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ABSTRACT 

 
Ion-exchange membranes have been prepared by 

radiation induced grafting using simultaneous technique 

based on low cost starting material and established 

process technologies. Methacrylic acid (MAA) and 

styrene (Sty) were selected as the grafted monomers to 

provide two different types of functional groups. 

Currently; there is much on going research for 

developing non fluorinated polymers with better 

performance and lower cost as alternative ion exchange 

membrane materials. The polymer chosen for this study 

is low density polyethylene (LDPE) film of two 

different thicknesses (40 & 70µm). The influence of 

grafting conditions, i.e. the effect of total irradiation 

dose and comonomer concentration and compositions 

have been investigated. These are important parameters 

in correlation with the grafting yield because they can 

markedly influence the composition of the resulting 

copolymer. Once grafted, the materials were readily 

sulfonated using concentrated sulfuric acid or 

chlorosulfonic acid in dichloroethane to produce a 

selection of graft copolymers with performer properties. 



The grafting and sulfonation of the membranes were 

confirmed by (FTIR) X-ray diffraction (XRD) and 

thermal analysis (TGA, DSC). The physicochemical 

properties of the prepared membranes such as, ion-

exchange capacity (IEC), equilibrium swelling and 

electrical conductivity of the grafted membranes and 

their derivatives were investigated as a function of 

composition and degree of grafting.    

The range of ion exchange capacities obtained with 

different degrees of grafting of MAA/Sty of composition 

(50/50) that sulfonated with sulfuric acid was in the 

range of 1.9-3.4 meq/g, whenever, for membranes that 

sulfonated with chlorosulfonic acid the IEC of 4.2 meq/g 

was achieved which is better than most of the 

commercially available membranes in addition to their 

low cost. 

 The possibility of practicable use of membranes 

in various fields, such as the removal of some heavy 

metal ions is investigated.  
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The aim of the Work 
The aim of this work is the preparation of 

functionalizated polymers by radiation copolymerization 

of certain types of polymers and monomers. The choice 

of these polymers mainly depends on their ability to 

chelate and/or adsorb metal ions. 

The study includes characterization of the prepared 

copolymer by: 

-   Differential scanning calorimetry (DSC). 

-  Thermal gravimetric analysis (TGA). 

-  X-ray diffraction.  

-  IR-spectroscopy. 

In this respect: 

1- Different copolymers will be prepared by 

means of radiation grafting of various vinyl 

monomers onto LDPE polymeric substrate 

by using simultaneous technique. 

2- Further chemical treatment for modify the 

introduced reactive functional groups. 

3- The factors affecting on the preparation 

process and homogeneity of  the grafted 

copolymers to meet the requirements of its 

uses will be thoroughly determined 



4- The water content, the electrochemical and 

chemical properties, thermal and chemical 

stability and other properties of the 

prepared materials will be investigated to 

determine the possibility for their practical 

uses as ion-exchangers. 

5- The conditions that may affect the ion-

exchange process such as copolymer 

composition, degree of grafting, type and 

form of the functional groups was 

investigated. 

6-  The possibility of their applications as the 

removal of heavy metal ions were 

investigated using EDX.      
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CHAPTER I 
Introduction 

1.1. Radiation-induced graft polymerization (RIGP) 

Radiation-induced graft polymerization (RIGP) is 

a convenient technique for modification of polymeric 

materials Saito, K. et al., (1987), Yamagishi, H.  et al., 

(1990), N. Seko. et al., (2004) and Lee W. et al., (1996) 

. RIGP represents a useful way to improve the quality of 

a variety of natural materials and extend the range of 

their uses, and the technique can be done easily by using 

a conventional polymers like   polyethylene in various 

shapes such as membrane, cloth, and fiber Kawai, T. et 

al., (2000) Okamura, D. et al., (2002), and Seko, N. et 

al., (2003). The emphasis on polymers, both synthetic 

and natural, is influenced by a basic principle of 

radiation chemistry, namely that the energy per unit 

mass or absorbed dose needed to obtain beneficial 

effects is lower in materials with higher molecular 

weights. Irradiation by the use of γ-ray or electron beam 

is capable of creating radicals in the trunk polymer. 

A few industrial applications of this technology 

were introduced about fifty years ago, and many more 

have been developed since then. The number of 
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irradiation facilities and the annual sales of irradiated 

products have increased substantially. The continuing 

growth of this industry is assured by the beneficial 

effects that can be obtained with this treatment process. 

Radiation grafting is one of the most promising 

methods because: 

1) It can be effectively and conveniently carried out 

at room temperature. 

2) The ease of preparation as compared to 

conventional chemical methods. 

3) Its wide applicability to various shapes such as 

membrane, fabric and fiber and quantities of base 

polymer. 

4) Ionizing radiation has provided a clean method of 

activating a polymer substrate.  

5) Rapid& uniform formation of active sites for 

initiating grafting throughout the matrix “under an 

appropriate condition for homogenous diffusion 

in the polymer”. 

6) Modification of polymer properties can be 

accomplished not only at the surface but also 

throughout the internal phase of polymer. 
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7) The more efficient (and thus more economical) 

energy transfer provided by radiation compared to 

chemical methods requiring heat. 

1.2. Applications of Radiation Grafting: 

Radiation grafting for various biomedical 

applications remains an extremely active field of 

development. The grafted side chains those posse 

functional groups to which bioactive materials can be 

attached. Grafting of acrylic acid onto poly 

(tetrafluoroethylene-hexafluoropropylene) (FEP) films 

leads to membranes which are used in blood 

purification by dialysis (Gupta, 1991). Crosslinked 

carboxymethyl cellulose (CMC) is suitable for 

healthcare product such as surgical operation mats for 

prevention bedsore. Micro filtration membranes are 

also used in the sterilization of gases fermentation 

processes in the pharmaceutical industry. 

Applications of radiation grafting in the coating 

industry for improving adhesion and other properties 

have been an active field. For instance, grafting of 

styrene onto polyester fibers was found to improve the 

interfacial adhesion between grafted chopped polyester 
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fibers and polystyrene used as a matrix (Kaüfer, et al., 

1982). 

  The acrylic acid grafted polyethylene films 

recognized as the most useful battery separator, 

especially for the battery in which alkaline solution is 

used as electrolyte (Scardaville, et al., 1969 and 

Mostov, et al., 1976). Electrodialysis (ED) is separation 

technology where radiation grafted membranes can be 

employed. ED processing is a membrane process which 

separates ions from solutions, where by the separation is 

achieved by the migration of ions through ion-selective 

membranes under the driving force of an electric field. 

In the recent past, a great deal of interest has been 

observed in relation to the applicability of chelating 

polymers for removal, separation and purification of 

metal ions from heavy metals contaminated water, waste 

water and solid wastes. Among these chelating polymers 

are the functionalized graft copolymers which are 

prepared by radiation grafting of some vinyl and acrylic 

monomers onto polymeric substrates.   



Chapter I                                                                      Introduction 

 5 

It can be concluded that, the process of radiation 

grafting offers a great interest field for commercial 

production membranes which are used in various areas.      

1.3. Ion-exchange membranes 

Metal ions from dilute solutions are exchanged 

with ions held by electrostatic forces on the exchange 

resin. Ion exchange method removes heavy metal ion 

through mutual exchange of ions between the resin that 

contains the functional group on the surface of solid 

matter and electrolyte solution using static electricity 

force (Doh, K. S. et al., 1990). 

During the last 50 years, ion exchange membranes 

have evolved from a laboratory tool to industrial 

products with significant technical and commercial 

impact. Today ion exchange membranes are receiving 

considerable attention and are successfully applied for 

desalination of sea and brackish water and for treating 

industrial effluents. They are efficient tools for the 

concentration or separation of food and pharmaceutical 

products containing ionic species as well as the 

manufacture of basic chemical products. The 

evolvement of an ion exchange membrane not only 
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makes the process cleaner and more energy-efficient but 

also recovers useful effluents that are now going to 

wastes (Tongwen Xu. 2005). 

According to the connection way of charge groups to the 

matrix or their chemical structure, ion exchange 

membranes can be further classified into homogenous 

and heterogeneous membranes, in which the charged 

groups are chemically bonded to or physically mixed 

with the membrane matrix, respectively. However, most 

of the practical ion exchange membranes are rather 

homogenous and composed of either hydrocarbon or 

fluorocarbon polymer films hosting the ionic groups 

(Risen, J.W. 1996). 

Radiation induced grafting of acrylic and vinyl 

monomers onto natural and synthetic polymers provide a 

noble way to produce ion exchange membranes, for uses 

in various industrial fields.  The requirements for an ion 

exchange membrane with appropriate properties for a 

specific application has encouraged the development of 

new, advanced methods for ion exchange membranes 

including latex, polymer blending, paste methods bulk 

polymerization and graft polymerization (Choi, E. Y. et 

al., 2007 and Nasef, M.M and Hegazy E. S 2004). 

Consequently, many ion-exchange membranes have 
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been made (Kim, M., et al., 1991, a & Kim, M., et al., 

1991,b) and further efforts to find new applications 

should be continued. 

At the same time, the ion-exchange membrane is 

a typical functional polymer and can be used not only as 

a separation membrane, but also as a new functional 

material. Their electrochemical properties, such as 

transport number and electrical resistance, have been 

vastly improved (Leea,K. P. et al.,2002).                            

 

   Figure (1) 

Figure (1): Represents schematic diagram for the ion 

exchange mechanism 
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1.3.1. Metal Ion Sorption 

Adsorption is an extremely important process, as 

it is the first step in any surface chemical reaction or 

film growth process. When a surface is exposed to a gas, 

the molecules can adsorb, or stick, to the surface. When 

chemisorption takes place, there is a strong interaction 

between the adsorbate and the substrate.   

The behavior of various materials such as polyethylene 

functionalized with other molecules is a topic of interest 

because of its applications in affinity separations, 

biosensors, and other uses involving site-specific 

interactions. An example of the latter involves the 

removal of heavy metals from aqueous solutions. 

Although there are several conventional methods of 

removing these metals, such as precipitation and reverse 

osmosis, these techniques have limitations, such as 

metal solubility limits and high-pressure operation, 

respectively.  

Figure (2) represents an example for metal ion sorption 

mechanisms for cation binding. 
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Figure (2): Metal sorption mechanisms for cation 

binding. 

Figure (2) shows the three primary mechanisms for 

metal sorption. These are ion exchange, chelation, and 

electrostatic binding. The first two mechanisms occur in 

conventional ion-exchange and chelation resins. The last 

mechanism is a function of the polymeric nature of the 

ligands, and sorption by this technique is referred to as 

counter ion condensation. This final mechanism is partly 

responsible for the large binding capacities observed 

with membrane-based sorbents.    (Au et al. 1998) have 

reported the importance of both electrostatic and specific 

interactions between weak polyelectrolytes and 

hydrolyzed metal species.  
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1.3.2. Ion Exchange  

Ion exchange is governed by electroneutrality. As shown 

in eq. (1), a divalent metal cation will interact with two 

monovalent ligands to form a stable complex. The molar 

sorption ratio of divalent metals (moles of metal per 

mole of COOH) for ion exchange will be 0.5 to ensure 

electroneutrality. This presents a hindrance to the 

development of high-capacity ion-exchange resins. 

2L- + Me2+ <=> MeL2         

1.3.3. Chelation 

  (1) 

Chelation is a metal sorption mechanism based on 

complex formation. For example, some of the reactions 

are: 

 L- + Me2+ <=> (MeL)+
         

L

                   ( a) 

- + (MeL)+ <=> MeL2                                    

L

  ( b) 

- + (MeOH)+

As shown in Figure 2, a stable complex may be formed 

between a divalent metal and a single chelation group. 

Complexes may also be formed with nonionic ligands 

such as amide linkages, where the lone pair of electrons 

on the nitrogen influences attraction. The maximum 

 <=> (MeOH)(L)            (c) 
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ratio of divalent metal to exchange group (or ligand) is 

then 1 mol/mol, again placing a hindrance on the 

capacity of chelating resins.  

The maximum metal uptake is very dependent on the 

type of metal ion and its coordination, as well as the 

ionic size of the metal, all of which affect the 

permeability and diffusion of these metals through the 

porous ionic films. The latter parameter is mainly 

dependent on the polarity, electronic configuration and 

ionic radii of these metal ions. The ion withthe lowest 

ionic radius showed the highest metal uptake (Hegazy 

E. A. 2001). 

1.4. Contamination of Wastewater and soil with toxic 

heavy metal ions 

The contamination of wastewater and soil with 

toxic heavy metal ions is a complex problem. Rapid 

industrialization throughout the world has generated 

huge volumes of wastes containing toxic materials, such 

as heavy metals, dyes, phenols and surfactants. The 

presence of heavy metals in wastewater and surface 

water is major concern of the public health and the 

environment. The increased use of metals and chemicals 
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in the industry processes have resulted in the generation 

of large quantities of aqueous effluents that contain high 

levels of metals, creating serious environmental disposal 

problems. Additionally, mining, mineral processing and 

extractive metallurgical operations generate huge 

volumes of toxic liquid waste (Modak, J.M.  and 

Natarjan, K.A. 1995)  

Several industries including electroplating, metal 

finishing, tannery and chemical/battery manufacturing 

produce large volumes of wastewater, generally 

containing heavy metals. These metals if transported 

towards the ecosystem can be readily adsorbed by 

marine animals and directly enter human food chains, 

thus presenting a high health risks to consumers. They 

may cause severe dysfunction of the kidney, 

reproductive system, liver, brain and central nervous 

system (Manaham S.E. 1994). Once very small 

quantity of the heavy metals is accumulated in human 

body, they cannot be easily discharged from the body, 

but heavy metals accumulated in the body cause side 

effects to human body over a long period of time. Also 

the discharged heavy metals to environment are not 

decomposed by self-purification action but are 

accumulated with high concentration in the upper level 
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of food chain circulating the biosphere. In this regard, a 

lot of attention has been paid to the researches to remove 

heavy metals discharged and existing in environment 

(Choi, S. and Jeong, Y. 2008).  

Although various inorganic salts and trace 

elements are required to maintain normal good health, 

they can be toxic above threshold levels. Toxicity 

generally results when an excessive concentration is 

presented to an organism over a prolonged period of 

time and when the metal is present in an unusual 

biochemical form. Toxicity may also result when the 

metal is presented to the organism by way of unusual 

route (Tolba, K.M.  1980). Heavy metals pollution may 

be traceable to industrial activities such as smelting of 

ores or refining of metals, both of which metals may be 

introduced into the air, water and soil. Heavy metals can 

enter a water supply by industrial and consumer waste, 

or even from acidic rain breaking down soils and 

releasing heavy metals into streams, lakes, rivers and 

ground water. 

At least 20 metals are classified as toxic and half 

of these are emitted into the environment in quantities 

that pose risk to human health (Sugiyama, S. et al., 
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2000).  Heavy metal ions such as Pb2+, Cu2+, Fe3+, Mn2+ 

and Zn2+

Moreover toxic heavy metals is of great concern, 

because heavy metals such as copper, lead, cadmium, 

and mercury are not biodegradable and accumulate in 

humans and other living organisms, eventually causing 

various diseases and disorders. 

 are present in drinking water due to 

development of industrial process for different reasons 

and as a result of metal pipes corrosion, where metal 

pipes have been used for the transportation of drinking 

water (Ives, M., et al., 1999). 

For example, cadmium is very toxic, which can 

cause serious damage to the kidneys and bones. It is 

classified as a soft acid. Cadmium ions have little 

tendency to hydrolyze at pH values below 8, but above 

11 all cadmium exists as its hydroxo-complex (Lee, J.K. 

et al., 2003).. In fresh water at pH 6–8, Cd(II) 

predominates. CdOH+, Cd(OH)2, Cd(OH)−3 , Cd(OH)4
2−  

also exist depending upon the solution pH. The chloro-

complexes CdCl+, CdCl2 , CdCl−3 predominate in sea 

water and Cd(II) is present in very small amounts (Lee, 

J.K. et al., 2003). Free cadmium ions are highly toxic to 

plants and animals (Wong, J.P.K. et al., 2000). 
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Cadmium accumulates in humans, causing erythrocyte 

destruction, nausea, salivation, diarrhea and muscular 

cramps, renal degradation, chronic pulmonary problems 

and skeletal deformity (Li, N., and Bai, R.B., 2005). 

