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ABSTRACT

Two hydrogels were prepared by gamma radiation 

copolymerization. The first hydrogel was based on different 

ratios of acrylic acid (AAc) and methacrylic acid (MAc) 

monomers, whereas the second was based on different ratios of 

poly (vinyl alcohol) and poly (ethylene glycol) (PVA/PEG). The 

hydrogels were characterized by IR spectroscopy and 

thermogravimetric analysis (TGA). The effect of temperature and 

pH on the degree of swelling of both hydrogels was also studied. 

The dye uptake of basic and direct dyestuffs was studied for the 

hydrogel based on AAc/MAc. Moreover, the metal uptake was 

studied for the hydrogel based on PVA/PEG. The results showed 

that the gel fraction of AAc is relatively higher than MAc, while, 

the gel fraction of AAc/MAc hydrogels decreased slightly with 

increasing the ratio of MAc monomer in the initial solution. The 

thermal study showed that PAAc hydrogel displayed higher 

thermal stability than PMAc and AAc/MAc hydrogels, over the 

studied compositions. However, the thermal study showed that 

PVA/PEG hydrogels displayed higher thermal stability than PVA 

over the studied compositions. The results showed that PAAc 

hydrogel reached equilibrium swelling state in water after four 

hours, whereas PMAc and AAc/MAc hydrogels reached the 

equilibrium after seven hours. It was found that the swelling of 
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the hydrogels based on AAc and MAc monomers or their co-

polymers increases with increasing temperature up to 50oC.

Moreover, it was observed that the degree of swelling of 

hydrogels were not affected by increasing the pH values up to ~7 

and increased greatly within the pHs starting from 8. 

The uptake of Chlortetracycline HCl drug by PVA and 

PVA/PEG hydrogels reached the equilibrium uptake after four 

hours. However, the release from the hydrogels increases with 

time to reach 100% after 3 hours. 
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Aim of the Work

 The present work is undertaken to prepare different hydrophilic 

hydrogels by gamma irradiation to be used in dye uptake, metal 

uptake and drug release. The research work will cover the 

following points:  

(I) Gamma Radiation Synthesis and Characterization of 

Hydrogels Based on Acrylic Acid (AAc) and Methacrylic 

Acid (MAc)

      In this part, hydrogels based on different ratios of acrylic 

acid (AAc) and methacrylic acid (MAc) monomers were 

prepared by gamma radiation copolymerization. The hydrogels 

were characterized by IR spectroscopy and thermogravimetric 

analysis (TGA). The effect of temperature and pH on the degree 

of swelling of AAc/MAc hydrogels was also studied. As an 

application in the field of the removal of toxic materials from 

wastewater, the dye uptake of different dyestuffs will be 

studied.
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(II) Gamma Radiation Synthesis and Characterization of 

Hydrogels Based on Poly(vinyl alcohol)/Poly (ethylene 

glycol)

     In this part, hydrogels based on different ratios of poly (vinyl 

alcohol) and poly (ethylene glycol) (PVA/PEG) were prepared 

by gamma radiation cross-linking  . The hydrogels were 

characterized by IR spectroscopy and the thermal stability of it 

was determined by thermo gravimetricanalysis (TGA). The effect 

of temperature and pH on the degree of swelling of PVA/PEG 

hydrogels was also studied.

As an application in the field of the removal of toxic materials 

from wastewater, the metal uptake will be studied. Also, the use 

of PVA/PEG hydrogel as drug delivery system, and anti 

microbial agent will be investigated. 
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CHAPTER I 

INTRODUCTION AND LITERATURE REVIEW 

1.1. Interaction of Ionizing Radiation with polymeric materials 

1.1.1. Sources of Ionizing Radiation 

    High-energy radiation sources can be divided into three groups 

Sources employing natural or artificial radioactive isotopes which is 

consists of the classical radiation sources: radium& radon, and such 

artificial radioisotopes as cobalt-60, cesium-137, and strontiun-90/ 

yttrium-90. Sources that employing some form of particle accelerator, 

this includes X-ray generators, electrons accelerators of various types 

and accelerators such as the Van de Graaff accelerator and cyclotron 

used to generate beams of positive ions. Nuclear reactors they are used as 

source of radiation generally of neutron beams, although they can also 

act as a source of mixed radiation ( , , , and neutron) [107,130].  The 

most common forms of radiation employed are: Electromagnetic 

(gamma) radiation from the radioisotopes (Cobalt-60& Cesium-137) 

Electron beams generated by electron accelerators [108].

1.1.2. Interaction of Radiation with Polymeric Materials [3&22] 

     The effect of ionizing radiation on high polymers brings about 

different types of reactions. Two reaction processes occur when 

electromagnetic radiation passes through matter; it may interact either 

with the atomic nucleus or with orbital electrons. In the case of 

polymeric materials, reactions with orbital electrons are more frequent of 

the macromolecules, giving rise to a positive ion: 
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CH2 -R +CH2 -R + e-       (1) 

When the ionized molecules are discharged by the thermal electrons, 

highly excited molecules are formed.        
+CH2 -R + e-  CH2 –R*         (2) 

These excited molecules are decomposed into free radicals   

 CH2 - R*  .CH - R  +  H.       (3) 

Thus, the primary effect of radiation on the polymer molecule is the 

formation of free radicals, and the loss of atomic hydrogen. The free 

radicals can undergo a variety of reactions of four types, which are as 

follows:

 (I) Abstraction 

The hydrogen atom formed in reaction (3) may abstract a hydrogen 

atom from another polymer molecule, forming molecular hydrogen and a 

new radical.

CH2 - R + H. CH2 - R. + H2              (4)

 (II)   Recombination: 

The recombination of free radicals is a process converse to the 

decomposition of excited molecules and leads to the formation of cross-

linking  .                                   

R-.CH-R + R  .CH - R  R - CH - R        (5) 

                              R - CH – R 

Cross-linked polymer 
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(III) Disproportionation

In this reaction, a free radical strips a hydrogen atom or group of atoms 

from an active chain. A carbon-carbon double bond takes the place of the 

missing hydrogen or group. Termination by disproportionation is shown 

in the equation below.   

                                                                                  

CH2-CH•  + CH2-CH• CH=CH + CH2-CH2 (6) 

Disproportionation can also occur when the radical reacts with an 

impurity. This is why it is so important that polymerization be carried out 

under very clean conditions 

(IV)  Polymerization

A polymerization reaction occurs if a free radical can combine with 

another molecule without losing its characteristics. For example, a 

methyl radical can combine with an ethylene molecule to form a propyle 

radical.

