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Abstract
Membranes have generated considerable interest in a number of technologically

significant fields, such as chemical, biochemical and biomedical engineering. However, it

becomes important to design and develop particular membranes for specific applications.

Radiation induced grafting of hydrophilic monomers into polymeric fih-ns has been found

to be an appealing method for producing various membranes. The method has the

flexibility of using various types of radiation, such as y-rays, electron beam, and plasma,
irrespective of the shape and size of the polymer. Of all, Electron beam accelerator is an

advantageous source of high-energy radiations that can initiate grafting reactions required

for preparation of membranes particularly when pilot scale production and commercial
applications are sought. The grafting penetration can be varied from surface to bulk of

membranes by applying acceleration energy. This article briefly reviews the use of electron

beam radiation to prepare various membranes by radiation induced grafting of vinyl and
acrylic monomers onto polymer films. Some basic ftindamentals of radiation induced

grafting and advantages of electron beam over Co-60 are highlighted. Potential applications

of radiation-grafted membranes in various fields are also surveyed.

Introduction
Membrane separation processes are fast growing technologically significant and

commercially relevant unit operations. Compared to conventional separation technologies,

membrane processes are favored for their simplicity, modularity, low energy consumption,

minimal maintenance and low operation cost as well as capital investment. In such

processes, membrane is the heart of the separation system and therefore membranes have

been the subject of intensive research and development to produce materials to meet the

widespread and the diversity of the applications.

In its simplest form, membrane is defirted as a barrier between two phases that

allow a preferential passage of molecules or ion species under influence of a deriving force.

The perfonnance of the membrane is determined by the permeability and selectivity. A
good membrane should have a combination of high selectivity and permeability (high

permselectivity). Moreover, the membrane separation capability is governed by chemical
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and physical nature of the membrane material. Many membrane separation processes have

been developed in a wide number of industries such as chemical, pharmaceutical, milk and

whey, food, fuels, gas, cellulose processing, textile, automobile and metal finishing. Table I

shows a summary of typical membrane separation processes.

Membrane classifications

Many types of membranes exist and can be classified based of various criteria:

1. Material of origin.

Organic membranes (synthetic polymeric or natural membranes).

Inorganic membranes (metallic or ceramic membranes).

2. Structure

Symmetric membranes (dense or porous membranes).

Asymmetric membranes (integrally skinned or composite membranes).

3. Pore size

Porous membranes (pore size range 500 nm).

Micro-porous membranes (pore size range 1-5 nm).

Non-porous or dense membranes.

4. Morphology.

Flat sheet membranes.

Tubular membranes

Hollow fiber membranes.
5. Charge.

Charged (ion exchange) membranes.

Neutral membranes.

Among all, charged membranes (commonly known as ion exchange membranes) are

playing very significant role in modem separation technology as they have been used in

wide spectrum of industries including chloro-alkali, water electrolysis, sea water

desalination, salt production from sea water, waste water treatment, separators in batteries

and polymer electrolytes in fuel cells.

Ion exchange membranes
Ion exchange membranes are highly swollen polymer films carrying charged

functional groups covalently attached to polymer matrix. These membranes can be

subdivided into cation exchange membranes, which contain negatively charged groups and

anion exchange membranes, which contain positively charged group fxed to the polymer

matrix. A third type of membranes, which is containing a combination of positively and

negatively charged groups, is called bipolar (cationic/anionic) membranes. To meet the
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requirements for practical applications, ion exchange membranes have to fulfill a set of

optimum properties including high permselectivity, low electrical resistance, good

mechanical as well as form stability and high chemical stability over pH range of 14.

However, it is difficult to optimize the properties of ion exchange membranes

because opposing effects take place. For instance a good mechanical strength can be

achieved by high degree of crosslinking in the membrane, but this also causes an undesired

increase in the electrical resistance. A high concentration of fixed charges in the membrane

matrix lead to low electrical resistance but in general causes high degree of swelling

combined with poor mechanical stability.

The basic polymer matrix and the type and concentration of fixed ionic groups

determine the properties of ion exchange membranes. The basic polymer matrix deten-nines

to large extent the mechanical, chemical and thermal stability of the membrane. Often

matrices of ion exchange membranes consists of hydrophobic polymers such as

polyethylene, polystyrene and poly(tetrafluoroethylene). The type and the concentration of

fixed ionic groups determine the permselectivity and the electrical resistance of the

membranes. Most commercially available cation exchange membranes contain sulfonic

acid (-SO3-) groups as fxed groups, and most anion exchange membranes contain

quaternary ammonium -R3N) groups. These groups respectively represent strong acids

and bases, and completely dissociate over entire pH range.