 Copper (Cu2+), an abundant and naturally occurring 

element present in municipal wastewaters, is one of such 

heavy metals harmful to human health. If copper is 

ingested excessively in the human diet, it may result in 

vomit, cramps, convulsion, and even death. On the other 

hand, the lack of Cu2+ in animal diet may lead to 

anemia, diarrhea, and nervous disturbances (Murphy, 

B. and Hathaway, B. 2003). Moreover, enzymes, 

whose activities depend on amino groups (Rengaraj, S. 

et al., 2004), are strongly inhibited by Cu2+

Lead is extremely toxic, which makes it a 

hazardous environmental pollutant. This pollutant is 

introduced into natural waters by a variety of industrial 

 ions which 

have high affinity for N and S containing donor ligands 

(Flemming, C.A. and Trevors, J.T.1989). Therefore, it 

is of great practical interest to explore ways to 

effectively remove these heavy metal ions from the 

wastewaters before their discharge, and to possibly 

separate them for recovery and re-use. 
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wastewaters including those from battery, paper and 

pulp, mining, electroplating, lead smelting and 

metallurgical finishing, dyeing, storage-battery and 

automotive industries (Iqbal, M. and Edyvean, 

R.G.J.2004). It directly enters the water bodies through 

the effluent discharges and causes a marked increase in 

concentrations. When accumulated at high levels, lead 

can generate serious health problems. Lead poisoning 

causes damage to liver, kidney and reduction in 

hemoglobin formation, mental retardation, infertility and 

abnormalities in pregnant women (Islam, T. S. A. et al., 

2009) 

In recent years, widespread concern over the 

cumulative toxicity and environmental impact of heavy 

metals has lead to extensive research into developing 

alternative technologies for the removal of these 

potential damaging substances from effluents and 

industrial wastewaters. There are several options 

currently available for the removal of heavy metals from 

industrial wastewaters. The main methods are chemical 

precipitation, chemical oxidation, chemical reduction, 

ion exchange, filtration, electrochemical treatment and 
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evaporation. All these procedures present significant 

disadvantages,  

"The particular problems of these methods are 

instance incomplete removal, high-energy requirements, 

and production of toxic sludge or waste products also 

requiring disposal. These methods are often very 

expensive. Alternative methods for heavy metal removal 

were developed in the last decade. A great effort has 

been contributed to develop new adsorbents, such as 

hydroxyapatite (Cheung, C.W. Porter, J.F.  McKay, 

G. 2002) activated carbons (Mohan, D. and Singh,K.P. 

2002), biomass, biosorption (Wong, J.P.K. et al., 2000)  

polymers (Kozlowski, C.A.  and Walkowiak, W.2002), 

silica (Khalil, L.B.  et al., 2001), zeolites (Kim, J.S. 

and Keane, M.A.2001) and clays (Vengris, T. 2001)." 

Among the different physicochemical processes, 

sorption has shown to be the best prospects for overall 

treatment owing to its economical feasibility and 
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environmental friendly behavior (Kadirvelu, K. et al., 

2002). 

Commercial activated carbon is widely used for the 

removal of heavy metals, but its high capital and 

regeneration cost has encouraged researchers to seek a 

new and cheap adsorbents. 

Some workers have successfully used biosorbents such 

as Kraft lignin for heavy metal removal from aqueous 

system which shows quite high adsorption capacity for 

cadmium and copper (Mohan, D. et al., 2006).  

1.5. Ion exchange and chelating resins 

Ion exchange and adsorption methods can be used 

for elimination of these pollutants. Obviously, the 

economical cost of adsorption process should be reduced 

using available cheaper adsorbents, having high 

adsorptive capacity and no effect on physical and 

chemical characteristics of the solution.  

The main object of the most of the research on ion 

exchange and chelating resins is to prepare 

functionalized polymers which can provide more 

flexible working conditions together with good stability 

and high capacity for certain metal ions. 
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The use of resins to uptake of specific metal ions 

from aqueous solution has been the subject of research 

effort. In particular, the metal industry, as the refining of 

some metals, takes place in strong acidic solution and 

the presence of other metals as impurities provokes 

remarkable disadvantages and introduces a negative 

ecologic impact from residual industrial water. The 

resins used with this objective, should present two 

essentially features; stability in strong acidic solution 

and metal ions selectivity.   

In copolymers there is association between two 

macromolecules involves binding between the specific 

functional groups present in the two chains and, in 

addition, the effect due to the macromolecules 

themselves often termed as cooperative effect; the 

cooperative phenomena enhance the stability of the 

complex. 

The adsorption of metal ions from aqueous solutions to 

adsorbents is usually controlled by the properties of the 

surface functional groups of the adsorbents (Deng, S. et 

al., 2003). The mechanism by which the adsorption 

process that takes place, is concerned mainly with the 

nature of forces acting between the adsorbed trace 
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element and the adsorbent. According to the forces 

involved, three basic kinds of adsorption can be 

distinguished as;   physical adsorption, chemisorption, 

and electrostatic adsorption. 

Adsorption of metal ions from aqueous solution onto 

many conventional granular adsorbents, such as 

activated carbon and resin, has been reported to be a 

long process (adsorption equilibrium reached in several 

hours or more) because the kinetics of metal ion 

adsorption onto those porous adsorbents is mainly 

controlled by an inner surface diffusion process which is 

generally much slower than the bulk diffusion of metal 

ions in solutions (Sanchez, J.M. et al., 2001) 

Metal ions have the ability to bind to a wide range of 

functional groups through the donation of electrons from 

the heteroatoms of ligands to the unfilled orbitals of the 

outer coordination sphere of the metal. 

Ion exchangers have a varying degree of preference for 

each metal ion depending on exchange type, operating 

conditions and the metal being removed. Usually, the 

only pretreatment required a head of the ion exchange is 

pH adjustment.  It is well known that the process of 
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sorption depends largely on the concentration of the 

hydrogen ion in solution. A pH of about 4 to 7 is usually 

optimum because a lower pH will prevent the metal 

from loading onto the exchanger i.e. at lower pH values 

hydrogen ion strongly competes for the vacant sites in 

the crystal lattice giving rise to a decrease in the 

percentage of uptake and higher pH could cause 

precipitation of the heavy metal hydroxides (Kamel, M. 

M. et al., 2004). Once the capacity of the ion exchange 

is exhausted, the exchanger is regenerated to remove the 

heavy metal ions and return the exchanger to its usable 

form. Regeneration process is accomplished by passing 

strong acids and some inorganic salt solutions. 

 Heavy metal removal capacity, easy handling, and cost 

effectiveness were evaluated as the most effective 

parameters in these treatment techniques. Adsorption 

processes seem to be the most attractive among the 

heavy metal removal methods taking these effective 

parameters into account. In these processes, effective 

alternative technologies and/or sorbents are needed. 

Sorbent polymers and copolymers have gained an 

increasing interest in heavy metal removal studies. 

Specific polymer sorbents consisting of metal chelate 
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forming agents or some copolymers in the form of 

polymeric microspheres were investigated as useful 

polymeric adsorbents in removing heavy metals. In 

recent applications, some specific ligands were used to 

remove specific metal ions from the stream, but the 

leakage of the ligand was a very big problem for the 

reusability of the sorbents (Birlik, E. et al.,  2007) The 

ligand molecules can be bonded covalently on the 

sorbents or they can be incorporated as comonomeric 

substances during the formation of sorbents to overcome 

this problem (Ugüzdögana,E. et al., 2009).  
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CHAPTER II 

LITERATURE REVIEW 

Radiation-induced graft copolymerization has been used 

very often to prepare various types of membranes. 

However, most of the radiation grafted membranes are 

from ion exchange type because functional monomers 

can be easily grafted onto prefabricated polymer films, a 

process that is difficult to perform using conventional 

grafting techniques. Apart from that, the consistent 

growing demand on ion exchange membranes in 

separation, electrochemical and biological applications 

together with the high cost of commercial perfluorinated 

ionomeric membranes have driven research to develop 

alternative cheaper membranes. Nevertheless, a number 

of radiations grafted neutral and special functional 

membranes are also prepared and generated potential in 

various applications Nasef, M., (2003). 

Preparation of radiation grafted membranes 

(a) Ion exchange membranes 

The huge number of references indicates that among 

various monomers both acrylic acid and styrene are the 

most common monomers used for preparation of weakly 

and strongly acidic radiation grafted membranes, 
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respectively. Ion exchange membranes are classified 

into three basic categories: anion exchange, cation 

exchange and bipolar (combined anion/cation exchange) 

membranes depending on the type of ionic groups 

attached to the polymer backbone. They can be further 

classified based on their chemical structure into 

homogenous and heterogeneous membranes. However, 

most of the practical ion exchange membranes are rather 

homogenous and composed of either hydrocarbon or 

fluorocarbon polymer films hosting the ionic groups 

Risen, J.W. (1996). The presence of ionic charged 

groups in such membranes confers them a unique 

property (permselectivity) to selectively inhibit or reject 

the permeability of ionic species Tongwen, Xu. et 

al.,(2005). Negative chemical groups such as –SOR3RP

-
P and 

–COOP

-
P provide cationic exchange properties, whereas 

positive groups such amines (–NHR3R P+P, –NRHR2RP

+
P  , –NRR2RHP

+
P  

and –NRR3R P+P) provide anionic properties. The 

permselectivity of these membranes is due to the 

tendency of the ionic charged groups to exclude co-ions 

(ions of similar charges to the fixed ionic groups) by 

electrostatic repulsion. The extent of this exclusion is 
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mainly governed by the concentration of the fixed ionic 

groups (ion exchange capacity). 

To prepare ion exchange membranes few approaches are 

available to introduce ionic groups. These approaches 

can be classified into three categories based on the 

starting materials Nasef, M. et al.,(2004). 

1. Starting with a monomer containing ion exchange 

groups, this can be copolymerized with 

nonfunctionalized monomer to eventually form an 

ion exchange membrane. 

2. Starting with polymer particles, which can be 

modified by introducing ionic characters then 

embedded in a polymer binder and processed to 

make a foil (membrane). 

3. Starting with polymer film, which can be 

modified by introducing ionic characters either 

directly by grafting of a functional monomer or 

indirectly by grafting non-functional monomer 

followed by functionalization reaction. 

The preparation of radiation grafted ion exchange and 

functional membranes are normally carried out by 

grafting of polar or functional monomer onto 

hydrophobic polymer films using direct or pre-
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irradiation method. A large number of polar and 

functional (vinyl and acrylic) monomers are available 

for grafting. Polymer films may be of porous or non-

porous (dense) structure. Although graft 

copolymerization on porous films is practiced to modify 

the pores and surfaces of porous films by imparting 

chemical characters, majority of the radiation grafted 

membranes start with non-porous polymer films. The 

type of membrane is determined by the nature of the 

functional groups to be introduced to the polymer films 

through grafting or post-grafting chemical treatment. 

The grafting monomers fall into two categories: (1) 

functional (reactive) monomers such as acrylic acid, 

methacrylic acid and (2) non-functional monomers such 

as styrene and N-vinylpyridine. Grafting of functional 

monomers such as acrylic acid directly confers ionic 

(cationic) characters to the polymer backbone Gupta, B. 

et al.,(1994), Nasef, M. et al.,(1999). Whereas, grafting 

of non-polar monomers such as styrene results in graft 

copolymer films that can be used as a neutral 

membranes or chemically activated by post-grafting 

chemical treatment to introduce ionic characters. The 

most famous chemical activation processes are 
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sulfonation and quaternization. The former imparts fixed 

anionic groups and produces cation exchange 

membranes, whereas the latter introduces fixed cationic 

groups resulting in anion exchange membranes. Thus, it 

can be stated that the type of grafted monomer and the 

post-grafting chemical treatment are the main 

parameters determining the nature and the class of the 

radiation grafted  

Cation exchange membranes: 

A great deal work has been dedicated to prepare various 

cation exchange membranes by radiation induced graft 

copolymerization. This was prompted by their great 

stability in a wide number of electrochemical 

applications and fast growing of industrial demand 

Nasef M. et al., (2003). 

Chen. et al.,(1957). was first to report on the 

preparation of cation exchange membranes by radiation-

induced graft copolymerization of styrene onto PE films 

and subsequent sulfonation. Later, many researchers 

prepared similar membranes using various grafting 

monomers by both simultaneous and pre-irradiation 

techniques. Two functional acidic groups were mainly 

identified as fixed ionic groups that confer the 
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membrane its cationic character, namely carboxylic 

(weakly acidic) and sulfonic acid (strongly acidic) 

groups. Carboxylic acid membranes can be prepared by 

two methods:  

1. Introducing carboxylic acid groups by direct 

grafting of acrylic monomers like acrylic acid Horsfall, 

J., Lovell, K., (2003), Aliev, R., (2000), methacrylic 

acids Hegazy, EA. et al. (1990), Hegazy, EA. et al. 

(1989), Jlanme, Han. Huiliance, Wang. (2009), or 

their mixtures with acrylonitrile Hegazy, EA. et al. 

(1990), Choi, S-H., Nho, Y. (2000)  and vinylacetate 

El-Sawy, N. et al., (1994) onto polymer films of 

hydrocarbon (PE and PP) and fluorocarbon origin 

(PTFE, FEP, PFA, ETFE and PVDF). 

2. Indirect method by grafting of epoxy acrylate 

monomers such as glycidyl acrylate or glycidyl 

methacrylate onto polymer films followed by the 

conversion of the epoxy group into carboxylic group 

such as iminodiacetate groups which were obtained by 

post-grafting ring opening reaction, i.e. chemical 

treatment with sodium iminodiacetate solution Saito, K., 

(2002).  
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Preparation of cation exchange membranes by grafting 

of acrylic monomers onto polymer films was reviewed 

by Gupta and Scherer Gupta, B. et al.,(1994). Strongly 

acidic membranes are commonly prepared by grafting of 

styrene onto polymer films and the resulted graft 

copolymer films are subsequently sulfonated Nasef, M., 

et al., (2000), Horsfall, J., Lovell, K. (2002). Arico, A., 

et al., (2003) Yamaki, T., et al., (2003). Sulfonation can 

be carried out by several agents like chlorosulfonic acid, 

sulfonyl chloride and concentrated sulfuric acid diluted 

with sulfonation resistant solvent such as 1,2-

dichloromethane, 1,1,2,2-tetrachloroethane or carbon 

tetrachloride Rikukawa, M., Sanui, K. (2000). The 

selection of the sulfonating agent depends merely on the 

nature of the base polymer film used. The degree of 

sulfonation depends on the concentration of the 

sulfonating agent and the reaction time Walsby, N., et 

al., (2001). Cation exchange membranes prepared by 

radiation induced graft copolymerization of styrene onto 

polymer films and subsequent sulfonation was reviewed 

by Nasef et al. (1999). Cation-exchange membranes 

having strong acid functional groups such as sulfuric 

acid have applications in the field of electrodialysis 
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method of water desalination, electrolysis in fuel cell, 

etc., due to their wider pH range working characteristic 

Sata, T., et al., (1996). Preparation of strong acid 

cation-exchange membranes having sulphonic acid 

groups by radiation-induced co-grafting method has 

been reported Satoshi, T.S., et al., (1995). In this case, 

preirradiation method at a very high dose with electron 

beam was used and an ion-exchange capacity of 2.5 

milli equivalent per gram (meq/g) was obtained. 

Sulfonic acid membranes were also prepared by grafting 

of glycidyl acrylate or glycidyl methacrylate onto 

polymer films such as PE, PTFE and ETFE films 

followed by chemical treatment with sodium sulfite to 

open the epoxy ring and introduce sulfonic groups 

Shkolink, S., Behar, D., (1982). Lee, W., et al., (1996). 

and  Kim, M., Saito, K., (2000). Preparation of sulfonic 

acid membrane by grafting of glycidyl methacrylate 

onto PTFE films, followed by sulfonation ring-opening 

reaction, were carried out. Similar membrane bearing 

phosphoric acid groups were prepared by grafting of 

glycidyl methacrylate onto porous polymer films 

followed by phosphorylation ring-opening reaction 
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Saito, K., et al., (1989). Choi, S-H., et al., (2001). Lee, 

K-P., et al., (2002).  

To enhance the stability of the radiation grafted 

ion exchange membranes and to meet durability demand 

in applications possess highly corrosive environment 

(e.g. brine electrolysis and polymer electrolyte fuel cell), 

one or more of the following steps may be considered: 

1. The use of radiation resistant fluorinated polymer 

films such as FEP and ETFE Gupta, B., et al., (1994), 

Holmberg, S., et al., (1998). Zouahri, A., Elmidaoui, 

A., (1996).  

2. Crosslinking with divinylbenzene or other suitable 

crosslinking agents Arico, A., et al. (2003), Holmberg, 

S., et al. (1998). Bu¨chi, FN., et al. (1995), Gupta, B., 

et al., (1996),  Xu, Z., et al., (1983), Nasef, M., Saidi, 

H., (2003), Becker, W., Schmidt-Naake, G., (2002).    

3. Grafting of fluorinated monomers such as 

a,b,btrifluorostyrene Momose, T., et al., (1989). 

Momose, T., et al., (1989), a,b,b-trifluoroacrylate 

Omichi, H., Okamoto, J., (1982), Safranj, A., et al., 

(1986). 
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4. Grafting of substituted monomers such as 

amethylstyrene Assink, R., et al., (1991), Sun, J., et al., 

(1994). 

5. Grafting of a comonomer (such as acrylonitrile) at a-

position of the grafted styrene monomer Becker, W., et 

al. (1999). 

Among fluorinated polymers, PTFE was once thought to 

undergo main chain scission reaction (degradation) 

when irradiated at relatively low doses, which lead to 

serious reduction in its molecular weight and therefore 

its use became limited. Recently, the discovery of 

crosslinking capability of PTFE upon irradiation above 

its melting point Sun, J., et al., (1994), Oshima, A., et 

al., (1995). In oxygen free atmosphere has made it 

possible to improve the stability of the membranes. This 

could be achieved by using crosslinked PTFE, which 

have some improvement in their mechanical properties 

and radiation resistance as starting substrate for grafting 

Yamaki, T., et al., (2003), Sato, K., et al., (2003).  

 

Anion exchange membranes 

Significant efforts have been made to develop 

various anion exchange membranes by radiation induced 
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graft copolymerization of vinyl monomers such as 4-

vinylpyridine, 2-vinylpyridine and vinylbenzylchloride 

onto various polymer films using direct and pre-

irradiation methods. Anion exchange functional groups 

can be either strongly basic such as tertiary ammonium 

or weakly basic such as primary, secondary or tertiary 

amine groups. Anion exchange membranes prepared by 

grafting of 4-vinylpyridine onto films such as PTFE 

Kudryavtsev, V., et al., (1984), PE Kudryavtsev, V., 

et al., (1984), PP Kaur, I., et al., (1995), ETFE 

Elmidaoui, A., et al., (1992), PVDF Ellinghorst, G., et 

al., (1983), penton Bittencourt, E., et al., (1998).  