                           H      H     H                 H   H     H

H – C • +  C = C        H - C -  C   - C •        (7) 

                           H  H     H                 H    H     H 

1.1.3. Radiation Cross linking and Degradation of Polymers 

     Ionizing radiation is a unique and powerful means to produce high 

performance polymeric materials with unique physical and chemical 

properties. Chemical reactions can be initiated by radiation at any 

temperature, under any pressure and in any phase (gas, liquid or solid) 
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without the use of catalysts opposed to chemical or thermal reactions 

carried out in hot or melted polymers usually with aid of catalyst. 

Radiation processing can cause a variety of modifications, all of which 

have found useful industrial applications. These modifications include: 

Cross-linking, in which polymer chains are joined and a higher 

molecular weight network is formed. Cross-linking usually brings about 

an improvement in mechanical properties, chemical resistance, thermal 

stability and other important properties.

Grafting, in which a monomer is polymerized and grafted onto a 

polymer chain. Radiation-initiated grafting is an excellent method for 

surface modification of the polymer materials. 

 Polymerization (curing) of monomers and oligomers, it can be 

initiated by radiation. Radiation curing (used for coatings and 

composites) is a combination of radiation polymerization and cross-

linking.

Degradation, in which the molecular weight of a polymer is, reduced 

though chain scissoring. With the reduction of molecular weight, the 

melt flow of the polymer increases and particle size can be reduced [49].

As seen radiation can affect the polymer by affecting its molecular 

weight. This takes place in different ways, radiation can increase it by 

linking molecules together (cross- linking, Grafting, Curing,) or it is 

decreased by inducing main chain (Degradation). A third process is 

possible, in principle scission might occur in the main chain of a 

polymer, and at least one of the fragments might link to the main chain 

the neighboring molecule to give a branched molecule of higher 

molecular weigh. 
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      Although cross-linking and degradation may both occur to some 

extent, one of them must predominate. If the number of cross-links  

formed per 100 eV absorbed is greater than about quarter of the number 

of main chain breaks per 100 eV, then the ultimate effect of irradiation 

will be to produce a network polymer. If the number of main chain 

breaks is greater than about four times the number of cross-links, then the 

polymer as whole will degrade It can be seen that all polymers 

containing quaternary carbon atom degrades practically to their own 

monomers under  the effect of gamma radiation. However, the presence 

of secondary or tertiary carbon atom facilitates, in general, the cross-

linking reaction of polymers; in this Case, both cross-linking and 

degradation occur in a certain degree depending on their chemical 

structure and condition of irradiation.[48, 53].

1.2. Hydrogels 

   Hydrogels are a colloidal system in which a porous network of 

interconnected nanoparticles spans the volume of a liquid medium. In 

general, gels are apparently solid, jelly-like materials. Both by weight 

and volume, gels are mostly liquid in composition and thus exhibit 

densities similar to liquids; however has the structure of a solid. Gels can 

be loosely grouped along the following classes: 

1 - Either inorganic or organic in nature. 

2 - Having water (hydrogels), or an organic solvent (organogels). 

3 - Being either colloidal or coarse in nature. 

4 - As rigid gels, elastic jelly. 
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    Hydrogels are the main class of gels they are - since the discovery of 

poly (2-hydroxyethyl methacrylate) by Wichterle and Lim in 1960- 

[138], have been of great interest to biomedical scientists. They are 

defined as two or multi component systems, consisting of three 

dimensional networked hydrophilic polymer chains which are capable of 

swelling in aqueous mediums and retaining a large amount of water or 

biological fluids [16]. Their ability to absorb water is due to the presence 

of hydrophilic groups such as OH, CONH, CONH2, COOH, and SO3H 

along the polymer chain [6].  Hydrogels can exhibit both liquid like 

properties and solid like properties. Liquid like properties appear from 

the fact that the main constituent of it is water (some types of super 

absorbent hydrogels contain water up to 95% of its volume), while the 

solid like property is due to the network structure (the network structure 

is because of the presence of chemical or physical cross-linking of 

polymer chains).they are being used widely in a variety of applications 

such as thickening agents in food, moisture releaser to plants, fluid 

uptake and retention in the sanitary area, hydrophilic coatings for textile 

applications,separation and diffusion gel in chromatography and 

electrophoresis, contact lenses, and in pharmaceutical applications, 

principally as drug-delivery matrixes. 

1.2.1. Classification of Hydrogels

     Hydrogels can be classified  in several ways for example they can 

classified   either as synthetic or natural according to their origin, 

degradable or stable depending on their stability characteristics, 
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intelligent or conventional depending on their ability to exhibit 

significant dimensional changes with variations in pH, temperature, or 

electric field   [32].

1.2.1.1. According to Method of Preparation [5,32,43,68-

70,102,103and113]

According to the method of preparation they are classified into four 

groups:

Homopolymeric Hydrogels

Homopolymeric hydrogels are mainly composed of single type of 

networked monomer. The most known type of that gel is poly HEMA 

which is used as soft contact lenses [5,103].

Copolymeric hydrogels

Copolymeric hydrogels are an important class of biomaterials which 

consists of two types of components that in a network and at least one of 

them is hydrophilic [5,103].

Multi polymer hydrogels

This type of hydrogels consists of more than two types of components 

[5,103]. The advantage of such a multi-polymer approach is the 

synergistic use of the wide span of properties exhibited by the different 

polymer groups 

Interpenetrating Polymer Network Hydrogels (IPNs)

     The IPNs hydrogels are networks that contain two polymer systems, 

each in cross-link network. They can be defined as a combination of two 
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or more polymer networks synthesized in juxtaposition [70]. The 

presence of entangled cross-links  increases the miscibility of the 

polymers compared with that of usual blends and leads to a material with 

good dimensional stability. The semi-IPNs differ from IPNs in that they 

are composed of a non cross linked polymer entrapped into another 

polymer network [102].

IPNs now have gained more and more applications in industry and other 

fields, with IPNs showing the possibility for an even wider range of 

applications [113]. Studies of hydrogels are paid much attention, not only 

from chemical perspective, but also for their uses in chemical 

engineering, pharmaceuticals, food processing, biochemistry, biology, 

and medicine. At present, most of researches about IPN hydrogels 

concern the intelligent hydrogel that can reversibly change their volume 

and shape in response to external stimuli, such as changes in pH and 

electric field. In terms of the super absorbent hydrogel, however, much 

interest has been focused on  co polymeric or grafting co polymeric 

anionic hydrogels [68-70].