Preparation of ion exchange membranes
Ion exchange membranes are commonly prepared by grafting of functional

monomers onto polymer matrix, which can be initiated by chemical initiator (catalytic

polymerization), photo-initiator (photo-miduced grafting), plasma treatment (plasma

polymerization) or high energy radiation (radiation induced grafting). Of all, radiation

induced grafting method is very attractive as it provides an easy control over the membrane

composition and properties by variation of the degree of grafting and therefore membranes

with desirable properties can be obtained. Since grafting can be carried out on polymers of

various forms including fibers, powders and films, membranes shaping problem can be

effectively eliminated starting with polymer film already having the shape of a membrane.

In addition, various monomers can be grafted from different phases (vapor or bulk solution).

In this method a large number of free radicals is generated in the irradiated fihn without the

use of any chemical or photochemical initiators. The radicals undergo copolymerization

reaction with a chosen monomer to form macro-radicals, which eventually propagates and

form side chain grafts covalently bonded to the backbone of the polymer film.
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Radiation grafting methods
Two standard methods of radiation grafting i.e. direct (simultaneous) iradiation and

preirradiation (post-iffadiation) are commonly used. In direct method, a film is irradiated in

the presence of a monomer or monomer containing solution; often inhibitor is added to the

solution to suppress the homopolymerization in liquid phase. Alternatively, the polymer is

irradiated first (in air or vacuum that can be substituted with inert atmosphere) and

subsequently brought to contact with the monomer in prein-adiation method. If irradiation

step is carried out in air, the generated radicals react with oxygen to form peroxides and

hydroperoxides, which initiate grafting upon contacting monomer units by then-nal

decomposition. The direct irradiation method is very simple and efficient from polymer

radiation chemistry principle viewpoint whereas, the preirradiation one is very effective

when highly reactive monomers such as acrylic acid are being grafted and conducting

reaction away from the source is demanded. In both methods, obtaining a desired grafting

requires an optimization of the reaction parameters such as monomer concentration,

irradiation dose, dose rate, temperature and type of solvent to vary the depth of penetration

monomer into the bulk. This provide the bulk film a tailor made grafted layers which have

a required compatibility with particular species such as ions, metals or biological

substances. The grafting yield can be calculated by: G (% = 100 X [W2-WI)/WI], where

W2 and WI are the weight of the flm after and before grafting.

Radiation induced grafting using electron beam

Two types of high energy radiation sources are available i.e. isotopes (Co-60) and

electron accelerator can be used to initiate grafting irrespective of the shape and size of the

polymer by gamma rays and electrons. A comparison between isotopes and electron

accelerators can be seen in Table 2 As can be seen, electron beam irradiation is most

effective for radiation induced grafting in general and for preirradiation method in

particular. It is also most effective when industrial usage and pilot scale production are

sought because of its high irradiation dose rate, short processing time, ease of generation of

free radicals in many polymers and moderate initiation reaction conditions. Depending on

the acceleration energy of electron beam and reaction parameters, it is possible to extend

the modification to a specific depth ranging from the surface to the bulk of the polymer.

Preparation of radiation grafted membranes
Many types of membranes have been prepared by grafting of various monomers

onto polymer films using electron beam. Ion exchange membranes are the major class that

have prepared using radiation induced grafting starting from common polymer films.

Preferably, polymer films have to be hydrophobic materials of high thermal, chemical and

mechanical stability such as fluorine containing polymers. List of common polymer films
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used for preparation of membranes is presented in Table 3 Grafting specific monomers

determine the type of the obtained membrane. Two types of grafting monomers are

available: 1) functional monomers such as acrylic acid and methacrylic acid, which directly

confer weakly acidic (cationic) character to the polymer backbone as depicted in figure ,

which shows a schematic representation for preparation of weakly acidic membranes, and

2) non-ftinctional monomers such as styrene and 4-vinylpyridine, which produces neutral

membranes that can be used as they are. Activating these membranes by post-grafting

chemical reactions convert them into widely useful ion exchange membranes. Sulfonation

and quaternization are the most famous post grafting chemical reactions. The former

produces cation exchange (strongly acidic) membranes as shown in Figure 2 whereas the

latter results in anion exchange membranes as shown in Figure 3 Other types of

membranes including bipolar (cationic/anionic) shown in the scheme presented in Figure 4

and mosaic membranes can be also prepared by radiation grafting. The use of radiation

grafting as an alternative technique for preparation of various membranes has been

reviewed by Chapiro [I], Ellinghorst et al 2] and Gupta and Scherer 3

Applications of radiation grafted membranes
Many radiation grafted membranes were found to meet the requirements for a

variety of applications covering vast areas including separation processes, solid state ionics,

biological and biomedical, environmental, energy conversion, etc.