Graft copolymerization of styrene onto polymer 

films can also serve as alternative route to prepare anion 

exchange membranes by introducing methyl group to 

polystyrene grafted films by methylation reaction 

followed by amination Chakravorty, B., et al., (1989).  

Graft copolymerization of glycidyl methacrylate onto 

polymer films and subsequent amination with triethyl 

amine can also lead to anion exchanges membranes 

Saito, K., et al., (2002). Like cation exchange 

membranes, the stability of anion exchange membranes 

can also be improved by crosslinking during grafting 
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step by using radiation resistant polymers such as 

fluorinated films. Studies show that derivatives of 

vinylpyridine are the most commonly grafted monomers 

to host fixed ionic sites required for anion exchange 

membranes. 

Bipolar membranes: 

Bipolar (anion/cation) membranes represent 

another class of ion exchange membranes in which a 

combination of cation and anion exchange fixed groups 

are laying back to back on a polymer backbone. The 

preparation of these membranes requires grafting of 

binary monomer mixtures in one or two successive steps 

onto base polymer films such as PE, PTFE, etc. The 

second monomer is known as a comonomer and the 

process is often called co-grafting or double grafting. If 

a binary monomer mixture composes of two non-

reactive monomers such as N-vinylpyridine and styrene, 

the grafted films have to undergo two different types of 

chemical treatments to introduce acidic and basic 

characters. On other hand, when successive grafting of a 

binary mixture consisting of one reactive and one non-

reactive monomer (e.g. acrylic acid/N-vinylpyridine) is 

used, the reactive monomer have to be converted to its 
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salt form after being grafted and prior to grafting of the 

comonomer.  

Preparation of bipolar membranes were carried 

out by simultaneous grafting of acrylic acid/4-

vinylpyridine mixture onto low-density PE films 

followed by quaternization reaction to activate the 

grafted poly(4-vinylpyridine) component in the grafted 

films Hegazy, EA. et al., (1999), Hegazy, EA. et al. 

(1997), Hegazy, EA. et al. (1999), Hegazy, EA. et al. 

(2000). However, grafting of these two monomers 

simultaneously requires careful handling, as it tends to 

form inhomogenous graft distribution in the resulting 

membranes Chapiro, A., (1962). Moreover, with 

excluding other reaction parameters, the degree of 

grafting in these membranes depends on the composition 

of grafting mixture, i.e. monomer/comonomer/solvent 

molar ratio, and the grafted films are most likely to be 

richer with the monomer of more polarity Odian, G., et 

al (1961). Therefore, the use of radiation-induced graft 

copolymerization for preparation of bipolar membranes 

is preferred to be carried out in two successive steps in 

order to improve the homogeneity of the obtained 

membranes. Jendrychowska-Bonamour (1973) 
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prepared anionic/cationic membrane by grafting of 

acrylic and                    4-vinylpyridine onto PTFE films 

in two steps. In the first step, acrylic acid was grafted 

onto PTFE film and the resulting poly(acrylic acid) 

grafted PTFE film was treated with KOH solution. This 

was followed by graft copolymerization of 4-

vinylpyridine, which occurs in presence of potassium 

acrylate grafts and subsequently the double grafted film 

was quaternization. 

Grafting of various combinations of binary monomer 

mixtures such as acrylic acid/N-vinylpyrrolidine 

Kabanov, V., et al., (1984), acrylic acid/styrene Hegazy, 

EA. et al., (1999), onto various polymer films was also 

reported. Another interesting type of bipolar membranes 

was recently prepared by grafting of single monomer 

(styrene) onto radiation peroxidized PE and ETFE films, 

which was then chlorosulfonated from one side, 

chloromethylated and quaternized from the other side 

Xu, Z., et al.,  (1993). Following the literature published 

in the past four decades, one can realize that the number 

of bipolar membranes prepared by radiation-induced 

graft copolymerization is limited compared to 

monopolymer membranes, i.e. cation exchange 
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membranes and anion exchange membranes. This may 

be due to the relatively long procedure to get such 

membranes with homogenous grafting and enough 

mechanical stability. 

Mosaic membranes 

Mosaic membranes are another class of ion 

exchange membranes that can be conveniently prepared 

by radiation-induced graft copolymerization Chapiro, 

A., (1977). The mosaic membrane is a polymer film 

carrying an array of anion and cation exchange domains 

separated by neutral regions. It can be prepared by 

localization of grafting of two monomers onto 

geometrically well-defined portions on a polymer film. 

Chapiro and co-workers were the first to prepare 

charged mosaic membranes using pre-irradiation method. 

Alternating strips of acrylic acid and 4-vinylpyridine 

were grafted onto PTFE film in two successive steps 

Chapiro, A., Jendrychowska-Bonamour, A., (1980). 

Jendrychowska- Bonamur et al. (1980) reported the 

preparation of similar micro-mosaic membranes using 

the same two monomers and polymer film. Vigo, F. et 

al. (1981) reported the preparation of another type of 

mosaic membranes containing sulfo/quaternary 
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ammonium group by radiation grafting of styrene and 4- 

vinylpyridene onto PTFE films and subsequent reaction 

with chlorosulfonic acid and methyl iodide. Gen, Y. 

(1987) also prepared micro-mosaic membranes by 

radiation-induced graft copolymerization of styrene and 

methyl methacrylate onto PTFE films using pre-

irradiation technique, followed by selective chemical 

reactions that conferred the membranes -COO- and 

N (CH3)R3R, respectively. Grafting of styrene/4-

vinylpyridine mixture from vapor phase onto PE films 

was also reported for preparation of mosaic membranes 

Chuanyin, D., (1987). Nevertheless, the limited number 

of radiation grafted mosaic membranes indicates that 

they are the least exploited class of membranes.  

Neutral membranes 

A great deal of work has been devoted to develop 

various neutral membranes with enhanced permeation 

properties by graft copolymerization of a large number 

of non-functional monomers in single or binary form 

onto polymer films. Particularly, grafting a mixture of 

vinyl monomers is of special interest as different types 

of polymer chains can be introduced to one polymer 

structure leading dual properties system. The selection 
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of both monomer and polymer films depends on the 

applications requirements. For example, in bio-

applications, monomers such as 2-hydroxyethyl 

methacrylate and N-vinyl pyrrolidone are commonly 

grafted onto films such as PP and polyvinyldiene 

fluoride (PVDF) to produce biocompatible hydrogel 

materials suitable for biological and biomedical uses 

Hegazy, EA. et al., (2001). Membranes prepared by 

grafting of single vinyl monomers such as vinyl acetate 

Dessouki, A.,(1987), 4-vinyl pyridine Kaur, I., et al., 

(1997), N-vinyl-2-pyrrolidone Kaur, I., et al., (1997), 

Hegazy, EA. et al., (1992), N-phenylmaleimide Aly, R., 

et al., (2002) and acrylate monomers including 

acrylamide Dessouki, A.,(1990), acrylonitrileEl-Sawy 

N., (2000), dimethylaminopropylacrylamide Burillo, G., 

et al., (1997), and bromoethylacrylate Bucio, E., (1996). 

Other membranes such as PVDF-g-poly(vinylimidazol) 

Ellinghorst, G., et al., (1983), FEP-g-

poly(vinylimidazol)         Xu, Z., et al.,  (1993), PE-g-

poly(methylacrylonitrile) Dessouki, A.,(1987), and 

ETFE-g-poly(methylacrylonitrile) Kaur, I., et al., 

(2001) were also prepared.  Modification of polymer 

films by grafting of binary mixtures of non-functional 
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monomers such as 4-vinylpyridine/acrylonitrile Odian, 

G., et al (1961), N-vinylpyridine/acrylamide Dessouki, 

A.,(1990), N-vinylpyrrolidone/acrylamide Taher, N., et 

al., (1998) and vinylenecarbonate/N-vinyl-N-

methacrylamide Cheno, Does L., Banitijes, A.,(1992) 

for preparation of neutral membranes have been reported. 

Mixtures of styrene with methacrylate Odian, G., et al 

(1961), acrylonitrile Becker, W., et al., (1999) and 

acrylamide El-Nesr, E., (1990). and those of vinyl 

acetate with N-vinylpyrrolidone Osman, M., et al., 

(1995), or maleic anhydride Hegazy, EA. et al., (1999) 

are among compatible grafting combinations for 

modification of polymer films to obtain neutral 

membranes for special functions. 

Miscellaneous membranes 

Various types of membranes other than ion exchange 

and neutral ones have been prepared by modification of 

commercial porous membranes using radiation-induced 

graft copolymerization of hydrophilic monomers. This 

includes ion track grafted membranes, affinity 

membranes, hydrogel membranes and composite metal 

complex membranes. Grafting of hydrophilic monomers 

is found to provide higher amounts of functional groups, 



Chapter II                                                           Literature Review 
 

 41 

accessible for sorption or coupling, or even efficient 

surface coverage of the membrane matrix. This results in 

membranes having modified pores with better surface 

properties, and improved selectivity while preserving the 

macro-porous structure.  

Ion track grafted membranes 

Ion track membranes prepared by swift heavy ions 

followed by grafting are potential materials for various 

applications such as biological cells, filtering polluted 

air and stabilizing beverages Apel, P., (2001). 

Preparation of these membranes include exposing 

polymer films to swift heavy ions from accelerators 

followed by employing chemical etching to enlarge 

radiation damage to produce pores across the 

membranes. The irradiated membranes having through 

porous structure are subsequently graft copolymerized 

by treatment with monomer directly Percolla, R., et al., 

(1999) or after being further irradiated with γ-rays 

Mazzei, R., et al. (2000), Mazzei, R., et al. (2002). The 

use of such method allows within wide limits the 

independence choice of pore diameter, shape and 

porosity of the membranes in addition of creation of 

active sites that can initiate grafting with monomers that 
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can impart ionic or chelating characters. Moreover, the 

obtained pore-modified membranes can be used to 

overcome the problems associated with conventional 

microfilters Gopalani, D., et al., (2000). Ion track 

grafted membranes can be classified based on the type 

of grafted moiety into ion exchange, chelating or neutral 

membranes. The various aspects of ion track membranes 

including preparation, characterization and applications 

without grafting were recently addressed by Apel, P., 

(2001). Betz, N., et al. (1994) reported the pre-

irradiation grafting of styrene into PVDF induced by 

swift heavy O, Kr and Xe ions (energies .1 MeV amu). 

The evolution of the grafting yield and the grafting rate 

with the absorbed dose was found to vary depending on 

the type of ion used. Moreover, higher yields are 

obtained when grafting was induced by swift heavy ions 

of O, Kr and Xe than those obtained when styrene was 

grafted onto PVDF films using Li ions Percolla, R., et 

al., (1999). Alternatively, grafting of N-

isopropylacrylamide onto PVDF films after being 

irradiated with swift heavy ions, chemically etched, γ-

irradiated was used to prepare hydrophilic ion track graft 

membranes Mazzei, R., et al. (2000). Similarly, 
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cellulose triacetate Mazzei, R., et al. (2002) and PVDF 

films Betz, N., et al. (1994) were modified by swift 

heavy ions etching and grafting to produce membranes 

containing acrylic acid (PVDF-g-poly(acrylic acid)).  

Affinity membranes 

Affinity membranes are an important class of 

functionalized polymers with immobilized biological or 

synthetic molecules including antigens antibody, dye, 

metal affinity, and ion exchange ligands in addition to 

amino acids Charcosset, C., (1998). The existence of 

such ligands confer the membranes desired characters 

required for specific separations. These membranes were 

basically introduced to overcome the shortcomings (e.g. 

fouling) associated with membranes operated based on 

sieving mechanism such as microfiltration and 

ultrafiltration Klein, E., (2000). Radiation-induced graft 

copolymerization has been found to be powerful method 

to prepare affinity membranes by modifying porous 

membranes to form adsorbents useful for collecting 

targeted molecules Kiyohara, S., et al., (1996). Saito, 

K., et al.,  (1999). Although a variety of pre-fabricated 

porous films, which have chemical structure allowing 

modification-ligand-attachment are commercially 
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available, most of radiation grafted affinity membranes 

utilize porous PE in flat sheet as well as hollow fiber 

configuration Saito, K., et al., (2002), Lee, W., et al., 

(1996), Grasselli, M., et al., (1999). Other porous films 

such as PP Shim, J., et al., (2001) and PVDF Telaranta, 

R., et al.,  (1999) were also used. Bio-molecules like 

proteins can also be covalently coupled by opening the 

epoxide bridge in alkaline media. The most recent 

advances in preparation of affinity membranes by 

radiation graft copolymerization and their applications 

are reviewed by Klein, E., (2000). The applicability of 

radiation grafted affinity membranes for protein 

purification and metal recovery has been explored in 

various occasions with a major part of the work carried 

out by Saito and co-workers Saito, K., et al., (2002),  

Shkolink, S., Behar, D.,(1982), Kiyohara, S., et al., 

(1996).  

Composite membranes 

Composite (metal complex) membranes is another 

interesting polymeric materials in which certain metal 

ions are surrounded by enormous polymer chains 

forming metal complex containing polymer ligands with 

remarkably specific structures Kaneko, M., Isuchida, 
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E., (1981). Based on the polymeric ligands, these 

membranes have interesting and important 

characteristics including chelating and catalytic 

activities different from their corresponding ordinary 

metal complexes of low molecular weight Hegazy, E.A. 

et al., (1993). Composite metal complex membranes are 

often prepared by radiation-induced graft 

copolymerization of functional monomers such as 

acrylic acid onto a polymer film followed by chemical 

treatment with desired metal salt.  The presence of 

carboxylate groups in the grafted layers leads to the 

formation of metal acrylate complexes with transition 

metals having different structures that can be grouped 

into inter/intra-molecular bridged membrane–metal 

complexes. Various metals ions (FeP

3+ 
P, CoP

2+
P  , Ni P

2+
P  ,   Cr P

3+
P 

 , MnP

2+
P , AgP

+
P , Cu P

2+
P , CdP

2+
P   and RhP

2+
P ) have been 

complexed by grafting of carboxylate monomers onto 

various polymer films followed by chemical treatment 

with metal solution. Complexations of CuP

2+
P  and CrP

2+
P  

with amidoximated PE-g-poly(acrylonitrile) membrane 

prepared by radiation-induced grafting of acrylonitrile 

onto PE films followed amidoximation reaction with 
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hydroxyl amine were also reported in literature El-Sawy, 

N., (2000).  

 

Structure–property relationships in ion exchange 

membranes 

The performance characteristics of ion exchange 

membranes, i.e. selectivity and ionic conductivity 

depend on their synthesis parameters, which has strict 

relationship with the properties. The conductivity is the 

ability of membrane to conduct electrical current, while 

selectivity is the ability to separate ions. Generally, ion 

exchange membranes are considered as a good example 

of microporous membrane structures. However, the 

presence of fixed charge moiety introduces a very 

significant difference that distinguishes them from 

neutral membranes. When ion exchange membrane 

placed in an electrolyte solution, the cations, i.e. the 

positively charged ions in the solution, are able to 

penetrate a cation exchange membrane due to the 

negatively charged fixed groups in the membranes. In 

contrast, the anions are more or less excluded from the 

polymer matrix because of their electrical charge, which 

is identical to that of the fixed groups. The mobile ions 
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with opposite charge of the fixed groups are called 

counter ions; the mobile ions with the same charge are 

called co-ions. The selectivity of these membranes 

results from the sorption of counter ion and the 

exclusion of co-ion of the membrane phase. The counter 

ion can be cationic or anionic depending on the fixed 

charge groups. 

Among the parameters that affect the magnitude 

of exclusion of co-ions as well as the selectivity of the 

membranes are the capacity (concentration of fixed 

charge) of the dry membrane, the degree of swelling, the 

crosslinking density, and electrolyte solution 

concentration and ion charge density. Further important 

parameters that dictate the membrane performance 

include the density of polymer network, the hydrophilic 

and hydrophobic properties of the polymer matrix and 

the distribution of the charge density in addition to the 

morphology of the membrane itself. 

Charged porous membranes (bearing chelating or ion 

exchange groups) obtained by graft copolymerization of 

functional monomers into porous films behaves 

differently from their neutral counterparts. 
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Interestingly, the permeability of the grafted membranes 

is sensitive to their environment and can be controlled 

by changes in temperature, pH, and salt concentration 

and applied an external electric field Kubota, H., et al., 

(1994). This behavioral difference is arising from the 

conformational changes in the functional (carboxylic 

acid) groups attached to the membrane pore walls, 

which affect the transport properties by opening or 

closing the pores. This enables the control of mechanical 

permeability and permselectivity and as a result the use 

of this kind of membrane in convective diffusion 

processes becomes appealing Telaranta, R.,. (1999).  

Crystallinity of the polymer film is one of the 

most affected parameters during the preparation of 

radiation grafted membranes. The impact of the 

variation of crystallinity on the membrane most crucial 

properties such as water uptake, ionic conductivity, and 

mechanical stability is so influential that the overall 

performance of the membranes during operation in a 

separation system is affected Gupta, B., et al., (1994). 