1.2.1.2. According to Charge [119]. 

Non-Ionic hydrogels 

   Non-ionic hydrogels also known as neutral hydrogels, they are usually 

prepared of non charged networks In the case of hydrogels with non-

ionic functionalities, such as those with amido groups, the swelling 

capacity depends, fundamentally, on controlled diffusion phenomena 

driven by concentration gradients 

EG1200358



13
Anionic hydrogels

   This is to express the hydrogel witch contain negatively charged 

moieties. In the case of anionic polymeric network containing carboxylic 

or sulphonic acid groups, ionization takes place. The change in the pH of 

the external environment will act as a stimulus, and the response to the 

stimulus is the change in swelling properties of the hydrogels, causing 

the release of the protein lace, as the pH of the external swelling medium 

rises above the pKa of that ionizable moiety. That type of gels is usually 

swell at high pHs, so anionic hydrogels are used in the design of 

intelligent controlled release devices for site-specific drug delivery of 

therapeutic proteins to the large intestine, where the biological activity of 

the proteins is prolonged [77]. The change in the pH of the external 

environment will act as a stimulus, and the response to the stimulus is the 

change in swelling properties of the hydrogels, causing the release of the 

protein.

Hydrogels of poly(acry1ic acid) (PAAc), and poly(acry1ic acid-co-2-

hydroxyethyl methacrylate) [P(AAc-co-HEMA)] hydrogels, were 

synthesized by Ende and Peppas [33] with varying degree of 

hydrophilicity and cross-linking   density, and were studied as potential 

bio-adhesive controlled-release dosage forms. Equilibrium and dynamic 

swelling studies were carried out to determine the polymer mesh size and 

molecular weight between cross-links  of the hydrogels, in the ionized 

and non-ionized states. The PAAC hydrogel mesh sizes ranged from 100 

to 400 Å, over pH values of 3-7, whereas the p(AAc-co-HEMA) 

hydrogel mesh sizes were between 13 and 140 Å.

EG1200358



14
These results demonstrated the significance of the swelling medium pH 

on the hydrated state of the polymers, related to cross-linking   or 

copolymerization composition.  

Kim et al. [65] prepared pH sensitive anionic hydrogels based on 

poly (methacrylic acid-co-methacryloxyethyl glucoside) and poly 

(methacrylic acid-g-ethylene glycol). The hydrogels showed limited 

swelling in pH 2.2 buffers, but rapid swelling was observed in the pH 7.0 

buffer solutions. The mechanism of water transport through the hydrogel 

was non-fickian at pH 2.2, and became relaxation controlled (case II) at 

pH 7.0 (higher than pKa of hydrogel) 

      Brazel and Peppas [17] studied hydrogels based on poly (N-

isopropyl acrylamide- co-methacrylic acid). Heparin and streptokinase 

were loaded to study the release pattern, under pulsatile conditions of 

varying temperature and pH. The hydrogels showed higher streptokinase 

release at pH 6.0 and 33°, and collapsed at pH 5.0 and 36°. But the same 

results were not observed in the case of heparin, which has smaller 

molecular diameter than streptokinase. It was concluded that the mesh 

size was too large to control the diffusion of heparin, even in the 

collapsed state. 

    The pH sensitivity of anionic hydrogels has been used to deliver 

proteins to the colon, where the activity of the proteolytic enzymes is 

comparatively lower. Calcitonin was loaded into hydrogels of poly 

(methacrylic acid-g-ethylene glycol) [77], and the release mechanism 

was found to be relaxation controlled, and calcitonin was released in 7 h. 

The hydrogels were prepared with different solvent volume fractions, 

ranging from  0.17 to 0.57. The calcitonin loading and the diffusion 
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coefficient through the hydrogels decreased with increase in solvent 

volume fraction. 

Kim and Peppas [64], studied Hydrogels of poly (methacrylic acid-

co-methacryloxyethyl glucoside) and poly (methacrylic acid-g-ethylene 

glycol)   as a delivery system of insulin. The hydrogels showed slow 

release of insulin in acidic medium, and in alkaline pH, the release was 

rapid. The hydrogels were able to provide protective effect of insulin 

when treated with simulated gastric fluid. 

Cationic hydrogels

      Cationic hydrogels refers to the hydrogel witch contain positively 

charged moieties. The cationic hydrogels show swelling at pH values 

below pKa of the cationic group, at pHs greater than pKa, the polymer is 

hydrophobic, and exclude water. Cationic hydrogels are used in the 

preparation of self regulated insulin delivery systems. The use of cationic 

hydrogels in the preparation of self-regulated insulin delivery systems, 

has been reviewed by Shivakumar and Satish [125] 

Ampholytic Hydrogels 

     Polymeric ampholytic hydrogels are, materials containing both 

cationic and anionic functional groups; they have received much recent 

attention because of their unique behavior [13, 47, and 82]. The 

properties of polymeric ampholyte materials include a high degree of 

hydrophilicity, good biocompatibility, moderately high mechanical 

strength in the water-swollen state, and adjustable permeability to liquids 
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depending on the type of fixed-charge groups present and the conditions 

of preparation.   

There are two methods to prepare the ampholytic hydrogels:  

(1) Copolymerizing an anionic monomer with a cationic monomer [12].

(2) Incorporating a zwitterionic monomer into the hydrogel network 

[51,74].

1.2.2. Synthesis of Hydrogels

    Several techniques have been reported for the synthesis of hydrogels. 

The first approach involves copolymerization/cross-linking   of 

monomers using multi-functional monomer, which acts as cross-linking   

agent. The polymerization reaction is initiated by chemical initiator. The 

polymerization reaction can be carried out in bulk, in solution, or in 

suspension. The second method involves cross-linking   of linear 

polymers by irradiation, or by chemical compounds [99].

      Free-radical polymerization cross-linking is the preferred route used 

to prepare hydrogels especially from the class of acrylates, amides, and 

vinyl lactams [43]. It can also be used to prepare hydrogels from the 

naturally occurring polymers if the polymer backbone or chain end of the 

natural polymer has been functionalized with a radically polymerizable 

group. It is also the preferred route to prepare interpenetrating network 

hydrogels (IPNs) using either synthetic monomers or natural polymers 

(again functionalized with a radically polymerizable group). To form a 

hydrogel by free-radical polymerization, a difunctional cross-linking   

agent must be added to the polymerization. 

 The chemistry of typical free-radical polymerizations involves an 

initiation, propagation, chain transfer, and termination step leading to the 
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formation of a cross-linked polymer system. The initiation step (radical 

formation step) utilizes chemistries that when subjected to thermal or 

ultraviolet radiation form radicals that react with activated monomers, 

such as a methacrylate. A wide variety of thermal, ultraviolet, visible, 

and redox initiators are commercially available. Typical thermal 

initiators include the class of azo compounds, such as 

azobisisobutylonitrile (AIBN), and peroxide initiators, such as the 

peroxydicarbonates and the hindered peroctoates. 

 The preparation of hydrogels by radiation treatment of aqueous solution 

of hydrophilic monomers or polymers carries some advantages over the 

conventional techniques, it doesn't require initiators, crosslinkers and can 

be used practically with any vinyl monomer and both polymerization and 

cross-linking   reactions can be initiated at ambient or sub-ambient 

temperatures.

Hydrogels can be prepared starting from monomers, prepolymers or 

existing hydrophilic polymers. 