.I.Separation processes applications

Membranes prepared by grafting of monomers such acrylic acid, methacrylic acid,

vinyl acetate, acrylamide and their derivatives onto various polymer fihns have been tested

and/or used in various separation processes such as water desalination by reverse osmosis,

dialysis, electrodialysis and pervaporation A list of some of these radiation grafted

membranes and their potential applications in various separation processes is given in Table

4.

Z Solid state applications
Radiation grafted membranes have shown potential for use in a variety of solid state

applications. PVDF-g-poly(N-isopropylacrylamide)membranes were proposed for use in

pH sensors, which function as a valve to regulate the filtration characteristics [ 1 9]. This is

because filtration rate and the solute separation characteristics of the membranes varied

dramatically in response to pH change. Acrylic acid and vinyl amine grafted PVDF films

were found to form temperature sensitive membranes, which can be used for the

development of temperature sensors 20]. PTFE-g-poly(4-vinylpyridine) membranes have
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shown potential to be used in fabrication of ion selective electrodes particularly for

Perchlorate ions CI04-) 21 .

3. Biological and biomedical applications

Radiation grafting has been found to produce membranes able to replace the kidney

of renal failure patients in removing uc acid, creatinine, phosphate and urea through

haemodialysis machines. Membranes for haemodialysis were prepared by grafting of vinyl

alcohol and N-vinylpyrrolidone onto PE films 22]. Other membranes including PVA

grafted with acrylic acid and methacrylic acid, chloroprene rubber grafted with 2-

hydroxyethyl methacrylate have shown outstanding dialytic capabilities [5].

Radiation grafting onto films has been also used to enhance biocompatibility and to

provide interesting biomedical properties. Immobilization of active biological species such

as adenosine and heparin onto radiation grafted membranes and releasing them at different

rates is an attractive application 23]. Hydrogel membranes such as PVDF-g-poly(N-

vinylpyrrolone) also have potential in controlled drug release where repeated

contraction/expansion cycles releases pluses of small molecules immobilized in the

hydrogel fraction of the membranes 24]. For example Drugs such as insulin can be

released to blood in response to increase of the blood sugar using hydrogel membranes.

Moreover, membranes prepared by grafting of ethylene glycol methacrylate onto PE films

were found to have surfaces that show low levels of adsorption of protein and adhesion of

platelets 25]. Protein purification is another application where radiation grafted membranes

can be effective. Metal immobilized PE-g-polyglycidylmethacrylate membranes containing

epoxy groups converted to iminodiacetate by iminodiacetic acid treatment has been

proposed for protein adsorption 26].

Grafting onto polymer films has been also employed for immobilization of

enzymes for in biocatalysis, bioseparators and biosenors uses. Membranes prepared by

grafting of monomers such as acrylic acid, acrylamide, methacrylic acid and 2-

hydroxyethyl methacrylate onto various polymer films followed by immobilization of

galactosidase were found to be promising for application in non-isothen-nal bioreactor

[27,28]. Enzymes such as catalase, cholesterol and glucose oxidase have been immobilized

onto PTFE-g-poly(acrylic acid) membranes for bio sensor application 29,30].

4. Environmental applications

Grafting of hydrophilic monomers such as acrylic acid, methacrylic acid, glycidyl

methacrylate and bary mixtures of monomers such as styrene/maleic anhydride,

styrene/acrylic acid onto films provide membranes with high ion binding capacity. These

membranes have been used for environmental applications such as removal of heavy metals
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ions in treatment of industrial waste water 31,32], capture of U and Co-60 ions from liquid

radiation active waste 33] and harvesting uraniurn from sea water 34].

5. Energy conversion applications

Energy conversion is another filed where radiation induced grafting membranes

have been receiving a renewed interest. Membranes prepared by grafting of acrylic acid,

acrylonitrile and methacrylic acid onto PE and ETFE films have been used to develop

commercial separators to replace cellophane in alkaline batteries (e.g. sliver oxide primary

cell and nickel cadmium cells) 35,36]. x-Methylstyrene grafted and sulfonated PTFE

membranes were also found to be potential separators for zinc/ferricyanide batteries 37].

Grafting of acrylic acid with diethyleneglycol dirnethacrylate crosslinker onto PE and PP

filrns was found to improve wettability of the separator of the secondary lithium batteries

and overcome the problem of high ether content 38].