Hietala,  S., et al. (1998). Graft copolymerization of 

monomers of polar and functional types has always a 

decreasing effect on the crystallinity of the membranes. 
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The incorporation of side chain grafts, which have an 

amorphous nature, exerts a dilution effect on the grafted 

film by increasing the amorphous content at the expense 

of the crystallinity Nasef, M., (2002). A partial 

disruption in the crystalline structure may also occur 

since graft copolymerization is initiated by free radicals, 

which are well known for their random distribution in 

nature, i.e. free radicals are formed both in crystalline 

and amorphous regions of the film giving possibility for 

some of the formed side chain grafts to penetrate the 

crystallinities causing crystalline disruption and further 

decreasing the degree of crystallinity depending on the 

grafting parameters Hietala, S., et al., (1997), and 

Hietala, S., et al., (1999). Thus, grafting parameters 

have to be well maintained so that grafting remains 

confined to the amorphous region of the base polymer 

film. Post-grafting reactions such as sulfonation, 

amination may pose another degradation factor that 

affects the crystallinity of the membranes. For instance, 

sulfonation of the polystyrene grafted PE, FEP, PVDF 

and PTFE was found to cause partial disruption in their 

crystallites adding to the decrease in the crystallinity 

caused by the dilution effect. Such crystallinity changes 
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together with the amount, the nature and the distribution 

of the grafted moieties determine the physical and 

chemical properties including swilling and conductivity 

of these radiation grafted membranes Gupta, B., 

Scherer, G., (1994). This indicates that the structure of 

the membranes varies with the increase in the degree of 

grafting in such a way that facilitates the water 

absorbance to the membrane matrix and enhances the 

ionic conductivity even though radiation grafted 

membranes do not exhibit specific ionic clusters. 

Therefore, there is always a strong necessity to optimize 

the membrane properties, a target that can be achieved 

by an appropriate control over the reaction parameters 

during the membrane preparation.  

Requirements for high performance ion exchange 

membranes 

The wide spectrum application of membranes in many 

industrial processes implies a need to have membranes 

with various structures, properties and functional groups. 

The success of membrane process depends critically on 

the selection of the proper membrane Strathmann, H., 

(1990). Generally, there are number of basic principal 

considerations that guide the selection of an appropriate 
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membrane for a particular separation process. This 

includes mechanism of separation (sieve effects, 

electrochemical effects and solubility), permeation 

properties of the membrane towards the species to be 

separated, mechanical as well as chemical stability of 

the membrane and compatibility of the membrane with 

the species being processed (such as biocompatibility, 

absorption and pre-deposition). All the existing 

membranes function based on three essential 

mechanisms of separation, i.e. separation based on 

differences in molecular size of the permeants (sieve 

effect), separation based on the differences in solubility 

of materials in the membrane phase (solubility effect) 

and separation based on differences of the charges of the 

substance to be separated (electrochemical effect) as 

described before. Since preparation of the membrane by 

radiation-induced grafting is quite often produces ion 

exchange membranes with high water absorbance 

capacity, the mechanism of separation depends mainly 

on the electrochemical effect where the species to be 

separated ranges from salts or ions of different valences 

to mixtures of electrolyte and nonelectrolyte. 
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However, in some cases the mechanism in such 

membranes may undergo solubility effect when the 

substance to be separated is in molecular form of non-

electrolyte mixtures such as separation of alcohol from 

alcohol/water mixture using pervaporation. There is 

number of properties that have to be attained by ion 

exchange membranes. These essential properties are: 

1. High permselectivity, i.e. the membrane should be 

highly permeable to counter ions and impermeable to 

co-ions. 

2. High ionic conductivity: the permeability of the 

membrane to counter ions under the influence of electric 

potential gradient should be as high as possible. This can 

also be expressed as low electrical resistance. 

3. Electronically inconductive, i.e. zero electronic 

conductivity. 

4. Adequate mechanical and thermal stability: the 

membrane should be mechanically strong, thermally 

stable and has low degree of swelling and shrinking 

under operating conditions. 

5. High chemical stability: high resistance to oxidation, 

reduction, hydrolysis and dehydration over pH range    

1–14. 
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6. Controlled swelling.  

The extent of these properties in radiation grafted 

membranes depends not only on the grafting parameters, 

but also on the applied preparation procedure, i.e. 

grafting, post-grafting reaction, degree of 

functionalization as early discussed. However, it is 

difficult to optimize the properties of these membranes 

due to the opposing effects and therefore these 

membranes have to combine a compromise of structure 

related properties. For instance, high concentration of 

fixed charges leads to high conductivity (low electrical 

resistance), but it causes undesired degree of swelling 

and poor mechanical properties. Also, the requirement 

for high conductivity implies that membrane have to be 

porous, whereas good separation suggests that 

membranes to be of low permeability. Good mechanical 

strength can be achieved by increasing the thickness or 

crosslinking of the membranes, but this causes undesired 

increase in the electrical resistance. Most of the 

properties of ion exchange membranes including those 

prepared by radiation-induced graft copolymerization 

determined by the starting (basic) polymer substrate and 

the type as well as the concentration of the grafted 
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moiety (fixed ionic groups). For instance, the basic 

polymer matrix, which is often hydrophobic, determines 

the mechanical, the thermal and the chemical stability of 

the membranes to large extent whereas, the 

concentration and the type of the fixed ionic groups 

determines the selectivity and the electrical conductivity 

of the membranes. However, both propertiesmay have 

strong impact on the mechanical properties of the 

membranes.  
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CHAPTER III 

EXPERIMENTAL 

 

III. 1. MATERIALS 

III.1.1. Polymer Substrate 

Low density polyethylene (LDPE) films of thicknesses 

40 & 70µm were used (El –Nasr Co. for Medical 

Supplies, Egypt).  

III.1.2. Monomers 

1. Styrene (Sty), purity 99% (Merk).  

2. Methacrylic acid (MAA), purity 99% (Aldrich).  

III.1.3. Chemicals 

 The other chemicals such as, solvents, inorganic 

salts, acids and other reagents were reagent grade and 

used without further purification. Different salts of 

heavy metals ions were used in metal uptake 

measurements such as, NiCl2, CuSO4, Cu(NO3)2, CdCl2, 

MnCl2,  HgCl2,  ZnCl2, MgCl2 and 

CoCl2

 

                              

III.2. APPARATUS AND METHODS 

III.2.1. Gamma Radiation Source 
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 The gamma radiation source used is gamma cell 

4000A, produced by the Atomic Energy of India, Co-60 

gamma rays of dose rate that ranged from 0.46 to 1.29 

Gy/sec was used in this study. The irradiation facility 

was constructed by National Center for Radiation 

Research and Technology (NCRRT), Atomic Energy 

Authority (AEA), Nasr City, Egypt. 

III.2.2. Graft Copolymerization Techniques 

Rectangular pieces (4cm×4 cm) of virgin LDPE 

films were washed with methanol and then dried in a 

vacuum oven at 50 ◦C until constant weight was 

obtained. The dried film was placed into a glass 

ampoule containing monomer solution of a desired 

concentration. Methanol was used as a medium for the 

grafting reaction. The grafting solution was flashed with 

nitrogen for 5 min to remove air to minimize the 

homopolymer formation and then the ampoule was 

sealed. The ampoule was subjected to γ-rays from a Co-

60 source. After the reaction, the grafted films were 

removed, washed with methanol, and soaked there in 

overnight to remove the residual monomer and 

homopolymers occluded in the film. The grafted film 

was then dried in a vacuum oven at 50°C until a 
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constant weight was obtained. The degree of grafting 

was gravimetrically determined as the percentage of the 

weight increase of PE film using the following equation: 

(W  W )
Degree of Grafting (%) =  X 100

W
g o

o

− 
 
 

               (1) 

where Wg and Wo

III.2.3 Sulfonation of the grafted copolymers 

 are the weights of grafted and blank 

PE films, respectively. 

Sulfonation of phenyl group of styrene was carried out 

by two methods: 

(1) The grafted films were soaked 7% 

chlorosulphonic acid in 1, 2-dichloroethane as a dilute in 

ice bath. 

(2) The grafted films were soaked in concentrated 

sulfuric acid at 60o

After 2 h., the films were then washed with distilled 

water and dried in oven at 50

C.  

o

III.2.4. Alkaline Treatment of the Grafted Films 

C. 

Improvement of the hydrophilic and ion exchange 

properties of the grafted copolymers was carried out by 

treating them with aqueous KOH (5wt%) using a reflux 

system  at 60oC for 4h . The treated films were then 

washed and immersed in distilled water for 24h to 
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remove the excess reagents, then dried in oven at 50o

III.3. PROPERTIES: 

C 

for 24h. 

III.3.1. FTIR- Spectrophotometric Measurements: 

Fourier transform infrared (FT-IR) spectroscopy 

was used (Mattson 1000 Unicom ,Cambridge, England), 

in order to detect the functional groups introduced by 

grafting, sulfonation and alkaline treatment.               

The wavenumber range used in this study was 400–4000 

cm-1

III.3.2 X-Ray Diffraction Measurements: 

  

XRD measurements were made on original and 

grafted films having various degrees of grafting using a 

modern, Shimadzu diffractometer XD-DI series. The 

diffractograms were measured at 2θ in the range of 4–

90° using Cu-Ka radiation    (1.54 Ao

The degree of crystallinity (α

) monochromated 

by means of a nickel filter. The X-ray copper target tube 

was operated at 40kV and 30mA . 

c

3

int.

( ) 10
Degree of Crystallinity (%) =  X 100

( )
cysI kcps x
I count

%) based on X-ray 

diffraction data, was calculated using Eq. 2:  

       (2) 

ICys is the intensity of the main peak at 2θ = 21.284o 
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The crystallite size can be estimated according to the 

Scherrer equation (Marilda M. and  Leni, A. 2008): 

L
cos
K

θ
λ

β θ
=                                                        (3) 

Where Lθ λ is the average diameter of the crystals,  is 

the X-ray wavelength (1.54 Ao

 

), K is the shape factor, 

which is assigned a value of 0.9 for polymers, θ is the 

Bragg’s angle in degrees and β is the full-width at half 

height of the main peaks. 

III.3.3. Thermal Analysis: 

III.3.3.1. Thermogravimetric Analysis (TGA) 

TGA studies on the samples were carried out on a 

Perkin-Elmer Pyris 6 TGA system. The thermograms 

were obtained under a nitrogen atmosphere at a uniform 

heating rate of 10oC/min in the temperature range 30-

600o

III.3.3.2. Differential Scanning Calorimetry (DSC) 

C. The relative thermal stability of the samples was 

evaluated in terms of decomposition temperature. 

DSC studies on the samples were carried out using a 

Perkin-Elmer DSC-7 system. Samples were loaded into 

the DSC at 50oC and thermograms were run in the 

temperature range of 50-160oC under a nitrogen 
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atmosphere at the heating rate of 10oC/min. the heat of 

fusion (∆H f

The degree of crystallinity in the un-grafted LDPE 

membranes was directly calculated using the following 

equation (4): 

 ) was obtained from the area under the 

thermogram. 

100

H
Degree of Crystallinity =  X 100

H
f∆

∆
                           (4) 

where ∆H f is the heat of fusion of the films, which is 

proportional to the area under the melting peak and 

∆H100

The degree of crystallinity in the grafted 

membranes was calculated by considering the LDPE 

mass fraction in the membranes as the incorporated PSty 

and PMAA are amorphous in nature. This was carried 

out by correcting the recorded ∆H

 is the heat of fusion of 100% crystalline LDPE 

polymer, using 290 J/g as the heat of fusion of pure 

orthorhombic polyethylene crystallite  (Minick J, et al., 

1995).  

f

1Weight Fraction (W ) = 
1+GPE

 by dividing over the 

weight fraction of the LDPE in the grafted membrane, 

which was obtained from the following equation (5) 

(Gupta, B. and Anjum, N. 2001): 

              (5) 
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where , G is the graft content 

Finally, the degree of the crystallinity of the grafted 

membranes is obtained from equation (6): 

100

H
Degree of cystallinity =  X 100   (6)

H  X Weight fraction
f∆

∆
The relative heat of fusion can be obtained from the 

following equation (7): 

H
Relative H =  

H
o

f

f

∆
∆

∆
                                                      (7) 

Where H f∆  and H
of

∆  are the heat of fusion values of the 

grafted and ungrafted LDPE films respectively. 

III.3.4. Swelling Measurements: 

  The grafted and grafted-treated films were 

immersed in distilled water for different times at 25 o

s d

d

(W W )Swelling (%) =  X 100
W

 −
 
 

C, 

then removed, blotted with absorbent paper to remove 

the water that attached on its surface, and quickly 

weighed. The degree of swelling was determined as 

follows 

                             (8) 

where Wd and Ws

 

 represent the weights of dry and 

swelled films, respectively. 
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III.3.5. Determination of Ion exchange capacity 

(IEC) 

IEC of membranes was determined by measuring 

the concentration of H+ that was exchanged with K+

A known weight of dry polymer ∼0.1g  in the acid- 

form was placed into 30 ml of 0.5M KCl solution and 

shaken occasionally for 24h. The amount of H

 

cation when acid-form samples were equilibrated with 

KOH solution.  

+

( ) ( )[ C C  x V ]
IEC meq/g =  

m
o e E− 

 
 

 released 

by the polymer into the medium was determined by 

titration against 0.05 M KOH solution. The ion 

exchange capacity of membranes was obtained by the 

following equation (9) (Phadnis S. et. al., 2004): 

                             (9) 

where Co and Ce are the K+ concentrations of the initial 

solution and at equilibrium with polymer, respectively.  

VE

III.3.6. Determination of the equivalent weight (EW): 

 is the value of KOH at equivalence and m is the 

weight of dry polymer (grafted membranes). 

The equivalent weight (EW) can be calculated from the 

following equation (Nasef M.M., 1999) 
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1000EW = 
IEC

                                                           (10) 

EW is the weight of the polymer in acid form required to 

neutralize one equivalent of KOH. 

III.3.7. Electrical Conductivity Measurements: 

Electrical conductivity measurements were 

carried out using Keithley 6517A Electrometer. The 

samples were inserted between two electrodes. Thus, 

through the determination of the resistance of the sample, 

the electrical conductivity could be calculated: 

1 1 1 ( . ) . Lcm
R A

σ − −    Ω =    
   

                                                (11)                   

where σ is the electrical conductivity, L is the thickness 

of the specimen (cm), A is the area of the disc (cm2

III.3.8. UV-Vis measurements: 

) and 

R is the ohmic resistance of the specimen (Ω). 

Alkaline-treated membranes with different MAA 

contents of percent grafting of 100% were immersed in 

CuSO4

The graft copolymer-metal complexes were scanned by 

using a     UV-Vis Spectrophotometer. The absorbance 

of these membranes was measured over the wavelength 

range of 500-2500 nm. 

 solution of concentration 1gm/l for 3h at room 

temperature. 
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III. 3.9. Measurements of adsorptive properties of 

membranes 

The relative amount of the metal ions in the 

treated membranes was measured using an Energy 

Dispersive X-ray analyzer (A JEOL 5400 scanning 

electron microscope (SEM) with an energy dispersive 

X-ray (EDX) attachment (Japan)). The prepared 

membranes were immersed in the solution of the metal 

ion aqueous solution at room temperature and constant 

PH value of 5. Note that, these batch experiments were 

performed with single solution and mixtures of two 

metal ions with initial concentration 1 g/l and 0.5g/l for 

each metal ion in mixture for 3h. Then the membranes 

were washes with distilled water then dried in a vacuum 

oven at 50 oC. Then the Non–competitive and 

competitive adsorption of different metal ions by the 

membrane functional groups was tested. 
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CHAPTER (IV) 

RESULTS AND DISCUSSION 

IV-1 INTRODUCTION 

 Preparation of graft copolymers by radiation 

induced graft copolymerization of methacrylic acid 

(MAA) and styrene (Sty) in a binary monomers 

mixture onto low density polyethylene films was 

studied. The graft copolymerization was carried out 

using the direct method, in which the polymer 

substrate, monomers and solvent were subjected 

to 60

 Many modification treatments have been 

attempted on these graft copolymers to possess 

excellent properties in the field of ion-exchange 

membranes and can be used in waste water 

treatments and separation processes. 

Co gamma rays. The effect of grafting conditions, 

such as monomer concentration and composition, 

solvent and total irradiation dose on the grafting 

process was determined. 

  A main part of this study is to investigate the 

physical and chemical properties of the resulted 

grafted membranes and their applications as ion 

exchangers. The grafted membranes have been 
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characterized using infrared spectroscopy (IR), X-ray 

diffraction (XRD). Electrical conductivity and 

thermal stability of the prepared membranes have 

been tested. The applicability of the prepared 

membranes in heavy metal separation was also 

investigated. 

The permselectivity of this graft copolymer 

may be high towards different metal ions. This can 

be achieved by introducing easily ionizable groups 

(anion and cation) by sulfonation and/or treatment 

with alkali. Introducing of these electrolytic groups 

into the grafted chains improve the hydrophilic 

properties and ion exchange capacity.  

IV-2 Radiation Induced Graft Copolymerization 

of Binary Monomers (MAA/Sty) 

 The grafting of Sty/MAA into LDPE films was 

studied to determine the optimum conditions for the 

preparation of membranes with desired graft levels 

and compositions. The grafting has been found to be 

strongly influenced by the reaction conditions, such 

as solvent, radiation dose, comonomer concentration 

and composition, and film thickness. 
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IV-2-1 Effect of Solvent Composition 

The choice of solvent to be used for the dilution 

of the monomer is one of the essential elements 

towards a successful radiation induced grafting 

process. A solvent is generally used to swell the base 

polymer and enhance the monomer accessibility to 

the grafting sites. Good solvents, in general, have the 

following characteristics: 

• Good diffusibility towards the polymer backbone 

• Good solubility of monomer and homopolymer 

• Low chain transfer constant. 