Synthesis of Hydrogels from Monomers (figure A) 

Copolymerization of hydrophilic monomers and poly-functional 

comonomers, acting as crosslinkers, leads to the formation of hydrophilic 

network structures

Synthesis of hydrogels from Pre-polymers (figure B) 

Hydrogels have been prepared by cross-linking   of low molecular weight 

hydrophilic polymers or oligomers. One example is the reaction of , -

hydroxyl poly (ethylene glycol) with a diisocyanate in the presence of a 

triol as cross-linker. This reaction leads to the formation of cross-linked 

hydrophilic polyurethanes. 
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Poly(2-hydroxyethylmethacrylate) 

Polyether

Diisocyanat 

triol

Polyurethane hydrogel  

Glutaraldehyde   

Preparation methods of hydrogels: starting from monomers 

(A),prepolymers (B) or existing hydrophilic polymers (C).
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Synthesis of hydrogels from Polymers (figure C) 

   Chemical cross-linking of hydrophilic polymers results in the 
formation of a hydrogel. There are numerous examples described in the 
literature. As an example: Sephadex is a network of dextran crosslinked 
with epichlorohydrin. Other examples are proteins crosslinked with 
formaldehyde, gluteraldehyde or a polyaldehyde [120].

1.2.2.1. Physical Cross-linking

In recent years, there has been increasing interest in physically cross-

linked gels. The main reason is that the use of cross-linking agents to 

prepare such hydrogels is avoided. These agents can not only affect the 

integrity of the substances to be entrapped (e.g. proteins, cells), but these 

agents are often toxic compounds which have to be removed/ extracted 

from the gels before they can be applied. To create physically cross-

linked gels, different methods have been investigated Physical hydrogels 

are three-dimensional structures held together by physical (non-covalent) 

junctions, In physical gels (pseudogels), the chains are connected by 

electrostatic forces, hydrogen bonds, hydrophobic interactions or chain 

entanglements, In contrast to covalent bonds, physical cross-links  usually 

do not act at a point on the chain, but involve more extended junction 

zones, such gels are non-permanent and usually they can be converted to 

polymer solutions by heating [105].
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1.2.2.2. Polyelectrolyte Complexation 

     Generally, a polymer complex can be classified as a hydrogen-

bonding complex, a polyelectrolyte complex (PECs), a stereocomplex, or 

a charged-transfer complex [123]. Polyelectrolyte complexes (PECs) are 

formed by the reaction of a polyelectrolyte with an oppositely charged 

polyelectrolyte in an aqueous solution. Complex hydrogels are prone to 

absorb large amounts of water and become swollen. The driving force is 

the water chemical potential difference between the polymer network and 

the aqueous phase. [140]

The formation and properties of polymer complexes depend on the 

charge ratio of the anionic-to-cationic polymers, the degree of 

neutralization, the ionic strength, and the valences of the simple ions in 

the electrolyte solution [63,37]. Therefore, a strong polyelectrolyte 

complex is obtained if the anions and cations in the polymers contain 

strong acids and bases, or if polyions attain their fully ionized forms. 

Conversely, a weak polyelectrolyte complex is formed in both weak 

acids and bases [29].

 As an important class of polymer materials, they are widely used in 

many applications, such as membranes, medical prosthetics, antistatic 

coatings, environmental signals to the sensors, drug delivery systems, 

and for protein separation, etc. [11]. A PEC with a high tendency of 

aggregation usually results when both the polyions have strong ionic 

groups and a good match of charges. The PECs prepared from natural 

polymers, such as polysaccharides, have the additional advantage of 

being nontoxic and bio absorbable. [21]. 
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1.2.2.3. Hydrogen Bonding

   The hydrogen bonds are only formed when the carboxylic acid groups 

are protonated. This implies that the swelling of these gels is strongly 

dependent on the pH. Poly (acrylic acid) and poly (methacrylic acid) 

form complexes with poly(ethylene glycol), These complexes are held 

together by hydrogen bonds between the oxygen of the poly (ethylene 

glycol) and the carboxylic group of poly ((meth)acrylic acid), where as 

for poly((meth)acrylic acid)  hydrophobic interactions also play a role 

[30]. Hydrogen bonding does not only occur between poly ((meth) 

acrylic acid) and poly (ethylene glycol), but has also been observed in 

poly(methacrylic acid-g-ethylene glycol) [14,81].

  Moreover, the complex of poly (methacrylic acid) and poly (ethylene 

glycol) prepared at low pH can be dissolved in ethanol.

Upon injection, the diffusion of ethanol from the liquid transforms the 

system into a gel. The gel gradually dissolves in time due to dissociation 

of the complex [40].

1.2.2.4. Chemical Cross-linking   

Chemically crosslinked gels can be obtained by radical polymerization of 

low molecular weight monomers in the presence of crosslinking agents. 

The hydrogel characteristics, among which the swelling, can be 

modulated by the amount of crosslinker. Moreover, stimuli sensitive 

materials can be obtained by the addition of pH-sensitive gels or 

temperature-sensitive gels, chemically cross-linked hydrogels can also be 

obtained by radical polymerization of water-soluble polymers. Polymers 

containing functional groups like –OH, –COOH, –NH2, are soluble in 
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water. The presence of these functional groups on the polymer chain can 

be used to prepare hydrogels by forming covalent linkages between the 

polymer chains and complementary reactivity, such as amine-carboxylic 

acid, isocyanate-OH/NH2 or by Schiff base formation [45]. 

      Gluteraldehyde can be used as a cross-linking   agent to prepare 

hydrogels of polymers containing –OH groups like poly(vinyl 

alcohol)[28]. Also, polymers containing amine groups (albumin, gelatin, 

polysaccharides) [54,75,127and139], can be cross-linked using 

gluteraldehyde. Polymers that are water soluble can be converted to 

hydrogels, using bis or higher functional cross-linking agents like 

divinylsulfone [38]. and 1,6-hexanedibromide [25,76]. The cross-linking   

agents react with the functional groups present on the polymer, via 

addition reaction. 

 These cross-linking agents are highly toxic, and hence un-reacted agents 

have to be extracted. Moreover the reaction has to be carried out in 

organic solvent, as water can react with the cross-linking   agent. The 

drugs have to be loaded after the hydrogels are formed, as a result the 

release will be typically first order. 

1.2.2.5. Ionizing Radiation 

   High energy radiation like gamma and electron beam, have been used 

to prepare the hydrogels of unsaturated compounds. The irradiation of 

aqueous polymer solution results in the formation of radicals on the 

polymer chains. Also, radiolysis of water molecules results in the 

formation hydroxyl radicals, which also attack the polymer chains, 

resulting in the formation of macroradicals.  
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Recombination of the macroradicals on different chains results in the 

formation of covalent bonds, and finally a cross-linked structure is 

formed [101].

