number
of ionic sites in a membrane also increas-
es. This is reflected in the higher ion-
exchange capacity of the membrane (Fig.
11). This offers the possibility of prepar-
ing membranes with a desired ionic con-
tent by controlling the degree of grafting.

Glass transition Tg
Tg is another important characteristics

of membranes. The physical properties of
membranes, such as permeability and
mechanical stability, are considerably in-
fluenced below or above this temperature.
Such a behaviour is in fact associated with
the higher mobility of molecular chains
above the glass transition temperature (Tg).
In other words, the membrane matrix ac-
quires flexibility above Tg. We have found
that Tg is strongly influenced by the amount
of water present in a membrane. The high-
er the water content, the lower is the To in
a membrane [47]. This is because of the
plasticizing effect of H20 over ionic sites
in a membrane.

Swelling Behaviour
Swelling behaviour of a grafted mem-

brane was determined by immersing a
vacuum-dried membrane (ca. I torr at
80°) in H20 and boiling it for 5 h. The H20
uptake was obtained as the % increase in
weight of the dry membrane. The results
of membranes with different degrees of
grafting are presented in Fig. 12. The
higher the grafting, the higher is the swell-
ing of the membrane. This is essentially
due to the relative increase in the number
of ionic sites (IEC of the membrane).

The most interesting feature in Fig. 12
is that the number of H20 molecules per
ionic site increases considerably with the
increase in the degree of grafting. For an
increase in the grafting from 6.5 to 40%,
the hydration number increases from 6 to
25. These results simply cannot be ex-
plained by the chemical changes occur-
ring during grafting and subsequent sul-
fonation, i.e., increase in the ion-exchange
capacity. We have observed that the ionic
content per unit volume of wet mem-
branes remains almost constant [42]. These
results may, therefore, be understood from
three factors operating in the system, i.e.,
increase in the ionic content, increase in
the hydrophilicity of the matrix, and de-
crease in the crystallinity in a membrane
[45]. As the ionic content increases, the
H20 uptake in a membrane would also
increase. Moreover, the sulfonated poly-
styrene grafts are hydrophilic in nature
and remain distributed randomly in the
FEP matrix. This results in the enhance-
ment of the fractional hydrophilicity ofthe
membrane as the degree of grafting in-
creases. At the same time, crystallinity
decreases with increasing grafting, as dis-
cussed above. On one hand, the enhance-

ment of hydrophilicity makes the mem-
brane structure more amenable to H20
molecules. On the other hand, the de-
crease in'crystallinity leads to a membrane
structure more permeable to diffusing spe-
cies. As a result, the swelling of mem-
branes increases to such an extent that it is
reflected in the higher H20/ionic site ratio
with the increasing degree of grafting.

Specific Resistivity
Specific proton resistivity of mem-

branes, determined by ae impedance meas-
urements [42], as a function of degree of
grafting is presented in Fig. /3. Initially,
the specific resistivity shows a sharp de-
crease and then a transition point at a
certain degree of grafting, beyond that the
resistivity does not show any appreciable
change. We have observed that the initial
grafting takes place at the film surface
followed by the progressive diffusion of
the monomer through grafted zones (as
described in previous sections). It means
that, for low levels of grafting, the film still
remains ungrafted in the middle and, there-
fore, exerts a higher local resistance. How-
ever, as soon as the grafting front reaches
the middle, this higher local resistance
diminishes. Although, the grafting reach-
es the middle of the membrane at ca. 6%
grafting, this is not yet sufficient to obtain
low specific resistivity. From the results, it
may be deduced that under the present
grafting conditions, a minimum of ca.
15% grafting is necessary to achieve resis-
tivity values of ca. 10 Q cm. This graft
level may, therefore, be termed as critical
degree of grafting. However, a further but
very slow decrease in resistivity beyond a
graft level of 15% is essentially due to the
higher H20 content and more efficient
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Fig. 15. Principle of polymer electrolyte fuel cell (PEFC)

network formation involvingH20domains
in the membrane matrix. The presence of
a cross-linker increases the resistivity of a
membrane depending on the degree of
cross-linking [44]. The open circle in Fig.
13 shows the resistivity of a membrane
containing 4% DVB. In the presence of a
cross-linker, the mobility of macromo-
lecular chains in a cross-linked membrane
is lowered which decreases the swelling of
the matrix. As a result, the resistivity in-
creases. It is interesting to note that the
same trend of resistivity \is. degree of
grafting is found for FEP-g-polyacrylic
acid membranes [35]. However, it is im-
portant to note that, at a certain degree of
grafting, membrane properties may vary
to some extent depending on the grafting
conditions. The reason behind such obser-
vation may be the relative change in the
membrane structure under different prep-
aration conditions [49].