It is well known that, MAA is water soluble 

monomer, but styrene is water insoluble and MeOH 

is a good solvent for the grafting of styrene but water 

in the styrene-methanol grafting solution had a 

determent effect on the grafting yield of styrene. So 

that, the effect of MeOH/H2

 

O mixtures on the 

grafting of MAA/Sty binary monomers of 

composition (50/50wt%) onto LDPE films was 

investigated and is shown in Table (1). 
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Table 1. Effect of MeOH/H2

 

O composition on the degree 

of grafting of MAA/Sty binary monomers of composition 

50:50 (wt%). Comonomer concentration; 20(wt%), film 

thickness; 40μm, irradiation dose; 20kGy. 

(MeOH /H2

Composition (wt%) 

O)  

 

Degree of grafting  

(%) 

(100:0) 170.0 

(90:10) 250.4 

(80:20) 300.3 

(70:30) 351.3 

 

It can be seen that, the degree of grafting 

increases as the water content in the reaction mixture 

increases. It seems that, the presence of water 

resulted in an enhancement of the grafting yield as 

compared to that obtained when MeOH was used 

alone. The graft yield is diminished from 250% in the 

presence of 10wt% water to about 170% in the 

absence of water. However, it is also observed that, 

as the water content increases a heterogeneous 

system is formed, which is unfavorable for grafting. 
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Furthermore, the addition of small amount of water 

(10%) results in enhancing the grafting 

polymerization, but some homopolymer still formed.  

  On the other hand, as the water content 

decreases the grafted films were easily removed and 

extracted from the reaction medium and seemed to be 

smooth and flat and possessed homogeneous grafting. 

The results suggest that, the polarity of the 

solvent influenced the grafting yield of Sty/MAA 

comonomer. As the polarity of the solvent decreases 

the grafting yield increases and the 

homopolymerization process is enhanced, especially 

in the absence of inhibitor during radiation grafting 

process. The apparent high percentage of grafting 

obtained, when water is added to the reaction mixture, 

may include homopolymer; therefore, it isn’t true 

grafting. So that,  MeOH is chosen as the most 

suitable diluent for this grafting system.  
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IV-2-2 Effect of irradiation dose on the grafting of 

MAA and Sty individually and in a binary 

mixture: 

The effect of irradiation doses on the grafting yield 

of Sty, MAA and (MAA/Sty) of comonomer 

compositions 50/50 (wt %) onto LDPE films is 

shown in Fig. (3) (curve a, b, c, respectively). It is 

observed that, for styrene grafting curve (a), the 

higher the irradiation dose, the higher the grafting 

yield is obtained. It is also observed that, at 

irradiation doses that ranged from 10- 20 kGy, the 

degree of grafting increases relatively rapidly, while 

propagation is the main reaction, but it then increases 

much more slowly, as the termination of graft chains 

becomes more and more frequent. From these results, 

it can be assumed that, the increase in dose resulted 

in increasing the concentration of free radicals in the 

polymer substrate as well as in the monomer system, 

therefore, an increase in the grafting yield is 

observed. Meanwhile, for the grafting of MAA 

individually and MAA/Sty binary mixture of 

composition 50/50 wt% (curve b, c), it is observed 

that, percentage of grafting increases with the 
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Fig (3): Effect of irradiation dose on the grafting of MAA 

and Sty onto LDPE films of thickness 40μm, in MeOH as a 

diluent. Comonomer concentration 20wt%,                       

(a) LDPE-g-Sty, (b) LDPE-g- MAA, and (c) LDPE-g- 

MAA/Sty(50/50wt%). 
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increase in irradiation dose, reaches maximum (80 

and 211 wt%) graft yield at a total dose of 15 kGy, 

respectively, and then decreases. The results indicate 

that, there is a critical total dose at which maximum 

radical yield occurs leading to an increase in 

percentage of grafting. The decrease in percentage of 

grafting beyond optimum total dose may be 

attributed to the fact that at higher doses, chain 

degradation of poly (methacrylic acid) may occur 

Hegazy, E.A. et al.,(1989). 

Comparison of MAA grafting and its binary 

mixture with Sty onto LDPE at optimum shows that, 

the binary mixture produces a much higher 

percentage of grafting (three folds) than that obtained 

when MAA is grafted individually. The results 

indicated that, the accessibility of the comonomers to 

the active sites in the case of MAA/Sty grafting is 

greatly enhanced resulting in higher percentage of 

grafting.  
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IV-2-3 Effect of Comonomer Composition: 

The improvement in the graft copolymers 

depends on the nature, amount and chain length of 

the grafted branches as well as on the type of 

distribution of the grafted monomers in the base 

polymer. 

It was found that, the graft copolymerization can 

be achieved by the simultaneous irradiation method 

with little homopolymerization if a comonomer 

(binary or mixture of monomers) is used for grafting 

Bhattacharyya S.N and . Moldas, D.(1983). Mixed 

monomers can also be used in grafting onto polymers 

to introduce dual properties such as hydrophilicity 

and hydrophobicity. So, if we have two monomers, 

the first is hydrophilic and the other is hydrophobic, 

the particular ratio of hydrophilic to hydrophobic 

sites on surface may be important for many 

applications Hegazy, E. A. et al.,(1992) 

Figure (4) shows the effect of comonomer 

compositions on the grafting of Sty/MAA onto 

LDPE films in presence of methanol as a diluent. It is 

obvious that, the degree of grafting increases as the  
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 Fig.(4):Effect of Sty/MAA composition on the 
degree of grafting in presence of methanol as a 
diluent. LDPE film thickness; 70µm; comonomer 
concentration 20(wt%) irradiation dose; 15 KGy 
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content of Sty increases in the reaction mixture.  On 

the other hand, the grafting yield decreases with 

increasing MAA content in the reaction mixture until 

it reaches its lower value at 100% MAA. It seems 

that, the presence of styrene would enhance the 

grafting of MAA, as it was found in other binary 

graft copolymerization systems with different 

monomers Sankholkar, S. and Deb, P.C. (1990) & 

Hegazy, E. A. et al., (1995) 

Individual radiation grafting of MAA onto 

LDPE films is difficult, since the 

homopolymerization goes on rapidly, due to the high 

radical yield G(R•) of MAA when subjected to 

gamma radiation. The presence of Sty which has low 

reactivity  in free radical polymerization which has 

been attributed to their electron-rich double bond  

may reduce the G(R•

 

) of MAA during irradiation 

process by chain transfer effect and hence facilitates 

the diffusion of the reaction mixture into the bulk 

polymer. This leads to successive grafting and 

minimizing the homopolymerization. 
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IV-2-4 Determination of Rate of Grafting 

An attempt has been made to evaluate the 

dependence of the grafting yield on monomer 

concentration and time of irradiation and the results 

are shown in Figures (5-7). It can be seen that, there 

is an induction period for initiation of the graft 

copolymerization at the early stages of irradiation 

time, thereafter, the grafting begins, and the degree 

of grafting increases with irradiation time.  Such 

induction period increases with the decrease in the 

monomer concentration. This might be due to the 

fact that, the monomers utilized in this study are used 

as received without further purification and the initial 

monomer radicals generated in the system are 

terminated by the inhibitor present in the monomers.  

Generally, it is observed from the figures that, 

the percentage of grafting increases with increasing 

irradiation time and at a given irradiation time, 

percentage of grafting increases with monomer 

concentrations. 

Figure(5): shows that, in the individual 

grafting of MAA, the degree of grafting increases 

relatively rapidly initially but it then increases much  



Chapter IV                                            Results and Discussion 
 

 77 

 

Irradiation time (h)

0 2 4 6 8 10 12 14

D
eg

re
e o

f g
ra

fti
ng

 (%
)

0

20

40

60

80

100

120

140

160

180

200

5%
10%
20%

Fig.(5): Degree of Grafting vs.Irradiation Time for Various 
              MAA Concentrations (wt%)  
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more slowly. However, the limiting grafting couldn’t 

be achieved even after 12h of reaction time. Such 

lowering in the rate of grafting may be attributed to 

the high viscosity of the grafted zone, which favored 

termination and hindered diffusion difficult. 

Figure (6) shows that, the presence of 10 wt% 

of Sty with MAA in the reaction mixture leads to a 

considerable decrease in the initial rate of grafting, 

however, the final degree of grafting increases.   An 

acceleration was observed after 6h of reaction, such 

acceleration is highly pronounced for high 

concentration of monomers. Such acceleration may 

be due to the “viscosity effect” which plays an 

important role because it enhances the propagation 

process and retards the termination of radicals 

because of the low mobility of the growing chain 

radicals.  

However, a decrease in the degree of grafting 

is noted after 8h of irradiation for MAA/Sty mixture 

(50/50 wt%) (Fig.7). It is possible that, the 

concentration of MAA graft chains becomes so large 

after 8h that degradation is occurred. 
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Fig.(7): Degree of Grafting vs.Irradiation Time for Various 
(MAA/Sty)(50/50) Concentrations (wt%) 
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The initial grafting rate (Rg) was determined from        

Fig.’s (5, 6 & 7). Fig (8) shows a plot of log Rg

The order of dependence of the rate of grafting 

on monomer concentration as obtained from slope of 

the plot was found to be 1.3, 1.9 and 1.4 for MAA, 

MAA/Sty(90/10wt%) and MAA/Sty(50/50wt%) 

respectively. The deviation from the first order 

dependence on monomer concentration (which is 

expected in classical, free radical polymerization) has 

been observed by several authors.   

 “initial 

rate of grafting” against log C “comonomer 

concentration”. The initial grafting rate increases 

linearly with monomer concentration. These results 

suggest that the rate of grafting will depend upon the 

concentration of monomer to be grafted and the 

diffusivity of comonomer into the polymer matrix is 

enhanced at higher concentration leading to much higher 

degrees of grafting.  
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 Fig.(8): Logarithmic plot of Rg

 

 against monomer  

concentration.  
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Based on the above results, the kinetic 

parameters depend not only on the concentration of 

radicals available for grafting but also on the 

concentration of the monomer available to the 

growing chain i.e. on the diffusion of monomer to the 

active sites of polymer matrix. 

The high dependence of 1.9 for the rate of 

grafting on MAA/Sty(90/10wt%) concentration in 

the binary system may be explained by the fact that, 

a polymer swollen in the reaction mixture represents 

a medium of high viscosity and it is the viscosity of 

the grafted zone that ultimately determines the 

diffusion of monomer to the grafting sites in LDPE 

films. 

As discussed earlier, the grafting takes place 

by the diffusion of monomer through the grafted 

layers. It may be assumed that, the monomer 

diffusion through the grafted layers is considerably 

hindered. Under such conditions, the propagation 

step, rate of monomer addition to the growing 

polymer chain and the termination step are hindered 

in the high viscosity medium.  
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IV-2-5 Effect of Film Thickness 

One of the very important factors mentioned 

by most investigators in this field is the possible 

slowing of the grafting reaction owing to the 

slowness of monomer diffusion into the solid 

polymer. This can be controlled by film thickness. 

Table (2) shows the relationship between degree of 

grafting and film thickness at different MAA/Sty 

comonomer concentrations. The film thicknesses 

utilized here showed an increase in the degree of 

grafting with monomer concentration. It is also 

obvious that, at a given monomer concentration, the 

thinner the film the higher the grafting yield. This 

result is in a good agreement with that obtained by 

many investigators Gernett,J. L. et al.,(1980) and 

Hegazy, E.A. et al., (1992).  
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Table2. Effect of film thickness on the grafting of 

MAA/Sty (90/10wt%) onto LDPE at different 

comonomer concentrations, irradiation dose 15kGy in a 

methanol as a solvent . 

Film thickness 

(µm) 

Comonomer 

concentration 

(wt%) 

Degree of 

grafting 

(wt%) 

 

40 

10 50.0 

15 162.3 

20 313.5 

 

70 

10 37.1 

15 70.0 

20 100.0 
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It can be assumed that, this graft 

polymerization is a diffusion controlled process i.e. 

the grafted layer formed initially at the film surface 

may swell in the monomer solution and the grafted 

zone gradually moves inward into the polymer until 

it eventually reaches the whole bulk of the polymer. 

The increase in film thickness reduces monomer 

diffusion into the polymer substrate, consequently 

the monomer concentration within the film may 

decrease during grafting and a lower grafting yield 

was obtained.  This means that, at first the monomer 

diffuses through the grafted layer, followed by graft 

polymerization onto the polymer while it diffuses 

Hegazy, E.A. et al., (1982). 

 

IV-3 Characterization, Structural Investigation 

and Properties of the Prepared Membranes: 

Improvement in the properties of the grafted 

copolymers depends on the nature, amount and chain 

length of the grafted branches as well as on the 

distribution of the monomers in the base polymer. 

The properties which might be incorporated into the 

base polymer are determined by the evaluation of 
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various parameters e.g. swelling behavior, electrical 

conductivity and thermal analysis.   

The grafting of (MAA/Sty) onto LDPE films 

was first confirmed by Fourier  transform infrared 

spectroscopy (FTIR) and subsequently various 

characteristic techniques were employed to study the 

morphological structures and thermal properties of 

the membranes including X-ray diffractions (XRD), 

differential scanning calorimetry (DSC) and 

thermogravimetric analysis (TGA).  

IV-3-1 FTIR-Spectroscopy: 

Infrared spectroscopy is widely used to elucidate 

chemical structures, enabling functional groups and 

linkages to be identified. 

Incorporation of PMAA was indicated by two 

bands arising from C–O stretching at 1210 cm-1 and 

C=O stretching of the carboxyl carbonyl in PMAA at 

1692.23 cm-1. The C=O stretching band shifted 

to1638.23 cm-1 due to the ionization of carboxylic 

acid groups on the alkaline treatment of the graft 

copolymer with KOH and the characteristic band due 

to presence of OH group absorbance of water appears 

at 3200 cm-1 (Fig.9curve d). Two prominent peaks 
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attributed to the aromatic ring of styrene were at 

756.92 cm-1 and 700.03 cm-1 due to aromatic C–H 

wagging and aromatic ring bending, respectively. 

The appearance of C=C ring stretching around 1600 

cm-1

Copolymer analysis  

indicated that, PSty has been incorporated as a 

graft chains. It can be seen that, the characteristic 

bands of PMAA and PSty appeared clearly in the IR 

spectra of LDPE-g- P(MAA/Sty).  

The bands at 2960 cm-1 and 1704.76 cm-1 are 

characteristics to      C–H  stretching of CH3 groups,     

symmetric CH2 stretching of LDPE backbone and 

C=O stretching of carboxyl carbonyl in PMAA. The 

ratios of the peaks at 2960 cm-1 to that at 1704.76   

cm-1

Incorporation of PMAA based on the C=O peak, 

whereas, styrene incorporation, based on the 

absorption peak at 700.03 cm

 were particularly useful in copolymer analysis.   

-1, from the intensities 

of their absorption peaks it was found that, although 

the MAA: Sty comonomers mixture used for 

copolymerization was 1:1, the MAA:Sty ratio in 

copolymer was 5:1 (Fig.9 and 10). These results 

indicated that, the grafted membrane is richer in 
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PMAA than in PSty at low degrees of grafting. As 

the grafting proceeds, the concentration of MAA 

reduces and the medium becomes richer with styrene 

which in turn contributes to an increase in styrene 

fraction Phadnis, S. et al., (2004).   

The IR spectra for the sulfonated and 

sulfonated – KOH – treated membranes were also 

investigated in order to get some information about 

the structure and the effect of such treatments in     

Fig. (9,10).  

The characteristic bands that confirm the sulfonation 

of the aromatic ring were summarized in Table (3). 
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Table 3. The characteristic bands of  LDPE-g-P(MAA/Sty) 

(50/50) that sulfonated with chlorosulfonic acid 

Wave no. 

(cm-1

Characteristic band 

) 

1038.63 cm Symmetric stretching vibration of SO-1 3H 

groups 

1129.05 cm A sulfonate anion attached to a phenyl ring -1 

1009.78 cm In-plane bending vibrations of the benzene 

ring substituted with sulfonic acid groups 

-1 

1298.79 cm Antisymmetric stretching vibration of –

SO

-1 

3H  group   

1354.15 cm

1182.54 cm

-1 Sulphone bridge –SO-  

-1 Asymmetric (S-O) vibration 

“the symmetric and antisymmetric 

stretching vibrations of the two SO bonds 

with double-bond character (O=S=O)” 

833.92 cm Para position -1  

918.13 cm The stretching vibration of the SO bond 

with single-bond character. 

-1 
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 Fig.(9):FTIR Spectra of (a) Blank LDPE 
               (b) LDPE-   g-MAA  
             (c) LDPE-g-(MAA/Sty)(90/10) 
           (d) LDPE-g-(MAA/Sty)(90/10)KOH treated 
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Fig.(10):FTIR Spectra of 
      (a) Blank LDPE 
     (b) LDPE-g-MAA/Sty(50/50wt%)   
     (c) LDPE-g-(MAA/Sty) 50/50wt %) sulfonated 
    (d)LDPE-g-(MAA/Sty) (50/50wt %) sulfonated 
             KOH treated 
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IV-3-2 Determination of Crystallinity from X-ray 

Analysis: 

Sorption properties of membranes are affected 

mainly by their degree of crystallinity and 

amorphoucity. The degree of crystallinity may 

change during grafting; for example, it sometimes 

decreases with increase in the quantity of graft 

polymer. For each specific system, there apparently 

exists a definite degree of crystallinity at which 

membranes with optimal physicomechanical and 

electrochemical properties are obtained Egorov,E.V 

(1967).  