During radiation, polymerization macroradicals can interact with oxygen, 

and as a result, radiation is performed in an inert atmosphere using 

nitrogen or argon gas. Examples of polymers cross-linked by radiation 

method include poly(vinyl alcohol) [100], poly (ethylene glycol)[72,84

and 125], poly(acrylic acid). Among various methods applied for the 

production of hydrogels, the radiation technique has many advantages, as 

a simple, efficient, clean and environment-friendly process. It usually 

allows combining the synthesis and sterilization in a single technological 

step, thus reducing costs and production time. [110].

      Münoz et al [88]. had obtained Sequential net-PP-g-PNIPAAm-

inter-net-PAAc by -radiation and resulted in both temperature and pH-

sensitivity, with LCST 33oC and critical pH 6.2. The grafting of PP films 

with IPNs of PAAc and PNIPAAm enables one to tune the amount of 

vancomycin loaded as well as the drug release rate. Therefore, this 

approach may well be useful to modify the surface of PP-based medical 

devices, in order to reduce the likelihood of infections associated with 

their clinical use .

    Abou Taleb [2]   synthesized polyampholytic and reversible pH-

responsive hydrogels, CS-g-poly (AAc-co-AAm) by -radiation induced 

polymerization and cross-linking  . The swelling of hydrogel exhibited 

high sensitivity to pH. Study effect of H+/OH- concentration carried out 
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at various pHs shows that the swelling of hydrogel causes several large 

volume changes. Ionic repulsion between charges groups incorporated in 

the gel matrix by an external pH modulation could be assumed as the 

main driving force responsible for such swelling changes. Investigating 

the ability of the prepared polyampholytic network to be used as a carrier 

for drug deliver system showed a promising result not only in the field of 

drug targeting but it also shows the possibility of controlling the released 

amount and release rate. Polyampholytic and ph-responsive hydrogel by 

radiation process with suitable amoxicillin release profiles for site-

specific antibiotic delivery in the stomach.

    Bhuvanesh Gupta et al. [15], prepared Thermo sensitive membranes 

by radiation-induced graft copolymerization of monomers on PET 

fabrics. A binary mixture of N-isopropyl acrylamide (NIPAAm) and 

acrylic acid (AAc) was grafted on polyester fabric as a base material to 

introduce thermo sensitive poly (N-isopropyl acrylamide) pendant chains 

having LCST slightly higher than 37oC in the membrane. The influence 

of ferrous sulfate, radiation dose and monomer composition on the 

degree of grafting was studied. The structure of the grafted fabric was 

characterized by thermo gravimetric analysis, differential scanning 

calorimetry and scanning electron microscopy. The thermo sensitive 

nature of the fabric was monitored by swelling at different temperatures. 

The graft copolymerization of AAc with NIPAAm enhanced the LCST 

of the resultant membrane to 37oC. The moisture vapor transmission rate 

(MVTR) and air permeability of the fabric decreased slightly may be due 

to the slight blocking of the fabric pores.  
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The immobilization of tetracycline hydrochloride as the model drug and 

its release characteristics at different temperatures were monitored. 

     Studies have been made by Hegazy et al. [44], for the preparation and 

characterization of different hydrogels and membranes which are 

prepared by -radiation-induced copolymerization and grafting of 

different vinyl and acrylic monomers such as acrylic acid (AAc), 4-

vinylpyridene (4-VP), AAc/ 4-VP, N-vinyl pyrrolidone/acrylic acid 

(NVP/AAc) and NVP/Acrylamide (NVP/AAm) for the purpose of 

separation and extraction of some heavy and toxic metal ions as well as 

dyes from wastewater.  

The factors affecting the preparation and homogeneity of such prepared 

materials were thoroughly investigated. Characterization, stimuli-

responsive and some selected properties of the prepared hydrogels and 

membranes were studied and accordingly the possibility of its practicable 

uses in separation processes and wastewater treatment were thoroughly 

studied and determined.Also, several trials were made to improve the 

chelation affinity and adsorption capacity to the metals by further 

introduction of certain reactive chelating groups via the functional groups 

of the prepared hydrogels and membranes. It is worthy to mention that 

different natural lingo- cellulosic materials were also used for the 

preparation of super-adsorbent materials suitable for separation and 

purification processes of wastewater. Also, trials were made for the 

recovery of valuable metals for their waste such as Au, Ag and Ru. Some 

of the radiation prepared hydrogels and membranes showed very 

promising stimuli-responsive properties which make them of practicable 

uses.  
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   Nho et al, [141] carried out the preparation of PEO hydrogels were by 

g-ray irradiation, and then grafting by AAc monomer onto the PEO 

hydrogels with subsequent irradiation. The degree of grafting of these 

hydrogels increased as the concentration of AAc monomer increased. 

The equilibrium swelling measurements of these hydrogels, which were 

carried out in SGF and SIF, showed a pH-sensitive nature. The oral 

administration of insulin-loaded hydrogels to rats decreased the blood 

glucose levels for at least 4 h due to the absorption of insulin in the GI 

tract. Hydrogels could be applied for the successful oral insulin delivery 

to the GI tract. 

    Abd El-Mohdy et al [1], prepared PVA /PVP blended hydrogel by 

using -rays irradiation technique. PVA and PVP can form a 

thermodynamically miscible pair. FTIR and DSC confirmed the 

miscibility and compatibility of PVA/PVP hydrogel. The gel fraction 

increases with increasing irradiation dose, while the swelling of 

PVA/PVP hydrogel nearly tends to increase with increasing PVP content 

and reduced with enhanced irradiation doses. PVA/PVP with 

compositions 20/80 and 70/30 were selected to be use as materials have 

antimicrobial activity. Irradiation dose of 30 kGy was found to have an 

advantage on other tried doses concerning. 

    The radiolytic formation of Ag nanoparticles in cross-linked PVA 

hydrogel  was  investigated  by  Krklješ  et al [73]. The reduction of 

Ag+ ions was performed using strongly reducing species such as 

hydrated electrons, propan-2-ol and PVA radicals. Ag+ ions were 
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efficiently reduced in swollen PVA matrix by PVA radicals. Thermal and 

thermooxidative properties of radiolytically obtained nanocomposites 

were affected by the content of nanofiller as well as by different routes of 

preparation 

    Hydrogels, in general, can be used as a compliant surface in prosthesis 

of human synovial joints due to their biocompatible characteristics. In 

this work, Machado et al [78], prepared different hydrogels from two 

aqueous solutions of PVA (15 and 20 mass/mass%) by chemical 

reactions using citric acid as a cross-linking agent and by electron beam 

(EB) irradiation with doses from 25 to 100 kGy.  The main effort of the 

work was the development of a new material to be used as artificial 

articular cartilage. From the obtained experimental results, it can be 

concluded that the PVA hydrogels produced by irradiation cross-linking 

process have lower water absorption capacity, better mechanical 

properties and higher thermal stability when compared with hydrogels 

obtained through a chemical cross-linking process with citric 

acid.Furthermore, it was found that radiation doses above 25 kGy did not 

produce drastic changes on the mechanical and thermal properties of the 

irradiated PVA hydrogels. It is worth mentioning that the radiation 

process cross-links and sterilizes the hydrogels simultaneously The 

hydrogels were evaluated by their mechanical properties through 

indentation creep test, thermal properties by differential scanning 

calorimetry (DSC), and also equilibrium water content (EWC). 