Several commercial radiation grafted ionic mmbranes such as Raymiono and

Permiono, De Morgan (France) membranes have been developed and currently traded for

various applications. These membranes have been recently tested for fuel cells for over than

1500 h 39]. Experimental radiation grafted and crosslinked polystyrene sulfonic acid

membranes based on FEP and ETFE films were developed by Pual Scherer Institute

(Switzerland) 40-42] and tested in PEM fuel cell and showed stability for several

thousands of hours under practical operating conditions. Similar membranes have been

developed in Membrane Research Unit (Malaysia University of Technology) based on

PTFE, FEP and PFA films 43-46]. In collaborative work between Helsinki University and

various Scandinavian institutes of higher learning fuel cell radiation grafted membrane

based on PVDF fih-ns were also underdevelopment 47,48]. Earlier, sulfonic acid

membranes were developed in Japan by Mornose et al. [10] by grafting of C�OP-

trifluorostyrene onto ETFE films followed by sulfonation. However, there are no reports on

testing of these membranes for fuel cell as they were mainly developed for chloro-alkali

industry.

6. Miscellaneous applications

Polymer metal complexes prepared by radiation induced graft copolymerization

showed catalytic activities different from ordinary metal complexes of low molecular

weights 49]. Such polymer metal complexes are containing polymer ligaments presenting

a remarkably specific structure in which certain metal ions are surround by and enormous

polymer chains [50]. They also can be used in preparation of serniconductor-supported

membranes 51].

Sulfonic acid membranes prepared by radiation-induced grafting of a combination

of p-styrenesulfonate and 2-hydroxylethyl methacrylate onto porous PE films have also
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shown potential for use in acid catalysis of organic compounds such as methyl acetate and

sucrose 52]. Since radiation-induced grafting technique is applicable to various shapes of

substrates such as non-woven fabrics, films and fibres, it strongly possible to design a novel

shape of packing suitable for a reactive distillation column.

Concluding remarks

Radiation induced graft copolymerization is a broad and promising method that

provides a suitable and an economical technique for preparation of various types of

polymeric membranes. The reaction parameters such as dose, dose rate, monomer

concentration, polymer film type, temperature and type of diluent can be optimised to

produce membranes with desired physical and chemical properties. The use of pre-existing

polymer films provides an additional advantage in terms of shaping, particularly when thin

ftinctionallsed membranes are sought. The use of radiation-grafted membranes in some

applications requires an tensive characterization with respect to the targeted application.

High ionic conductivity, chemical stability and mechanical strength are among the most

essential properties for prompting the use of radiation-grafted membranes for practical

applications. Preparation of membranes by radiation induced graft polymerisation is being

pursued in many laboratories throughout the world to meet the growing demand for large

number of applications. Dialysis, reverse osmosis, pervaporation and electrodialysis are

among the separation applications in which the use of radiation-grafted membranes is

growing very fast. Other emerging applications including the use of these membranes as

solid polymer electrolytes in ftiel cells, battery separators, biomedical materials, stimuli-

responsive hydrogel membranes and chelating agents are also receiving an increasing

attention. Despite the continuous efforts to develop new membranes by grafting of various

monomer/polymer combinations, more efforts have to be undertaken to bring many more

of such membranes from the experimental level to the pilot scale and commercial

production. This is most likely to be achieved using electron beam accelerators for

irradiation purposes. The emergence of new generations of low and high-energy electron

accelerators is expected to prompt their use aong membranologists.
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Table 1: Summary of typical membrane separation processes

Membrane Type Membrane Process Driving Force Phase Field of Application

Dense Dialysis AC Liquid/liquid Purification of polymer solutions, blood purification,
controlled release, alcohol reduction in beer.

Dense Reverse Ornosis AP Liquid/liquid Desalination

Porous Microfiltration AP Solid/liquid Clarification of beverages, cell harvesting, reduction of
of bacteria and particulate turbidity, production of
ulterapure water for semiconductor industry.

Porous Ultrafilteration AP Liquid/liquid Purification and concentration of juices and polymer
solution, protein recovery and waste water purification
in dairy industry, starch recovery and pharmaceuticals

0
Porous Hyperfiltration AP Liquid/liquid Preparation of fresh water from brackish and sea water,

purification of waste water, metal recovery from ND
galvanic industry waste water, concentration of juice,
concentration of milk.

Dense/porous Electrodialysis AE Liquid/liquid Production of salt and ion free water from sea water,
reduction of acidity of citrus juices, chlor-alkali,
production of sulfuric acid.

Dense Pervaporation AP, C and T Liquid/vapour/liquid Dehydration of organic solvents, separation of isomer
solvents, recovery from water.