The X-ray diffraction method is the most 

powerful technique available for the examination of 

ordered polymers in the solid state. X-ray patterns 

can be generated by oriented helical polymer chains 

even when no intermolecular crystalline packing is 

present. 

Thus, some measure of the degree to which the 

crystallites are oriented parallel to each other can be 

derived from the shape and size of the individual 

reflections. A crystalline or micro crystalline material 

will diffract X-rays at specific angles. On the other 
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hand, the amorphous materials simply scatter X-ray 

in all direction. The crystallites present in a polymer 

sample diffract X-ray beams from parallel planes for 

incident angles θ which are determined by the 

Bragg′s equation: 

nλ = 2dsinθ  

where λis the wavelength of the radiation (according 

to the target),  d is the distance between the parallel 

planes in the crystallites, n is an integer and θ is the 

angle of incidence of rays on plane (known of the 

Bragg′s angle).  

Quantitative XRD analysis was conducted on 

LDPE- blank and LDPE-g-PMAA/PSty membranes 

with different degrees of grafting and compositions 

to have a preliminary idea on the effect of PMAA 

and PSty grafting on the crystalline structure of the 

LDPE matrix and the results are shown in Table (4).  

Apparently, grafting of Sty and MAA in a 

mixture has superior effect on the crystallinity. The 

XRD results have shown that, the grafting of 

PMAA/PSty with various concentrations was found 

to reduce the crystallinity.  
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Table (4): Effect of comonomer composition on the     
crystallinity (%) and crystal size (Lθ, Ao).  
Comonomer 
composition %G *α 

(%) 
**Lθ, 

Ao 
∗∗∗β,  
rad 

2θ 
Deg 

Blank 
 

0.00 
 

 
47.70 

 
1.97 0.707 21.078 

MAA 83 
 

15.43 
 

0.60 2.258 19.718 

MAA/Sty 
(90/10) 

 
84.2 

 

 
40.06 

 

 
1.45 

 
0.96 21.248 

MAA/Sty 
(50/50) 

 
84.0 

 

 
42.7 

 

 
1.58 

 
0.88 21.389 

MAA/Sty 
(50/50) 

 
168.00 

 

 
34.60 

 

 
1.272 

 
1.072 21.588 

MAA/Sty 
(10/90) 

 
163.04 

 

 
25.38 

 

 
1.013 

 
1.35 20.908 

Sty 
 

169.21 
 

 
20.08 

 

 
0.73 

 
1.87 21.588 

*α (%): degree of crystallinity, **LRθ R: average diameter of the crystals (A P

o
P)  

***β: is the full-width at half height of the main peaks(rad).  
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Among the different compositions used, 

cografting of Sty and MAA of composition (50/50) 

has the highest crystallinity compared with that 

grafted with MAA or Sty alone, even the other 

compositions utilized here which in turn promotes 

the stability of the membrane. It may be assumed that, 

the incorporation of amorphous PMAA or PSty 

chains within LDPE matrix may one of the reasons 

for the decrease in the inherent crystallinity of the 

membrane.  

It could be also suggested that, the grafting of 

LDPE with MAA/Sty mixture of composition 

(50/50) induces a case of tacticity and sequence 

distribution of the comonomer MAA/Sty in the graft 

copolymer which affect the morphology of the 

membrane resulting in an increased crystallinity. It is 

also observed from Table (4) that, the increase in the 

degree of grafting from 84 to 168%   decreases the 

crystallinity and eliminates the effect of such tacticity 

and sequence distribution i.e. crystallinity decreases 

by grafting and crosslinking. 
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The results of XRD studies showed a decrease 

in the crystallinity with an increase in the degree of 

grafting accompanied with a shift in Bragg’s angle to 

a certain value more than those of corresponding 

ungrafted films (Table.5). The change in Bragg’s 

angle may be due to grafting.  

Figure (11) shows the dependence of degree of 

crystallinity (α) on the grafting degree.  It can be 

seen that, grafting of PMAA/PSty with different 

degrees reduce the crystallinity and such reduction is 

a function of the degree grafting. This means that, the 

degree of crystallinity of the grafted films decreases 

with the increase in the degree of grafting and vice 

versa as illustrated from the inverse proportional 

relationship between degree of crystallinity and 

degree of grafting.  

According to the experimental data, ungrafted 

LDPE films shows the highest crystallinity                 

(α =47.71%), however, the grafted membranes still 

retain sufficient crystallinity magnitude even at 

degree of grafting as high as 254%. 
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Table (5): Effect of degree of grafting of MAA/Sty 
(50/50wt%)of LDPE polymer substrate on crystallinity 
(α %), crystal size(Lθ, Ao

%G 

) 

*α (%) **Lθ, A β, rad o 2θ 

0.00 47.70 1.97 0.707 21.078 

54.60 43.40 1.65 0.85 21.418 

100.00 39.82 1.5300 0.91 21.248 

168.00 32.60 1.0800 1.29 21.588 

222.80 23.50 0.9040 1.54 21.248 

253.60 21.00 0.6 2.32 21.248 

*α (%): degree of crystallinity, **Lθ : average diameter of the crystals (Ao) 
***β: is the full-width at half height of the main peaks(rad). 
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Fig.(11): Variation of the degree of crystallinity 

with the degree of grafting in LDPE-g-

(MAA/Sty)(50/50wt%) membranes, 70µm 
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These results suggest that, there is some 

disorder is induced in the structure of the bulk LDPE 

film by grafting of MAA and Sty. Therefore, the 

reduction in the degree of crystallinity is most likely 

to be due to the growth of the amorphous phase of 

the copolymer with the increase in the grafted PMAA 

and PSty i.e. the dilution of the crystalline structure 

of LDPE matrix with the amorphous PMAA and 

PSty grafts beside the distortion occurred at the 

boundary surface of the crystallites due to grafting 

(crystalline distortion). 

Average Size of Crystallities (Lθ

The average crystallite size of the blank LDPE 

was calculated to be approximately 2 A

): 

o

Figure (12) shows that, the size of crystallites L

  

θ also 

decreases with the increase of degree of grafting  i.e. 

as the defectiveness of the crystallites increased.  
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Fig.(12): Dependance of the crystallite size Lθ (Aο

 

) 
on the degree of grafting of PMAA/PSty 
(50/50wt%) onto LDPE, 70µm. 
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IV-3-3Thermal Methods for the Examination of 

Polymers 

There are many specific techniques provide 

useful information relating to the polymer 

characterization such as; thermal methods analysis of 

polymers, which are important. These techniques can 

provide information about the thermal stability of 

polymer. 

 The present investigation aims to study the 

thermal stability and structure changes in low density 

polyethylene (LDPE) films induced by grafting with 

P(MAA), P(Sty), and P(MAA/Sty) copolymer. 

 

IV-3-3-1 Thermogravimetric Analysis (TGA) 

This is one of the fastest growing analytical 

techniques for the evaluation of the thermal 

decomposition kinetics of the polymeric materials. It 

monitors the weight changes in a sample as a 

function of temperature. 

The TGA thermograms of the ungrafted and 

grafted LDPE films with different (MAA/Sty) 

monomer compositions are presented in Fig’s 

(13&14). The ungrafted LDPE showed a stable 
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thermogram up to temperature of 400oC beyond 

which a smooth decrease in weight was observed. A 

single character of the degradation evident from the 

curves and complete depolymerization of the sample 

to monomer occur at 500o

In contrast to the one step degradation in the 

ungrafted LDPE the grafted films exhibited two steps 

of degradation i.e. the first degradation occurs up to 

400

C.  

oC. The weight loss in the temperature range     

50-200oC is due to the elimination of the adsorbed 

moisture which is absent in the thermogram of 

ungrafted LDPE and LDPE-g-PSty. Meanwhile the 

weight loss 200-400oC may be attributed to the 

elimination of the grafted side chains. Once the 

degradation reaction of the graft side chains is 

completed, the second decomposition stage begins. 

This is the region of major weight loss due to 

extensive degradation of the polymer backbone chain 

leaving a residue. It may be assumed that, the 

thermal properties of LDPE are not changed to a 

great extent upon grafting with P(MAA/Sty).  
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Fig.(13):TGA Thermal diagram for the ungrafted 

& grafted LDPE of  thickness 70µm, %G=84. 
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               Fig.(14):TGA diagram for the grafted LDPE films                             
%G=160%.  
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Fig.(15): TGA diagram for LDPE-g-
P(MAA/Sty) having different degrees of 
grafting. comonomer composition (50:50wt%)   
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Figures (15& 16) show that, the weight loss 

increases with the increase in the grafting degree i.e. 

the thermal stability of the grafted copolymers 

decreases with the increase in degree of grafting. 

Fig.(17) shows that, the weight loss decreases with 

the increase in the PSty ratio up to 50/50% and then 

remains almost constant with further increase in the 

Sty ratio this means that, the decrease in the thermal 

stability of the graft copolymer because of the 

increase in the share of the unstable PMAA. It seems 

that, the incorporation of 50wt% of Sty to the 

reaction mixture is sufficient to cause hindrance 

during decomposition of grafted samples. These 

results suggest that, the thermal stability of LDPE 

backbone in membranes is enhanced by 

incorporation of PSty grafts.   
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Fig.(16): Weight loss at DT (300o

 

C) as a function 

of degree of grafting for LDPE-g-P(Sty/MAA). 

Comonomer composition (50/50wt%)       
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Fig.(17): Weight loss at DT (300 o

 

C) as a 

function of comonomer composition  
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The LDPE grafted PMAA membranes are 

hydrophilic in nature and contain certain amount of 

water as moisture. As a result of the membranes 

undergo loss of water in the temperature range 50-

160

Moisture content from TGA 

o

The trend in figure (18) shows that, there is an 

increase in the weight loss as the drying temperature 

is increased up to 160

C. Variation is attributed to weight loss in the 

first stage of thermal decomposition which resamples 

the dehydration step with the drying temperature and 

degree of grafting is presented in Figures (18 & 19). 

o

 

C.  Such weight loss is 

attributed to elimination of absorbed water which 

increases as the degree of grafting increases.          

The variation in the moisture content (as obtained 

from the dehydration step) with the degree of 

grafting is presented in Figure (19). The moisture 

content increases as the hydrophilic PMAA content 

in the LDPE-g-P(MAA/Sty) increases. 

 

 

 



Chapter IV                                            Results and Discussion 
 

 110 

Temperature (Cο)

0 20 40 60 80 100 120 140 160 180

W
at

er
 co

nt
en

t (
%

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

%G= 54.6%

%G= 100%

%G= 222.8%

 

Fig.(18): Represents the variation of moisture 

content with temperature for LDPE-g-

(MAA/Sty) Comonomer composition 

(50/50wt%) 
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It is observed that, moisture content also 

increases to more than (2%) at 100% percentage of 

grafting.  However when the graft percent was 

increased up to 222% the moisture content of 2.5% 

was achieved for such grafted untreated membranes. 

This is ascribed to the presence of crosslinked net 

work structure which increases with degree of 

grafting.  

"Generally, the water content of an ion exchange 

membrane significantly depends on IEC and 

increases with increasing IEC because of the 

induction of hydration". The low sensitivity with IEC 

and the high water content may be due to the 

noncrosslinked structure of the grafted (MAA/Sty) 

onto LDPE membrane (Choi, E.Y. and Moon, S.H. 

2007) 
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Fig.(19): Moisture content as a function of 

degree of grafting for LDPE-g-P(MAA/Sty) 

in the temperature range 50-160 o

 

C. 

Comonomer composition (50/50wt%)  
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IV-3-3-2Differential Scanning calorimetry (DSC) 

This is a technique whereby the temperature 

changes which occur whilst a chemical reaction takes 

place in polymer, e.g. crystallization, are 

continuously monitored until the reaction is complete. 

This technique is of great value in carrying out 

kinetic studies on polymers. 

 The thermal characteristics i.e. melting 

temperature (Tm) heat of fusion (∆Hf) and the 

crystallinity of the prepared membranes were 

investigated using DSC. A summary of DSC data is 

presented in Table (6). LDPE-g-PMAA recorded tiny 

shift towards higher Tm compared to the blank LDPE 

membranes, it can be also observed that (∆Hf) 

decreases to a great extent by incorporation of the 

amorphous PMAA grafts. However, a marginal 

decrease of Tm was observed with introduction of 

10% MAA with Sty. By comparing the values of 

(∆Hf) for MAA/Sty (10/90 and 0/100), it can be seen 

that, no remarkable change in (∆Hf) by incorporation 

of 10% MAA with Sty. However, a pronounced 

increase in (∆Hf) is found by incorporation of 10% 

Sty with MAA.   
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Table (6): DSC Data for the grafted LDPE membranes prepared with 
different of comonomer composition (MAA/Sty). 

 
 

(MAA/Sty) 
Composition 
 

 
Blank 

 

 
(100/0) 

(MAA/Sty) 

 
(90/10) 

(MAA/Sty) 

 
(50/50) 

(MAA/Sty) 

 
(10/90) 

(MAA/Sty) 

 
(0/100) 

(MAA/Sty) 

%G ------- 83.0 84.0 169.4 169.2 163.0 

Tm, (Co 107.0 ) 107.2 106.5 105.2 105.3 105.4 

∆H,J/g 42.7 5.6 18.2 18.0 11.6 11.1 

 (∆H 
relative ) 

---------- 13.2 42.6 42.2 27.2 37.8 

Onset 
To,( Co

99.7 
) 

102.2 100.5 97.7 97.2 97.0 

Rate of 
Fusion 

(Tm - To

7.3 

) 

4.9 5.9 7.4 8.2 8.4 
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This may confirm that no significant change in 

the regularity of crystal structure of copolymer is 

caused by incorporation of 10%MAA with Sty. 

Grafting of Sty and MAA was found to reduce the 

heat of fusion and the melting temperature. This 

indicates that there is a strong possibility for 

transition to more disordered structure under the 

influence of grafting.  

Figures (20 & 21) represent the variation of 

heat of melting and melting temperature with degree 

of grafting for LDPE-g-P(MAA/Sty) prepared at 

comonomer composition (50/50 wt%). 

The heat of melting of the graft copolymers 

decrease with the increase of grafting, which is in 

accordance with the data obtained from XRD 

analysis. LDPE-g-P(Sty/MAA) (50/50wt%) 

membranes recorded tiny shift towards higher Tm 

compared to the LDPE-blank up to degree of grafting 

168% then it decreases.  
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Fig.(20):Variation of heat of fusion with 

degree of grafting for LDPE-g-(MAA/Sty). 

Comonomer composition (50/50wt%).  
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Fig.(21):Variation of melting temperature 

with degree of grafting for  LDPE-g-

(MAA/Sty).  Comonomer composition 

(50/50wt%) 
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Such marginal increase of Tm increases with 

the increase in the degree of grafting until it reaches a 

maximum increase of  2.8 at 168% degree of 

grafting, then it decrease to record a shift of 1.17 

higher than the blank, this together with the slight 

decrease in Tonset

These observations suggest that, no significant 

disruption took place in the crystalline structure of 

the blank LDPE membrane and the grafting takes 

place mainly in the amorphous phase, without 

changing the type of crystalline structure of the 

polymer matrix. The decrease in Tm at degree of 

grafting greater than 168% is good evidence that 

such grafted copolymer is not highly crosslinked. 

 of the grafted films. 

It can be finally concluded that the 

incorporation of the amorphous PSty and PMAA 

grafts is the main reason behind the changes taking 

place in the grafted membranes thermal 

characteristics in general and heat of melting in 

particular. The changes in H∆  and mT  may be 

attributed to the change in size of crystallites of low 

density LDPE which may be limited by the presence 

of graft copolymer branches; smaller crystallites 
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usually melt at lower temperatures than larger 

crystallites. The presence of branches will reduce the 

melting temperature of the polymers. It was reported 

that the thermodynamic melting temperature of semi-

crystalline polymer decreases as the molecular 

weight decreases and/or as the number of defects 

increases, i.e. with an increase in branching and /or 

crossliniking (Chang, S.Z. D. and Wunderlich, B. 

1986; El-Naggar et al., 1990). Accordingly, the 

changes in fH∆  and mT  of these graft copolymers 

indicated that, there is a decrease in the size of the 

crystallites and/or the formation of defects caused by 

crosslinking or branching of grafts. 
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The influence of the degree of grafting on the 

relative change in the heat of fusion of backbone 

polymer as shown in equation(7)  is presented in 

Figure (22). The results show that, the heat of fusion 

decreases with the increase in percent graft i.e. with 

increase of P(Sty/MAA) chains in the graft 

copolymer.  

As the heat of fusion is directly related to the 

amount of crystalline LDPE and size of crystallites in 

the sample, the apparent decrease in the heat of 

fusion is essentially due to the decrease in 

crystallinity. It may be stated that, the decrease in the 

heat of fusion in membranes is due to the cumulative 

effect of the dilution effect and the crystal distortion 

within the membrane (Gupta, B. et al., 1994b).  
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Fig.(22):Relative change in the heat of 

fusion with the degree of grafting for 

LDPE-g-(MAA/Sty).                     

Comonomer composition (50/50wt%) 
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 The decrease in heat of fusion with the 

increase in degree of grafting reflects a similar 

reduction in the degree of crystallinity as revealed 

from Fig.(23), which shows the variation of the 

degree of crystallinity with the degree of grafting. 

This result is in agreement with that obtained when 

X-ray diffraction was used to study the change in 

crystallinity of the grafted and ungrafted films.  