EG1200358



28

An et al, [10] have developed a novel method for the preparation of size 

controlled and monodisperse PEG nanoparticles using liposomes as 

templates. Large liposomes block the entrance to the pores of the 

membrane and break up easily at the pore because of the flexibility and 

relative weakness of the lipid bilayer of liposomes. Therefore, 

monodisperse liposomes whose size is comparable to the pore size can be 

produced and the PEG hydrogel solution inside the liposome can be 

polymerized by UV irradiation.  

The prepared PEG nanoparticles were highly monodispersed compared 

with PEG nanoparticles without extrusion. The PEG nanoparticles could 

be functionalized to react with amine-bearing materials by grafting PEG 

derivatives with aldehyde functional groups, and -gal enzymes were 

immobilized in the PEG particles without losing their activity. The 

procedures for preparation of nanoparticles and surface 

modification/enzyme immobilization could be performed 

simultaneously. This technique is also appropriate for the mass 

production of homogeneous polymer nanoparticles. We believe that the 

preparation of polymer nanoparticles using this technique will be useful 

for producing monodisperse polymer nanoparticles with specific sizes for 

applications such as specific drug delivery/ targeting, coating for 

biosensors, contrast agents for imaging, and scaffolds for tissue 

engineering.
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1.2.3. Applications of Hydrogels  

1.2.3.1. Responsive Hydrogels 

   Environmentally responsive hydrogels have been synthesized that are 

capable of sensing and responding to changes to external stimuli, such as 

changes to pH 1, and temperature.[97].

 The response mechanism is based on the chemical structure of the 

polymer network (e.g., the functionality of chain side groups, branches, 

and cross-links ). For example, in networks that contain weakly acidic or 

basic pendent groups, water sorption can result in ionization of these 

pendent groups depending on the solution pH and ionic composition

For ionic gels containing weakly acidic pendent groups, the equilibrium 

degree of swelling increases as the pH of the external solution increases, 

while the degree of swelling increases as the pH decreases for gels 

containing weakly basic pendent groups. Temperature-responsive 

hydrogels are one of the most widely studied responsive hydrogel 

systems. These systems, which are mostly based on poly(N-

isopropylacrylamide) (PNIPAAm) and its derivatives, undergo a 

reversible volumephase transition with a change in the temperature of the 

environmental conditions. This type of behavior is related to polymer 

phase separation as the temperature is raised to a critical value known as 

the lower critical solution temperature (LCST). Networks showing a 

lower critical miscibility temperature tend to shrink or collapse as the 

temperature is increased above the LCST, and the gels swell upon 

lowering the temperature below the LCST. 
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1.2.3.2. Drug Delivery Hydrogels

  There are several different goals in drug delivery. One goal is to control 

the duration of action of the drug and the drug’s level in the human body. 

A second is to target the drug to particular places or cells in the body. A 

third is to overcome certain tissue barriers such as the lung, skin, or 

intestine. A fourth is to overcome certain cellular barriers as may be 

important in applications such as gene therapy. 

Numerous controlled release systems exist today ranging from implants 

that release contraceptive drugs for up to 5 years to novel osmotically 

driven pills that deliver drugs at constant rates. In controlled drug 

delivery, drug release generally occurs by one of three main mechanisms: 

(i) Diffusion, (ii). Chemical reaction; and (iii). Solvent activation and 

transport. In the case of diffusion control, there are two main drug 

distribution geometries that are used-either a reservoir where the drug is 

surrounded by a polymer barrier or a matrix where the drug is generally 

uniformly distributed through the polymer. In either case, diffusion 

through the polymer is the rate-limiting step. In the case of chemical 

control, the polymer can be either degraded by water or a chemical 

reaction to release the drug. Alternatively, the drug can be attached to the 

polymer by a covalent bond that can be cleaved by water or an enzyme 

and release the drug. A third mechanism is solvent activation. The drug 

can be released either by swelling of the polymer in which the drug was 

previously locked into place within the polymer matrix in a glassy state 

or by an osmotic effect, which can be accomplished by external water 

entering the drug delivery system because of an osmotic driving force 
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and subsequently driving the drug out of the development of 

“conventional” controlled release devices based on hydrogels or 

hydrophilic carriers that can swell in the presence of a  biological fluid 

has been described in several reviews 

Eva et, al. [34] investigated a series of poly [(N-isopropylacrylamide)-

co-(methacrylic acid)] (P [(N-iPAAm)-co-(MAA)]) hydrogels to 

determine the composition that exhibits a better pH modulated release of 

diltiazem hydrochloride (DIL.HCl). For this purpose hydrogel slabs were 

loaded with DIL.HCl by the immersion method, and its release under 

acidic medium (0.1N HCl, pH 1.2) and in phosphate buffer pH 7.2, using 

United States Pharmacopeia (USP) 24 Apparatus 1, was investigated. 

The release of DIL.HCl from P [(N-iPAAm)-co-(MAA)] hydrogels 

depends strongly on copolymer composition. Enriched N-iPAAm 

hydrogel slabs would prevent DIL.HCl release in the stomach allowing 

drug release at the higher pH of the gastrointestinal tract. These facts 

indicate that enriched N-iPAAm hydrogels are suitable to be used as pH-

modulated drug delivery systems. Controlling particle size in 85% mol 

N-iPAAm hydrogel tablets allows tailoring of the release rate of 

DIL.HCl. A relationship exists between release rate and particle diameter 

    Novel microstructure and pH sensitive poly (acrylic acid-co-2-

hydroxyethyl methacrylate) / poly (vinyl alcohol) (P(AA-co-

HEMA)/PVA) interpenetrating network (IPN) hydrogel films were 

prepared by Yumei Yue et,al. [143] using radical precipitation 

copolymerization and sequential IPN technology.  
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The first P(AAc-co-HEMA) network was synthesized in the present of 

PVA aqueous solution by radical initiating, then followed by 

condensation reaction (Glutaraldehyde as cross-linking   agent) within the 

resultant latex, it formed multiple IPN microstructure hydrogel film. The 

film samples were characterized by IR, SEM and DSC. Swelling and 

deswelling behaviors and mechanical property showed the novel multiple 

IPN nanostructure film had rapid response and good mechanical 

property. The IPN films were studied as controlled drug delivery material 

in different pH buffer solution using cationic compound, crystal violet as 

a model drug. The drug release followed different release mechanism at 

pH 4.0 and pH 7.4, respectively. 