Thermal Stability
Thermal behaviour of FEP-g-polysty-

renesulfonic-acid membranes was evalu-
ated by thermogravimetric analysis (TGA-
FTIR-MS combination) and ion-exchange
capacity (TEC) measurements. TGA stud-
ies under N2 showed that membranes are
stable upto 250° [50][51]. A clear demar-
kation of different degradative processes
in the form of dehydration, desulfonation,
and main chain degradation could be made
(Fig. 14). Membranes undergo dehydra-
tion in a very broad range of temperature
upto 150°. It is found that the desulfona-
tion leads to the formation of a cross-
linked structure. This is evident from the
fact that the swelling of the heat-treated
membrane decreases to a much higher
level as compared to the loss in sulfonic
acid groups. The results indicated that
desulfonation proceeeds by a mechanism
where two sulfonic-acid groups from the
same or adjacent chains interact with each
other, thereby eliminating S02 and H20
[51]. As a result of the cross-linking of
grafted domains, the resultant structure
becomes rigid in nature (due to the forma-
tion of polysulfones etc.) and influences
the swelling of the membrane matrix. In
the final stage, the main chain (corpprising
tl uori nated component and aromatic struc-
tures) undergoes degradation. The residue
(ca. 20%) at the end of the thermogram
was found essentially to be coke.

5. Applications

Radiation-grafted membranes of dif-
ferent base polymer-monomer combina-
tions have generated considerable interest

in various fields of application, e.g., elec-
trochemical energy conversion, separa-
tion processes, biotechnology, sensors,
medicine, etc. There is enormous litera-
ture on these specific topics. Hence, only
a brief account of membrane applications
in some of these important fields will be
presented below.

5.1. Electrochemical Energy Conversion
Main interest of the authors in the

preparation and characterization of radia-
tion-grafted FEP-g-polystyrenesulfonic
acid (FEP-g-PSA) membranes, as de-
scribed above, is their application as pro-
ton conducting solid electrolyte in H2/02
fuel cells. A scheme of the membrane
electrode assembly of such a fuel cell,
operating at temperatures up to 100°, is
displayed in Fig. 15 (cell housing not
displayed) [52]. The water-swollen poly-
mer membrane is sandwiched between
two porous gas diffusion electrodes, where-
by their electrocatalytic layers (highly dis-
persed Pt on C) face the membrane surfac-
es. Hydrogen is oxidized at the anode,
protons migrate through the membrane,
and combine with oxygen under the con-
sumption of electrons. Electric power is
delivered by such a cell depending on the
external load. Typical power densities
obtained by this type oUuel cell are in the
range of I W/cm2with pure O2 and beyond
400 mW/cm2 with air at gas pressures up
to 5 bar.

As evident from Fig. 15, the mem-
brane serves as electrolyte as well as gas
separator, which are equally important
functions in that application. Hence, low
specific resistivity as well as low gas per-
meation are of paramount interest. Due to

the particular environment of the mem-
brane in such cells, e.g., hydrogen, oxy-
gen, water, highly dispersed platinum, elec-
trode potentials, etc. these membranes must
have high oxidative, reductive, and hydro-
lytic stability.

Degrees of grafting beyond 150/(',
as shown above, are necessary to obtain
specific resistivities in the range of 10 Q

cm (20°), which are a prerequisite for fuel
cell application [42][53]. It has been shown,
that cross-linking of the grafted polysty-
rene is of utmost importance for several
reasons. Firstly, cross-linking with divi-
nylbenzene reduces gas transport across
the membrane as evidenced by the open-
circuit potential in a cell [54]. This is due
to the higher compactness (lower swell-
ing) of the cross-linked polystyrene do-
mains [55]. At the same time, membrane
degradation, expressed as increase of the
membrane resistance with time, is low-
ered. In contrast to these two beneficial
effects, cross-linking with DVB also leads
to undesirable higher specific resistivities.
To balance these two contrary trends, the
concept of double cross-linking has been
developed for these membranes [56].
Cross-linking is carried out with two dif-
ferent cross-linkers, DVB to yield lower
gas permeability and better fuel cell stabi 1-
ity and TAC (triallylcyanurate) to im-
prove swelling and hence, conductivity.
This concept has resulted in a 'new class'
of proton-exchange membranes which
have the potential to substitute the current-
ly used 'expensive' pertluorinated stand-
ard membranes in fuel cell applications
with required lifetimes of a few thousand
h (electric vehicles) [571.

Various types of radiation-grafted
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minor applications are food processing,
treatment of effluents, and others.

MEMBRANE

CARRIER GAS PERMEATE

6. Conclusions

5.3. Sensors
Another interesting application of graft-

ed membranes is in the field of sensors.
Several studies have been made to devel-
op membranes by radiation grafting of
hydrophilic polymers such as polystyrene
su Ifonate and poly( 4-vi ny Ipyridi ne)
(PVPy) into Teflon films [67][68]. Sakai
et ai. [68] have reported that the PVPy-
grafted Teflon films show good sensitivity
of their electrical resistivity to humidity
and offer an excellent matrix to be used for
a sandwitch-type humidity sensor.

5.4. Bio and Medical Applications
Membranes obtained by radiation

grafting are free from impurities of an
initiator. It, therefore, makes them very
useful in various biomedical fields, such
as protein purification, drug immobiliza-
tion, controlled drug delivery, and blood
purification by dialysis.