 It can be concluded that, the reduction in the 

crystallinity of the grafted membranes is mainly due 

to the dilution of the crystalline structure with the 

amorphous P(Sty/MAA) graft chains. Moreover, the 

grafted membranes still retain sufficient crystallinity 

magnitude even at degree of grafting as high as 

168%. 
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Fig.(23):Effect  degree of  grafting on degree of 

crystallinity of LDPE-g-MAA/Sty. Comonomer 

composition (50/50wt%). 
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IV-3-4 Equilibrium Swelling: 

It is important for the practical application of a 

membrane as an ion exchanger, that membrane must 

exhibit a suitable hydrophilicity as well as good 

mechanical and electrochemical properties. 

Figures(24-26) illustrate the degree of swelling as a 

function of time for different grafted sulfonated and 

non-sulfonated membranes in distilled water at room 

temperature ~25oC. It is observed that, the degree of 

swelling increases with time to reach a certain 

limiting value (equilibrium swelling) after 3h. This 

behavior is obtained for non-sulfonated and 

sulfonated membranes of different degrees of 

grafting whatever the sulfonation reagent was 

chlorosulfonic or concentrated sulfuric acid. Figures 

(24,25) show that, the absolute values of swelling 

increases as the degree of grafting increases. Such 

behavior may be due to the increase in the ionic 

content of the membranes as the graft content 

increases. Also, the absolute values of swelling for 

the non-sulfonated membranes are lower than the 

sulfonated ones Figure (26). Meanwhile, the absolute 

values of equilibrium swelling for chlorosulfonic 
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acid treated membranes are higher than those for 

sulfuric acid treated ones. The non-sulfonated 

membrane with grafting degree of 100% shows the 

equilibrium swelling of 80% which increases to 140 

and 280 for H2SO4 and chlorosulfonic acid treated 

membranes, respectively. The relatively higher 

swelling in chlorosulfonic acid treated membranes as 

compared to H2SO4 treated one seems to be governed 

by the chemical structure of the two treated 

membranes. Treatment with chlorosulfonic acid 

which would produce a relatively flexible grafted 

matrix as compared to the rigid H2SO4 treated 

membranes due to formation of sulfone bridges.  

This property is attributed to the ability of 

concentrated H2SO4 of a simultaneous crosslinking 

and sulfonation 

The above results indicated that, upon sulfonation the 

hydrophilic nature of the membranes increases to a 

great extent leading to an increase in the water 

absorbing capacity. The increase in the 

hydrophilicity of the membrane is expected to 

increase its ability toward metal ion adsorption.  

(Simitz J and Fountas D 1995). 
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Fig(24):The equilibrium swelling of LDPE-g-(MAA/Sty) (50/50) 
of different graft percentage that sulfonated with chlorosulfonic acid.
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Fig(25):The equilibrium swelling of  LDPE-g-(MAA/Sty) (50/50) 
of different graft percentage that sulfonated with sulfuric acid  
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 Fig.(26):The equilibrium swelling of non 

sulfonated and sulfonated LDPE-g-(MAA/Sty) 

(50/50 wt%) (Graft percentage; 100%) 
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The percent swelling of membranes as a 

function of the degree of grafting is presented in 

Fig.(27). The swelling increases continuously as the 

degree of grafting increases. Such behavior may be 

expected from the increase in the ionic content of the 

membrane as the graft content increase. 

The swelling deviation at percent graft > 100 

imposed some restrictions to the mobility of 

polymeric chains in the grafted region during the 

swelling process. As a result the ratio of the swelling 

percent to the graft percent of the membrane 

decreases. 

The result in Fig.(27) show that, the crosslinking 

leads to the decrease in the degree of swelling 

depending upon the chemical nature and the degree 

of grafting. 

However, the number of water molecules per ionic 

sites is expected to remain the same (Fig.28). The 

observed trend in water/ionic site ratio suggests that 

an additional factor operate in the system which is 

responsible for the decrease in this ratio. These 

factors are the increase in the hydrophilicity and 
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crosslinking of the membrane with increasing degree 

of grafting.  

The presence of the carboxylic and sulphonic groups 

makes the membrane hydrophilic in nature. The 

higher the content of these groups, the higher is the 

hydrophilicity of the membrane matrix. The 

crosslinking content of these membranes increases as 

the degree of grafting increases since, crosslinked 

region restrict the water diffusion.  
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Fig.(27):Effect of degree of grafting on degree of swelling of 

sulphonated LDPE-g- (MAA/Sty)(50/50),3h 
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Fig.(28): Effect of degree of grafting on water to site ratio 
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IV-3-5 Ion exchange capacity (IEC): 

IEC is an important property which governs the 

hydrophilicity and H2

Table 7 Variation of IEC for non-sulfonated 

membranes with different comonomer compositions, 

degree of grafting ~100% 

O content of membranes to a 

large extent. The IEC is not a positive indication of 

homogeneous grafting. It is a measure of the ability 

of protons able to exchange ions with an outside 

medium (i.e., millimoles of acid present per gram of 

dry membrane). 

Comonomer Composition IEC (meq/gm) 

LDPE-g-MAA 1.74 

LDPE-g-MAA/Sty (90/10) 1.41 

LDPE-g-MAA/Sty (70/30) 0.45 

LDPE-g-MAA/Sty (50/50) 0.09 

LDPE-g-MAA/Sty (10/90) 0.00 
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Table (7) shows the variation of IEC with 

comonomer composition for    non-sulfonated grafted 

membranes. As expected, IEC decreases with the 

increase in styrene content in the reaction mixture i.e. 

with the increase in the styrene fraction in the graft 

copolymer. IEC value may be an indication of the 

composition of the styrene–methacrylic acid 

copolymer in the grafted membranes. In the case of 

comonomer composition (MAA/Sty) (90/10) the 

reaction mixture is richer with methacrylic acid, 

which relatively polar solvates the grafting growing 

chain, and resulting in richer methacrylic acid grafted 

copolymer. As the content of styrene in the reaction 

mixture increases i.e. the concentration of 

methacrylic acid reduces, the medium becomes 

richer with styrene, which in turn, contributes to an 

increase in styrene fraction in the grafted membranes. 

Thus, at comonomer composition of 50/50 the IEC 

for the grafted polymer matches a negligible value. 

Beyond this composition (50/50), the styrene content 

increases in the grafted copolymer that the IEC 

reaches a value of zero. This ambiguous observation 

was reflected in other properties of the membrane.   



Chapter IV                                            Results and Discussion 
 

 133 

Degree of grafting (%)
10 20 30 40 50 60 70 80 90

IE
C

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

 

Fig. (29): Effect of degree of grafting of LDPE-

g-(MAA/Sty)(90/10wt%) on ion exchange 

capacity (IEC) 
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The IEC of membranes that prepared of 

comonomer composition (90/10) MAA/Sty and the 

results are shown in Fig.(29). It can be seen that, the 

higher degree of grafting the higher IEC of the 

membrane which reflect the increase in carboxylic 

acid groups content with grafting.  

The effect of grafting percentage and sulfonation 

reagent (concentrated sulfuric or chlorosulfonic acid) 

on the ion exchange capacity was investigated and 

the results are shown in Fig. (30). It is observed that, 

the higher the degree of grafting, the higher is the ion 

exchange capacity of a membrane for both 

membranes that sulfonated with chlorosulfonic or 

sulfuric acid. As the degree of grafting increases, the 

number of ionic sites in a membrane also increases. 

This is reflected in the increase of IEC of membranes 

with grafting   (Fig. 30). This offers the possibility of 

preparing membranes with a desired ionic content by 

controlling the degree of grafting. The lower values 

of IEC for membranes that sulfonated with 

chlorosulfonic acid for 3h than that sulfonated for 

1.5h ones, indicate that at higher time of sulfonation, 

the polystyrene sulfonic acid domains form a 
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compact structure within the PE matrix in such a way 

that a fraction of sulfonic acid groups isn’t available 

for interaction with the K+. It was found that, on 

sulfonation of styrene-co-acrylic acid grafted onto 

LDPE, as the time of sulfonation increases, the 

acrylic acid moiety undergoes intramolecular 

cyclization involving styrene and acrylic acid placed 

alternating to each other resulting in a condensed ring 

structure, thereby reducing the IEC (Phadnis, S. et. 

al., 2004). 
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Fig.(30): Variation of IEC with degree of grafting 

of sulfonated LDPE-g-MAA/Sty(50/50wt %) 
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It can be also seen from Fig. (30) that the 

sulfuric acid treated membranes have little exchange 

capacity with K+ ions than that chlorosulfonic acid 

sulfonated membranes (the sulfonation time for both 

H2SO4 and chlorosulfonic acid was the same; 1.5 h). 

The grafting of poly (MAA/Sty) into LDPE films 

and subsequent sulfonation with H2SO4

It was found that, Chlorosulfonic acid/ 

dichloroethane mixtures encourage reaction product 

swelling, resulting in the highest degree of 

sulfonation. Organic swelling agents in the synthesis 

of sulfonated resins improve the physical properties 

of the finished product and increase reaction rates, 

thus reducing the formation of extra sulfur cross-

links (Wolfen, V.F. 1964 and Hoover, M.F. and 

 for 1.5h 

results in ion exchange capacities in the range of 1.9-

3.4 meq/g of the dry polymer depending on the 

degree of grafting in the range of (60-220%). 

However, when the sulfonation was carried out with 

chlorosulfonic acid, the ion exchange capacity of 4.2 

meq/gm was achieved; this value is acceptable with 

respect to common ion exchangers (Amberlite IR 3-5 

meq/gm). 
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Thompson, R.N. 1964). Generally, surface layers of 

the copolymer swell in the sulfonation reagent upon 

sulfonation, exposing the next layer to the reagent. 

As a result, sulfonation finally occurs relatively 

uniformly through out the copolymer membrane. The 

lower IEC for membranes that sulfonated with 

H2SO4

The equivalent weight for each membrane was 

calculated and shown in   Table 8. According to 

Büchi et al. (Büchi F.N., et al., 1995), the possibility 

of preparing membranes with tailored equivalent 

weight (EW) can be achieved through the 

implementation of radiation induced grafting method. 

This is due to the fact that the variation in the EW 

can be obtained via varying the grafting yield, which 

in turn, reflected on the amount of functional groups 

anchored into the LDPE matrix that led to the 

 may be attributed to the ability of 

concentrated sulfuric acid of a simultaneous 

crosslinking and sulfonation (Simitz J, and Fountas 

D 1995). These results show that, membranes with 

desired ionic site content can be prepared by proper 

selection of the degree of grafting and sulfonation 

reagent.  
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determination of the number of ionic sites 

incorporated within the resulting membranes. 

Table 8 : Variation of the equivalent weight of sulfonated 

LDPE-g-MAA/Sty (50/50wt%) membranes with degree of 

grafting,  

Degree of grafting 

(%) 

EW (%)  

H2SO4

EW(%) 

 -  

Sulfonated 

CSA -Sulfonated 

54.6 526.3 400.0 

100.0 384.6 294.1 

168.0 312.5 248.8 

222.8 294.1 233.6 

A high grafting yield will result in a low EW of the 

membrane, while low grafting yield leads to high 

EW. Thus, the acquired EW values are in harmony 

with the aforementioned discussion that shows a 

decreasing trend with increasing grafting yield. 

Furthermore, these results suggest that membranes 

with desirable equivalent weights can be produced by 

controlling the grafting yield (Nasef, M. M. 1999). 
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IV-3-5-1 Variation of PH during Ion Exchange 

process: 

 The ion exchange properties of different 

membranes in metal ions solution were investigated. 

The PH changes as a result of ion exchange between 

the hydrogen ions in the graft copolymer and metal 

ions in the solution as a function of time at room 

temperature were performed to estimate the extent to 

which metal carboxylates had been formed on the 

polymers and shown in Figs. (31) and (32). At low 

acidity (pH>6.0) the metal ions precipitated, 

accordingly, pH≈5 was selected as the initial 

optimum pH for the ion exchange process. It is 

assumed that, this process is mainly attributed to the 

ion exchange between the ions in the solution and the 

hydrogen ions in the membrane. Under these 

conditions –COOH groups of PMAA would form 

their metal salts. 

It can be seen that, the pH decreases with time 

to reach limiting value for membranes of 100% 

MAA and (90/10wt %) MAA/Sty while for 

(70/30wt %) MAA/Sty compositions no significant 



Chapter IV                                            Results and Discussion 
 

 141 

changes were observed, and the metal ion exchange 

seems to be completed after 60 min.   

 pH measurements revealed the number of 

protons released into the aqueous phase in contact 

with the polymer. Carboxylic acid groups of MAA 

graft chains on the polymer would contribute to the 

PH change while Styrene wouldn’t (Arribas,C and 

Rueda, D.R. 1991). 

The metal ion uptake under highly acidic 

condition is sharply decreased for almost every 

chelating exchanger due to the competition of 

hydrogen ion. The results presented in Fig ( 31) show 

that, the tested metal ions can be adsorbed by the 

prepared membranes. 
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 Fig (31-a): pH as function of time for Co(NO3)2 absorption onto grafted -untreated LDPE;
            with different composition, grafting precent ~70%.

Fig (31-b):pH as function of time for CdCl2 adsorption onto grafted LDPE
          with different composition, grafting precent ~70%.
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Fig(31-c): pH as function of time for PbCl2 adsorption onto grafted LDPE;
          with different composition, grafting precent ~70%.
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Fig(32):PH as function of time for CuSO4and Cu(NO3)2adsorption onto grafted
         LDPEwith different composition, grafting precent ~70%.
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IV-3-6 Electrical Conductivity  

It is well known that, one of the fundamentals 

of the ion exchange membranes is their low electric 

resistance. The presence of hydrophilic groups in the 

grafted films strongly affects their specific electric 

resistance. It can be expected that, the radiation 

grafting of PMAA and PSty onto LDPE films may 

result in change in their electrical properties because 

of weakly acidic characteristics of COOH groups. 

The sulfonation and KOH-treatment of such grafted 

films may also result in an increase in the electrical 

conductivity of the grafted materials.  

The electrical resistivity of the membrane gives an 

indication of the homogeneity of grafting through the 

membrane. A high resistivity is an indication that the 

membrane is not fully grafted throughout its 

thickness. 

Table (9) shows the electrical conductivity of LDPE-

g-P(MAA/Sty) and grafted KOH-treated membranes. 

The electrical conductivity for the grafted- sulfonated 

then KOH-treated forms was also measured. It can be 

seen that, the electrical conductivity of the grafted-

KOH-treated membranes is higher than that of the 
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grafted untreated ones. It is also observed that, the 

sulfonated KOH-treated membranes posses’ higher 

electrical conductivity as compared with that for 

unsulfonated-KOH-treated ones. The electrical 

conductivity of a polymer depends on the presence of 

free ions not connected chemically with the 

macromolecules. Radiation grafting of monomers 

such as MAA and Sty onto LDPE films resulted in 

producing graft copolymer containing ionic and 

nonionic graft chains which is greatly affect its 

electrical conductivity depending on their 

composition. As the styrene fraction in the graft 

copolymer increases the electrical conductivity 

decreases. The electrical conductivity for the grafted-

KOH-treated membranes increases as compared to 

KOH-untreated ones due to the introduction of the 

more easily ionizable groups. The improvement in 

electrical conductivity of the grafted membranes by 

sulfonation is due to the introduction of the strong 

SO3H ionic groups, which increases the 

hydrophilicity of membranes further and result in 

higher mobility of H+ ions through the grafted 

membranes.  
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Table (9 ): Electrical conductivity (Ω-1cm-1

 

) for the grafted 
LDPE membranes, having different functional groups (degree of 
grafting is ∼100%). 

 Conductivity (σ) Ω-1 cm-1  

Grafted 
membrane 

Composition 
MAA/Sty 

Grafted 
untreated 

Grafted 
KOH--
treated 

Grafted 
sulfonated 

KOH--
treated 

 
LDPE-g-
MAA/Sty, 

70µm 
 

 
(50/50) 

 
4.5 x 10

 
-9 2.01 x 10

 
-8 3.4 x 10-7 

 
LDPE-g-

MAA/Sty), 
70µm 

 

 
(90/10) 

 
8.32 x 
10

 

-9 
3.9 x 10

 
-8 -------- 

LDPE-g-
MAA/Sty), 

40µm 
 

 
(90/10) 

 
-------- 

 
1.02 x 10

 
-7 -------- 
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Results suggest that, the electrical properties of 

the prepared membranes mainly depends on the 

nature and form of the grafted side chains and 

depends also on thickness of the film to be grafted.  

The electrical conductivity is enhanced by 

sulfonation and the alkaline treatment as well as the 

hydrophilic properties. 

IV-4 Cupper ion sorption By LDPE-g-

P(Sty/MAA) membranes 

Cu is sorbed into PMAA graft chains because no 

sorption of Cu occurs with PSty graft chains. The 

concentration of Cu in the copolymer metal complex 

is dependent on MAA contents in Sty/MAA graft 

copolymer.  