1.2.3.3. Biomaterial Hydrogels

    The development of biomaterials has been an evolving process. In the 

last few years, novel synthetic techniques have been used to impart 

desirable chemical, physical, and biological properties to biomaterials. 

Materials have either been synthesized directly, so that desirable chain 

segments or functional groups are built into the material, or indirectly, by 

chemical modification of existing structures to add desirable segments or 

functional groups. Over the past 35 years, hydrogels have been extremely 

useful in biomedical and pharmaceutical applications mainly due to their 

high water content and rubbery nature which is similar to natural tissue, 

as well as their biocompatibility. 

 PEG hydrogels are one of the most widely studied and used materials for 

biomedical applications. PEG hydrogels are nontoxic, non-immunogenic, 

and approved by the US Food and Drug Administration for various 
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clinical uses. In many cases, PEG has been applied as a “stealth material” 

since it is inert to most biological molecules such as proteins. Some of 

the earliest work on the use of PEG and poly(ethylene oxide) (PEO) as 

hydrophilic biomaterials was performed by Merrill et al., [83] who 

showed PEO adsorption onto glass surfaces prevented protein adsorption. 

Since then, many forms of PEG surface modification have been used in 

order to render a surface protein resistant and to enhance surface 

biocompatibility. [104]. Commonly used methods of PEG surface 

modification include covalent bonding through silane, acrylate, and thiol 

linkages, adsorption, and ionic and hydrogen bonding, all of which have 

been reviewed elsewhere [134,136].

PEG polymers can be covalently cross-linked using a variety of methods 

to form hydrogels. A particularly appealing method of cross-linking   

PEG chains is through photopolymerization using acrylate-terminated 

PEG monomers [135]. In the presence of cells, PEG hydrogels are 

passive constituents of the cell environment since they prevent 

adsorption of proteins. However, numerous methods of modifying PEG 

gels have made PEG gels a versatile template for many subsequent 

conjugations. For example, peptide sequences have been incorporated 

into PEG gels to induce degradation [46] or modify cell adhesion . In 

addition to chemical modification, block copolymers of PEG, such as 

triblock copolymers of PEO and poly(propylene oxide) (henceforth 

designated as PEO-b-PPO-b-PEO), degradable PEO, poly(lactic acid) 

(PLA), and other similar materials, can be used to add specific properties 

to the PEG hydrogels.[52]
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 Another major synthetic polymer is PVA. PVA hydrogels are stable, and 

elastic gels that can be formed by the repeated freezing and thawing 

process or chemically cross-linked.[ 42] They can be formed by both 

physical and chemical cross-linking   methods.[98] The physically cross-

linked versions of PVA hydrogels are biodegradable, and thus can be 

used for various biomedical applications.[18,79,80,98, 112 and131]

PVA must be cross-linked in order to be useful for a wide variety of 

applications, specifically in the areas of medicine and pharmaceutical 

sciences. Cross-linking   may be achieved by chemical, irradiative, or 

physical mechanisms. PVA can be cross-linked through the use of 

difunctional cross-linking   agents. Some of the common cross-linking   

agents that have been used for PVA hydrogel preparation include 

glutaraldehyde, acetaldehyde, formaldehyde, and other monoaldehydes. 

When these cross-linking   agents are used in the presence of sulfuric 

acid, acetic acid, or methanol, acetal bridges form between the pendent 

hydroxyl groups of the PVA chains. As with any cross-linking   agent, 

however, residual amounts are present in the ensuing PVA gel. It 

becomes extremely undesirable to perform the time-consuming 

extraction procedures in order to remove this residue. If the residue is not 

removed, the gel is unacceptable for biomedical or pharmaceutical 

applications because, if it were placed directly in the body, the release of 

this toxic residue would have obvious undesirable effects. Other methods 

of chemical cross-linking   include the use of electron-beam or gamma 

irradiation. These methods have advantages over the use of chemical 

cross-linking   agents as they do not leave behind toxic, elutable agents. 
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In addition, photocrosslinkable PVA hydrogels have been synthesized 

that facilitate cell adhesion in tissue-engineering applications [95,121].

In this work, they have evaluated the potential for novel poly(vinyl 

alcohol)–poly(acrylic acid) freeze the composite hydrogels for use as a 

wound dressing with the capability of delivering aspirin to the wound. 

The research showed that the incorporation of APIs, in this case aspirin, 

can have a significant effect on the overall mechanical properties of 

freeze / thaw PVA/PAAc hydrogels. The effect of incorporating aspirin 

within the hydrogel led to a decrease in the mechanical properties of the 

overall structure. To compensate for this loss in mechanical strength, a 

novel hydrogel-film composite was produced. The film acted as a 

reinforcing film within the hydrogel. From DSC analysis carried out it 

was evident that aspirin had a plasticizing effect effectively lowering the 

Tg of the PVA within the gels by more than 25 C. From solvent uptake 

studies carried out it was observed that less swelling occurred in media 

of pH 4 than in pH 9. This is due to the pH-sensitive nature of the 

hydrogel caused by the addition of PAAc and aspirin which contain 

reactive groups. Anomalous or non-Fickian transport was the 

predominant release mechanism for these hydrogels. The novel 

composites produced in this study have particular potential in wound 

care, specifically scar limitation.[85]
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1.2.3.4. Applications in Agriculture  

Superabsorbent polymers (SAPs) are  lightly cross-linked hydrophilic 

polymers functional with the ability to absorb large amounts of water 

from tens to thousands of times its own weight including those with good 

water retention capacity even under high pressure or temperature [96]

they are widely used in sanitary products, agricultural and horticultural. 

It is known that commercially used water-absorbent polymeric materials, 

including partial neutralization products of cross-linked polyacrylic 

acids, partial hydrolysis products of starch acrylonitrile copolymers, and 

starch acrylic acid graft copolymers, are poor in degradability and remain 

semipermanently in water or soil. Causing serious problems, On the 

other hand, biodegradable superabsorbent polymer has been proposed as 

Globe-compatible materials in recent years. Known polymers employed 

in such applications include cross-linked poly(ethylene oxide) cross-

linked poly(vinyl alcohol), carboxy methyl cellulose, cross-linked alginic 

acid, cross-linked starches, and cross-linked polyamine acids- cross-

linked poly(ethylene oxide) and cross-linked poly(vinyl alcohol) have 

low water-absorption ability and are not particularly suited for use as 

materials in products requiring high water absorbency such agricultural 

and horticultural water-holding material- further, these compounds can 

be biodegraded only by certain bacteria, so under general conditions, 

their biodegradation will be slow or will not take place at all. Moreover, 

the biodegradability will be reduced extremely as the molecular weight is 

high. In addition, cross-linked saccharide such as cross-linked 

carboxymethyl cellulose, cross-linked alginic acid, and cross-linked 

starches are biodegradable, but their firm hydrogen bonds in molecules 
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makes their water absorbency low. So it is to say that a kind of 

superabsorbent polymer, which has excellent water absorbency and is 

biodegradable is demanded imminently[35] 

1.2.3.5. Wastewater Treatments

The environmental protection becomes a difficult task while many 

industries produce wastes that cause serious pollution. [50] Water 

pollution due to toxic metals and organic compounds remains a serious 

environmental and public problem Moreover, faced with more and more 

stringent regulations; water pollution has also become a major source of 

concern and a priority for most industrial sectors. Heavy metal ions, 

aromatic compounds (including phenolic derivatives, and polycyclic 

aromatic compounds) and dyes are often found in the environment as a 

result of their wide industrial uses.  [39] so the removal of pollutants 

from wastewaters became  important application of hydrogels.  . 