Dense Membrane distillation AP, C and T Liquid/vapour/liquid Production of pure water, solvent recovery

Dense/composite Gas Separation AP Gas/gas Natural gas purification, oxygen enrichment

Dense Piezodialysis AP Liquid/liquid Salt enrichment, separation of electrolytes

The driving forces ae AC= concentration difference; AP pressure difference; AE = potential difference
T is the temperature



JAERI-Conf 2004-007

Table 2 Comparison between isotopes and electron accelerators

Points of comparison Radioisotopes Electron accelerators

Penetration Good Limited to acceleration energy

Mode of operation Single Dual (X-ray and electrons)

On/off ftinction No Yes

Throughput Low High

Radiation direction Scattered Well-directed

Power, energy and geometry No control Well-controlled

Dose rate Low High

Processing time Long Short

Nuclear waste Yes No
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Table 3 List of common polymers used in membrane preparation together with their repeating units

Polymer Abbreviation Repeated Unit

Hydrocarbon polymers

Polyethylene PE -CH2-CH2-

Polypropylene PP -CH2-CHCH3-

Polyvinyl chloride PVC -CH2-CHF-

Fluorocarbon Polymers

Polyvinyl fluoride PVF -CH2-CHF- la,

nIPolyvinylidene fluoride PVDF -CH2-CF2- 0

Polytetrafluoroethylene PTFE -CF2-CF2-

CF3

Poly(tetrafluoroethylene-co-hexafluoropropylene) FEP -CF2-CF2- C172-CF-

C3F7

Poly(tetrafluoroethylene-co-perfluorovinyI ether) PFA -CF2-CF2- CF2-CF-

Poly(ethylene-co-tetrafluoroethylene) ETFE -CH2-CH2- F2-CF2-
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Table 4 Some radiation grafted membranes and their applications in various separation
processes.

Separation process Membranes References

Dialysis PE-g-poly(N-vinylpyrrolidone) [4]
PE-g-poly(hydroxyethyl methacrylate) [5]
ETFE-g-polystyrene sulfonic acid [6]
ETFE-g-poly(4-vinylpyridine) [7]

Electrodialysis ETFE-g-poly(glycidylmethacrylate) sulfonic acid [8]
PTFE-g-poly(methyl trifluoroproproenoate)
ETFE-g-poly(trifluorostyrene) sulfonic acid 191

[10]
Reverse osmosis Cellulose-g-polystyrene [I ]

Quaternized PE-g- poly(4-vinylpyridine) [121
Quaternized PTFE-g-poly(4-vinylpyridine) [13]
PE-g-poly(glycidylmethacrylate) phosphoric acid
(hollow fiber membranes) [14]

Pervaporation PTFE-g-poly(N-vinylpyrrolidone) [15]
PVA-g-poly(methacrylic acid) [16]

Gas separation Polyvinyltrimethylsaline-g-poly(acrylic acid) [17]
PVDF-g-polystyrene [18]
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Electron radiation
No

Polymer film

H2C� Cfl Acrylic acid

I
n COOH

CH)-

(H2C , n

COOH

Cation exchange membrane

Figure 1: Schematic representation for preparation of weakly acidic cation exchange
membranes by preirradiation grafting of acrylic acid onto polymer films.
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Demon radiation

Polymer film

H.2 C:-- CH

Styrerie

n L

(H2C-CIk--

irafted film

SWfonation

OS03H

Strongly acidic cation exchange menbrane S03

Figure 2 Schematic representation for preparation of strongly acidic cation exchange
membranes by preirradiation grafting of styrene onto polymer films followed by
sulforiation.
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Electron radiation

Polymer film

H2C-CH

n
(H2C-CH)n

Quaternization

CH31
Grafted film (H2C- C 1),n

Amon exchange membrane CH317

Figure 3 Schematic representation for preparation of anion exchange membranes by
preirradiation grafting of 4-vinylpyridene onto polymer films followed by quaternization
reaction.
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1 Grafting of acrylic acid

---N-
Electron radiation

Polymer film

+ n 2C=CH

coo -(H2C-CH)7-
Acrylic acid 1

2. Hydrolysis of the graftedfilm COOH

KOH
(H2C-CH)7-- - (H2C-CH)7--

I I
COOH COOK

N
3. Grafting of 4-vinylpyridine

CH=CH2

-(H2C-
m

-(H2C-CH);7

I
COOK -(H2C-CH)T-

1
4. Quaternisation of the graftedfilm COOK
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Figure 4: Schematic representation for preparation cation/anion exchange membranes
by sequential grafting of acrylic acid and 4-vinylpyridene onto polymer films.
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