One of the primary requirements of a
membrane for medical application is its
bio-compatibility. Since, tissues and blood
remain in close contact with the mem-
brane, it becomes of utmost importance to
have a membrane surface with low inter-
facial free energy. Usually, an interfacial
free energy of 1-3 dyn/cm can be consid-
ered satisfactory for blood compatibility
[69].

Grafting of acrylic acid into FEP films
leads to membranes with very low area
resistance (0.20 cm2 at 76% degree of
grafting), which could be lIsed for dialysis
[70]. The low resistance in a grafted mem-
brane is necessary to achieve better fluxes
during dialysis. Certainly, the dialysis co-
efficient and the separation factor would
depend on the nature and the degree of
grafting in a membrane [9].

By careful variation of the grafting
conditions and hence the degree of graft-
ing, a proper control over membrane prop-
erties, such as ion exchange capacity, swell-
ing, and resistivity can be achieved. The
most important requirement for membrane
development is the distribution of ionic
groups across the film matrix. This is
achieved at a certain degree of grafting,
e.g., ca. 6% for styrene/FEP, under the
present experimental conditions. Howev-
er, a higher degree of grafting is needed to
obtain a much closer distribution of ionic
domains and better network formation
among water-swollen pol ystyrene domai ns

CONDENSATE

CONDENSATE

the separation ofH20/EtOH mixtures [60).
A successful utilization of these grafted
membranes for the separation of various
liquid mixtures has been reported by Neei
and coworkers [61-63). The variation in
the flux and permselectivity for4-vinylpy-
ridine grafted Teflon membranes contain-
ing various degrees of grafting were eval-
uated for H20/-dioxane and H20/DMF
mixtures. The liquid transport was en-
hanced as the amount of grafted compo-
nent in the membrane increased. The se-
lectivity, however, did not show much
variation in a wide range of grafting ratios
from 50 to 250%. Ellinghorst and cowork-
ers [64] studied radiation grafting of var-
ious hydrophilic monomers, such as N-
vinylpyridine and acrylic acid into differ-
ent f1uoropolymers. It was found that the
flux increases with higher degree of graft-
mg.

Electrodialysis (ED) is another separa-
tion technology where radiation grafted
membranes can be employed [65][66].
ED is a membrane process which sepa-
rates ions from (aqueous) solutions, where-
by the separation is achieved by the migra-
tion of ions through ion-selective mem-
branes under the driving force of an elec-
tric field. In an ED cell stack, cation- as
well as anion-exchange membranes are
arranged alternatively, ions are depleted
from the feed solution and increased in the
concentrate solution. Cation-exchange
membranes employed are mainly sulfonat-
ed styrene- or acrylic-acid-grafted per-
fluoro or hydrocarbon polymers. The an-
ion-exchange membranes are prepared by
an ami nation process and contain quater-
nary ammonium ions. Demineralization
of potable and brackish water and concen-
tration of seawater are major applications,

VAPOUR

FEED SOLUTION

membranes are used as separators in pri-
mary and secondary batteries [58]. This
includes also combinations of hydrocar-
bon polymers (polyethylene, polypropyl-
ene) and monomers with and without an
ionic functionality. Due to the less severe
conditions in batteries as compared to fuel
cells, the problem of membrane lifetime is
by far not that important.

Fig. 16. Principle of pervaporation

5.2. Separation Processes
A major application of FEP-g-poly-

acrylic-acid membranes has been in the
separation of liquid mixtures by pervapo-
ration [59]. With the advent of the neces-
sity of reducing the energy requirements
of unit operations in industries, pervapo-
ration has been recognized as an alterna-
tive to the conventional methods of liquid
separation. This process has been used
extensively for the separation of H20/
EtOH mixture obtained from the bio-mass
fermentation. During this process, the liq-
uid mixture is placed on one side of a
membrane and the permeated product -
the 'pervaporate' is removed in the form
of vapour from the other side (Fig. 16).
The driving force for the separation is
maintained by the vapour pressure differ-
ence across the membrane. This is achieved
by creating vacuum or by employing a
carrier gas on the permeate side.

The flux and selectivity of a pervapo-
ration membrane for various components
in a mixture, i.e., its perm selectivity are
mainly determined by the solubility and
diffusivity of each of the components in
the membrane matrix. FEP-g-polyacryl-
ic-acid membranes have shown to be a
good candidate for pervaporation proc-
esses. The degree of grafting has been
found to have a profound influence over
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within the membrane matrix, a prerequi-
site for low specific resistivity.

Moreover, the grafting could be
achieved in the form of a polymer already
existing in the shape of a thin film. This
eliminates the problem of shaping the graft-
ed polymer into a thin foil required for
membrane application. The exposed FEP
film retains its activity even after a storage
period of four months at -600

• This is the
advantage of pre-irradiation grafting as
compared to simultaneous. Therefore, a
bulk of the film may be exposed once and
stored before carrying out grafting with-
out any decrease in grafting activity. An-
other advantage of pre-irradiation graft-
ing is in terms oflow homopolymer yield.
The process of radiation grafting, there-
fore, offers an attractive way for commer-
cial production of ion exchange mem-
branes. These grafted membranes are of
interdisciplinary nature in terms of their
application in various areas.
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