The absorbance of Cu ions is given as a function of 

comonomer composition. Figs. (33, 34) show the 

absorption spectra of graft copolymer. Metal 

complexes on LDPE films and the variation of 

intensity with MAA content, respectively. The 

membrane of composition 50/50 wt% (Sty/MAA) 

shows abroad peak at 680 nm, although as the MAA 

content increases greater than 50wt%, a sharp peak 

was obtained at 680nm (Fig.33) the absorbance at  
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Fig. (33): Absorption spectra of graft copolymer-

cupper complexes in solid state   
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680nm for ∼100% graft copolymer – metal 

complexes in a solid state versus methacrylic acid 

content is shown in Figure (34 ) . It can be seen that 

as the methacrylic acid content increases the 

absorbance for membranes at 680nm increases and 

reaches a maximum value at 90 wt % MAA content 

and then deceases for 100 wt% MAA grafted 

membranes. This may be explained by assuming that 

at 100 wt% MAA content, further intramolecular 

interactions takes place, resulting more compact 

structure. However, in the presence of Sty and MAA 

units are alternate to each other and decrease such 

interaction. Graft copolymerization of MAA with Sty 

onto LDPE membrane will provide some flexibility 

of the polymer chains or change in polarity of the 

copolymers and this apparently allows the sorption of 

Cu. Variation of intensity with MAA content was 

presented in Figure (34). The grafted films rapidly 

adsorbed Cu+2

 

 in high efficiency.               
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Fig.(34):Variation of absorbance at 680 nm with 

Methacrylic acid content 
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IV-5 Non competitive Adsorption of Metal Ions: 

 Energy Dispersive X-ray Spectroscopy (EDX) 

is useful in giving semiquantitative estimates of 

absolute metal ions contents that can be related to 

exchange adsorptive properties of the prepared 

membranes. Different polymeric sorbents with 

different adsorption capacities for different metal 

ions have been studied. 

 Figure (35) and Table (10) illustrate the 

exchange adsorptive properties of the prepared 

membranes toward different metal ions. Note that, 

these adsorption charts were obtained in the 

experiments where adsorption from the single metal 

aqueous solutions was studied.  

It can be seen that, the investigated ionic membranes 

have high sorption ability towards the individual 

metal ions existing in the feed solution. The 

adsorptive properties and/or exchange between the 

ionic membrane and metal ions existing in the feed 

solution seems to be changed by introducing two 

ionic groups COOH, SO3H in the grafted membrane. 

However, the LDPE-g-P(MAA) shows higher 

affinity towards Zn chelation than that of LDPE-g-
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P(MAA/Sty)(50/50) membrane which show high 

affinity towards Hg and Mn.  

        The high adsorption capacity may be due to 

presence of chelating carboxyl and sulfonic acid 

groups in the grafted membranes. Thereby, when the 

carboxylic and sulfonic acid groups changed to K-

type the membranes have suitable large exchange 

adsorption towards transition metal ions. These metal 

ions can be adsorbed nonspecifically by physical 

adsorption, associated with the weak forces of 

physical attraction such as van der Waals forces, or 

by chemical adsorption, associated with the exchange 

of electrons and the formation of a chemical bond 

between the metal ions and the functional groups on 

the membrane surfaces with carboxyl and sulfonic 

acid groups.       
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Table (10): Sorption (%) by different ionic grafted 

membranes, degree of grafting∼ (100%)  

Membrane Zn Hg+2 Mn+2 +2 

LDPE-g-P(MAA) 98.62 98.26 98.22 

LDPE-g-P(MAA/Sty)(90/10wt%) 98.58 94.65 98.09 

LDPE-g-P(MAA/Sty)(50/50wt%) 

sulfonated 

97.3 98.41 98.12 
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IV-6 Competitive Adsorption of Metal Ions: 

 The adsorptive properties and/or exchange 

between the ionic membrane and metals existing in 

the feed solution seems to be changed by introducing 

two ionic groups COOH, SO3

 Adsorption percent of the carboxyl/sulfonic 

acid grafted membranes for different metal ions 

under competitive conditions (adsorption from 

solutions containing mixture of two metal ions) for 

Ni/Cd, Ni/Mg, Ni/Co, Ni/Zn, Hg/Cu and Zn/Mn was 

investigated and the data are shown in Figs.(36, 

37and 38). As can be seen from the figures, the 

adsorption capacity of metal ions in a single solution 

is higher than that of the metal ions in a mixture. 

Thereby, for mixtures of two metal ions, it is a 

competition process between the different metals and 

functional groups. It should be noted that, the 

competitive adsorption percent of the membranes for 

all metal ions were lower than the noncompetitive 

conditions. The presence of the other metal ions 

decreases the adsorption capacities as expected. 

H in the grafted 

membrane.  
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The noncompetitive adsorption percent are 

98.8 for Zn where the chelating ligand MAA/Sty 

(90/10wt%) and 98.7 for Hg and Mn where the 

chelating ligand was  MAA/Sty (50/50wt%). The 

competitive adsorption percent are 82.2 for Zn in a 

mixture with Mn and 86 for Hg in a mixture with Cu 

while it reduced to 16.05 for Mn in a mixture with Zn 

where the chelating ligand was MAA/Sty(90/10wt%). 

 The results in Fig. (36) reveal that, Cd(II) can 

be separated in a mixture of Ni and Cd by the use of   

MAA- grafted membranes. K-type with high 

efficiency more than 86% . It is also observed that, 

the selectivity of such membrane towards Cd is 

higher than Mg when both metals in a mixture with 

Ni. Moreover, from Fig.(38) for mixture of Zn(II) 

and Ni(II) , Zn(II) can be separated by sulfonated –

KOH treated MAA/Sty grafted membranes of 

composition 50/50 with adsorption efficiency 76%       

 From the data obtained, it is obvious also that, 

the membranes have great affinity towards Hg when 

exists in a mixture with Cu. In some mixtures such as, 

Zn/Mn the membranes (90/10)MAA/Sty shows great 

affinity towards Zn and the sorption efficiency of Zn 



Chapter IV                                            Results and Discussion 
 

 157 

was 82% (Fig.37). This means that, the grafted 

membranes is excellent exchanger for both transition 

and alkali metal ions.     

It can be concluded that, the affinity to metal 

ions depends mainly on the incorporated groups in 

the grafted membranes and the composition of the 

copolymer must control the sorption of the metal ions. 

The diffusion of these metals is mainly dependent on 

the type of metal, electronic configuration and ionic 

radii of these metal ions. The ion with the lowest 

hydrated ionic radius i.e. highest electropositivity 

showed the highest metal uptake.  

In summary, from this work, we believe that, the 

amount of metal ions adsorbed by such membranes is 

influenced not only by the physical properties and 

molecular size of the metals investigated but also on 

the functional groups of the grafted side chains and 

their compositions. 
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Fig.(36):Competitive adsorption of two different 
metal ions existing in a mixture of feed solution by 
LDPE-g-MAA -KOH treated, degree of grafting 
100% 
(a) (Ni/Cd), (b) (Ni/Mg),  (c) (Ni/Co),  (d) (Ni/Zn), 
(e) (Hg/Cu) & (f) (Zn/Mn) 
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Fig.(37):Competitive adsorption of two different 
metal ions existing in a mixture of feed solution by 
LDPE-g-MAA/Sty(90/10wt%)  KOH treated, 
degree of grafting 100% 
(a) (Ni/Cd), (b) (Ni/Mg),  (c) (Ni/Co),  (d) (Ni/Zn), 
(e) (Hg/Cu) & (f) (Zn/Mn) 
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Fig.(38):Competitive adsorption of two different 
metal ions existing in a mixture of feed solution by 
sulfonated LDPE-g-MAA/Sty(50/50wt%)  KOH 
treated, degree of grafting 100% 
(a) (Ni/Cd), (b) (Ni/Mg),  (c) (Ni/Co),  (d) (Ni/Zn), 
(e) (Hg/Cu) & (f) (Zn/Mn) 
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Summary and Conclusion  

This research work includes the preparation of 

different ion exchange membranes having various 

functional groups. Radiation graft copolymerization of 

styrene (Sty) and methacrylic acid (MAA) individually 

and in a binary monomers mixture onto low density 

polyethylene (LDPE) films was carried out using the 

simultaneous technique. Sulfonation and KOH treatment 

of such grafted membranes were also carried out to 

improve their ionic character. The prepared membranes 

are investigated for possible use in practical applications. 

 This study is divided into three main parts:- 

1- Preparation of the grafted membranes and 

optimization of the conditions at which the 

grafting process proceeds successfully. 

2- Characterization of the prepared grafted 

membranes by FTIR, XRD, TGA, and DSC was 

studied. Some properties, such as, hydrophilicity, 

electrical conductivity, and ion exchange capacity 

were investigated. 

3- Employment of the prepared membranes as ion-

exchangers for removal of some heavy and toxic 

metal ions from waste water was investigated. 
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The main results obtained in this work can be 

summarized in the following:- 

1- Among the different solvents used as diluent for 

radiation grafting of (Sty/MAA) comonomer onto 

LDPE, methanol is found to be the suitable 

solvent for this graft copolymerization process. 

2- The kinetic study of grafting process at the early 

stages of the reaction showed that, the degree of 

grafting depends not only on the radical yield but 

also on the monomer concentration at the active 

sites and thickness of the LDPE films. 

3- The effect of Sty addition and the grafting of 

MAA were investigated to find that, the 

percentage of grafting increases with Sty 

concentration in the binary mixture. The optimum 

comonomer composition was found to be at 

(50/50 wt %) at which the suitable degree of 

grafting was obtained and membranes seem to be 

homogenous and smooth. 

4- The effect of irradiation dose on the grafting yield 

of MAA and (Sty/MAA) was studied to find that, 

the increase in irradiation dose higher than 15 
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kGy leads to degradation of the PMAA-graft 

chains. 

5- FTIR analysis is performed for the blank, grafted 

and grafted-treated membranes to confirm the 

formation of graft copolymer and to investigate 

the effect of the chemical treatment on their 

structures. 

6- The introduction of ionizable groups into the graft 

copolymer by sulfonation and KOH-treatment 

regulated in improving its swelling and electrical 

properties compared to untreated ones and these 

properties depend mainly on the number of 

formed ionizable groups. 

7- The X-ray diffraction (XRD) for ungrafted and 

grafted LDPE films showed that the crystallinity 

decreased as the degree of grafting increased due 

to the dilution in the crystallinity as a result of 

grafting. 

8- The study of thermal properties of the grafted 

membranes showed that, they have good thermal 

stability suitable for practical applications. 

9- For the purposes of waste water treatment, by the 

grafted and chemically treated membranes, the 
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uptake of different metals such as Ni+2, Pb+2, Cd+2, 

Co+2, Cu+2, Hg+2, Zn+2, and Mn+2

10- The amount of metal ions adsorbed by such 

membranes is influenced not only by the physical 

properties and molecular size of the metals 

investigated but also on the functional groups of 

the grafted side chains and their compositions and 

it was found that: 

 in binary 

mixtures was investigated by the use of EDX. It 

was found that, the prepared membranes have 

great affinity towards such investigated metals. 

a. The affinity of LDPE-MAA towards Ni+2 and 

Cd+2 in a mixture was investigated to find that the 

adsorption efficiency for Cd+2

b. For a mixture of Ni

 ions is 86%. 
+2 and Zn+2, the adsorption 

efficiency for Zn+2

c. The adsorption efficiency of LDPE-g-Sty/MAA 

(10/90) membrane is 82% for Zn

 ions is 76% when sulfonated 

LDPE-g-PMAA/Sty of composition (50/50 wt%) 

was used. 

+2 ions in a 

mixture of Zn+2 and Mn+2, while, the adsorption 

efficiency reached 86% for Hg+2 ions in a mixture 

of Hg+2 and Cu+2. 
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It can be concluded that, the prepared 

membranes possessed good thermal, electrical, 

hydrophilic, and ion exchange properties. These 

synthetic grafted membranes can be used for removal 

of some heavy and toxic metals such as Ni+2, Pb+2, 

Cd+2, Co+2, Cu+2, Hg+2, Zn+2, and Mn+2

 

 and the 

efficiency of the membrane is high.  
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���)��� ����. 

2   
�#�K��Z
����� �Z���5	4���� �Z�� �Z���) @�Z�'��� !�Z�� [/ �Z�6 \Z�	G��� 

 �Z�� �Z���) ]�?� 6 ^��_��� ����� �	4`/ P�#�� a�_�� b5	K 6 ��K��� %���5

 ]�ZZZ
ZZZc����	��ZZZ�� �	_\ZZZF�� \ZZZ�	G��� d�ZZZ�F �ZZZ).	GK !�ZZZ�� ��	ZZZ��	* 6  e?ZZZ> 

A��	_c��. 



3   	�#���  #�9;�       �	� %�>� �� ��� *�#�������� I����!7� F��#���

           ��#�&	L� &����#��� �	��� ���� ����� C�	���� �3#9��� ���)�  +&��

<���#�;9�����3       ) 50 : 50 % C��!�.( 

4   ����� �#���#�9;� 	�#��     ���)��� N��� ��� ��  <�#�;9���� +���

         ������� �#��� 6���! �� ��� ��#��	�� D� J�� )��( �   ��    	&�( 

#��6            <&��#�;�9��� ���&��� +�� %	L	 #�	�� ��5 G�O� G�#� ���� 

��)���. 

5 	�#��     
�#���� *�� ��B�� I'�)�� %������ 2�4�  �    %&�8 *�
��&H�

    � <���� ���)��� ���� ���)���    �P������ ������� ��     � <&���#���� +&���

  � <���'�	�#����� +��  ���	������ ��	��#��3   .     %�&(� %&������ *�9�

  �9���� ��#��	7� *������;�#�<�          �&�� 6�&��� )�&)( #�&4, <���� 

�P������ �������������� ���� Q��� ��O� ���� � .  

6       � *�
��H�� ���'��7� �1�(�� 	�#� *#4,� �8�    <��&�� &��)��

           6��&�!� ���!� ��)��� *�
��H�� ���'���� �1�(�� ��  RC��P����� �������

        �1�(�� 2�3 C���� ��!� �P������ ������� ��� ���)��� �#�   �1�(�� ��� 



          �4�� � �'�,��� *�������� �P������� %���� ��� ����� ��=S� ���'����

������ F��#��� 6���!� %��. 

7 �           ��&�)��� %�8 *�
��H�� ��5 ��� ����� I'�)�� %������ #4,� �8

       ���)��� ��  RC��P����� ������� <���� ���)��� ����      #&�H�� E)����� �> ��� 

 � �#���   %���   �� #����� �#� .         F&��#��� �&�� ����� #����� �#� �� �

����!B��<��#�;9���� � ��#��	�� G#������� . 

8   �#� *#4,� �8��	*  ��#4��� /��(��    ����B� %������ �   *�
��H�� 

  6#�����    C��P����� ������� <����-        *�
��&H�� I&�#4��� %�1���� ��  

   ���)��� �#� 6���!� ���!�.         %1� ��=B� 2�4� ����B� %������ �	 �� � 

  ��54.2              ���&�B� %��&���� �&	 �>��� G��� � ��#� %�� 
�>��� �!� 

 0#����� ��=S������#��� �4. 

9           ��&�)��� �&��� ���)��� %�8 *�
��H�� �#�#��� /��(�� 	�#���

    C��P����� ������� <����–        �#�#� /��( *�� ������ *�
��H�� �� ��� 

�4� ����)��� 0�#,�� �PL� 2���. 



10            &������� �&��� %�8 ��)��� *�
��H�� ���(�	� �����5 	�#���

   �> �P�������  %��������    J��	��#1����� �� /�(��� 2�����  �    %9� ���9�� 

 )   � �#�������� /�1#��� %�����        <&�!�� � E&�P!�� � ������ � *������� 

!�������� (     /�1���� 6
�'� �� ���   $�&� 0L�(K&� 0��(� #1�� %��

          �4� �����!�� F��#��� � �4����� � 
��H��� 6������� �'�,��� *��������

*�
��H�� %(��. 

11               �&�)� 
��&= ���(�&	K� ��������� � %����� �� )��( %1> ���

            N��&���� � %�	&���#��� *�&����� %��� G��� � <���#�;9���� +���

           %1&� ��������� ���� %1> 6
�'� �� ��� ���	������ ��	��#��4� ��P�����

  ��586 % ��� %1� �	��� 2�3 %�� �����72 %  �&�)� 
��= ���(�	5 ���

            �&����!�� !&��#��� �&�� #����� � ��#��	�� � <���#�;9���� +���

)50/50 ��!�  (         %�	&���#��� � <���'�	�� +�� *������ %��� G��� �

���. 

12               %&��� 
��&= ���(�&	K� <&�!�� � %����� �� )��( %1> ���� 

  ��'�	�� +�� *������         �&�� #�&���� � %�	���#��� *������ � <�



    ��#�������� �����!�� !��#���)50/50 C��!� (        %1&> 6
�&'� �� �&�� 

     ��5 %1� <�!�� #1��76%        ��5 %1�� �	��� 2�3 %�� ����� 20 %  �&��

 *������ %��� *�
��= ���(�	56�#'�� %�	���#���. 

13          �
��= ���(�	K� !������� � <�!�� �� )��( %1> ��� �   ��)� *

   � ���&	������ ��	��#��4� ��P����� N������ <���#�;9�� +�� � ��#��	���

     �����!�� !��#��� ��� #�����)10/90  ��#��	5 �!�  /<���#�;9�� ( ���

        ��5 %1� <�!�� ���� %1> 6
�'� ��82 .%     ��5 �	��� %1� �����86 %

          � ������ *����� D� J�� )��( �> E�P!�� *����� %1> ���   �&'� ���(�	K


��H��  . 

             &��#4�� �#�#� /��( �4� 6#����� *�
��H�� �� A��� E�	 ���

    F��� ��5 6����4���(�	5�����5          ����1&�� *�&��'��� 2�&�� &����� �> 

     � ��	��� ���9�� #1����� �� /�(���         +&�� *�&���� %1&> �> C���� 

    �4���(�	5 6���� #1�����     ��(�	� ���� J�� A��� <�� ��   *�
��H�� <�� �

����1�� *�'�(���� 
����� P���� ����� E���� I��� *7����� <�� �>.  
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