Hydrogels based radiation cross-linking   cross-linkable polymer (PAAc) 

and a radiation degradable polymer (sodium alginate) were successfully 

prepared by Nizam El-Din et al, [92]  under the effect of gamma 

irradiation. The interpenetrating hydrogels were evaluated as responsive 

and metal sorbet materials. The TGA study revealed that the AAc/AG 

hydrogels possess a lower thermal stability than pure PAAc hydrogel. 

The results indicate that the hydrogels composition is an effective 

parameter in determining the metal sorption character. In this regard, the 

hydrogel based on PAAc displayed higher affinity for copper ions, while 

AAc/AG hydrogels showed higher affinity for cobalt and nickel ions
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Owing to the fact that removal or separation of heavy metals from 

wastewater is an objective of increasing importance in a variety of 

environmental fields. Nizam El-Din [93]  prepared a hydrogel based on 

gamma-radiation polymerization of acrylic acid (AAc) in the presence of 

2-mercaptobenzimidazole (MBI) and a cross-linking   agent. The results 

presented  in this work demonstrate the synthesis of a hydrogel 

containing a sulfur compound under the effect of gamma radiation. It is 

expected that this hydrogel will be of use for absorbing some heavy 

metals from wastewater as the experimental data showed. The 

thermogravimetric analysis showed that the presence of 2-

mercaptobenzimidazole as a component of the hydrogel does not change 

its thermal decomposition behavior. Also, it was found that the prepared 

hydrogel has a great tendency to swell in water, suggesting ease in its 

applicability to wastewater treatment. The results showed that the 

AAc/MBI hydrogel has a great affinity to take up the most toxic metal 

ions, Hg2_ and Cd2_, in wastewater. Moreover, the calculated separation 

factor indicates that AAc/MBI hydrogel can be used to separate Hg2_ 

from Cu2_ as well as Pb2_ from wastewater. Even though PAAc 

constitutes the major component of the hydrogel, the sulfur groups of 

MBI still seem responsible for the affinity for heavy metals, except for 

Cu2_ ions. These findings were confirmed by IR analysis of the 

complexed hydrogel with Hg2, in which the band attributed to O-H 

stretching still exists.

In recent years, the pollution from dye wastewater is becoming a major 

environmental problem due to the growing use of a variety of 

dyes.[80,90, and 117]. Dyes usually have a synthetic origin and complex 
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aromatic molecular structures which are more stable and more difficult to 

biodegrade. Textile, paper, plastics, and cosmetic industries use a wide 

variety of dyes to colour their products and discharge large amount of 

effluents including dyes which are very toxic and could cause serious 

ecological problems. Therefore, dye pollution in water stream is a major 

environmental problem. The methods of dye removal from industrial 

wastewaters could require many processes such as biological treatment, 

coagulation, flotation, electrochemical techniques, adsorption, and 

oxidation. Among these methods, adsorption is generally preferred due to 

high efficiency, easy handling, and availability of different adsorbents.[4]

Nowadays, development of new adsorbents having superior properties 

such as high adsorption capacity, fast adsorption rate, and mechanical 

strength has generated great interests for wastewater treatment. Using of 

several polymers having different functional groups has gained great 

importance due to their high adsorption capacities, especially 

regeneration abilities and reuse for continuous processes.[26,122]

Hydrogels possessing different functional groups have been also 

investigated in the preceding literature for this purpose.[41,60, and 61]
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CHAPTER II 

MATERIALS AND METHODS

2.1. Materials 

2.1.1. Monomers 

   Acrylic acid monomer used in this study was a laboratory grade 

chemicals purchased from Merck Chemical Co. (Germany), and used as 

received. Methacrylic acid, laboratory grade, was purchased from 

Milwaukee, WI, USA

2.1.2. Polymers 

  The homopolymer PVA used in this study was of laboratory grade, 

purchased from Laboratory Rasayan, Cairo, Egypt. It was in the form of 

powder, partially hydrolyzed, and had an average molecular weight (Mw)

of 125,000 g mol-1. The homopolymer PEG was of laboratory grade and 

had an average Mw of 4000 and was purchased from Fluka Chemical Co. 

(Germany). All homopolymers were used without further purification.

2.1.3. Buffer stuff 

Citrate, phosphate buffer salts of analytical reagents, were purchased 

from El-Nasr Co. for chemical Industries, Egypt 
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2.1.4. Dyestuffs

Two dyes were used for dye uptake. The name and chemical structures 

are shown below:  

Basic dye

Rodamine B (Molecular weight = 348 and  max= 543 

nm)

Direct dye 

Congo red (Direct Red 28): Molecular weight = 696 and = 498 nm 
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2.2. Methods 

2.2.1. Preparation of AAc/MAc Copolymer Hydrogels 

  The hydrogels were prepared by dissolving separately different ratios 

of AAc and MAc in solvent mixture composed of equal ratios of distilled 

water and methanol. The AAc, MAc solutions were then mixed with 

continuous stirring until complete miscibility was achieved.  The ratios 

of AAc and MAc in the mixtures were 70/30, 50/50 and 30/70 wt%. The 

mixtures were then poured into test tubes and subjected to gamma 

irradiation. Irradiation to the required doses was carried out at a dose rate 

of 8.86 kGy/ h . in the 60Co gamma cell made in Russia. The contents 

were removed from the tubes, washed with hot water to get rid of the 

unreacted monomers.  

2.2.2. Preparation of PVA/PEG Hydrogels 

  The hydrogels were prepared by dissolving separately different ratios 

of PVA and PEG in distilled water. The PVA, PEG solutions were then 

mixed with continuous stirring until complete miscibility was achieved.  

The ratios of PVA and PEG in the mixtures were 80/20, 60/40, 50/50 and 

40/60 wt%. The mixtures were then poured into test tubes and subjected 

to gamma irradiation. Irradiation to the required doses was carried out at 

a dose rate of 8.86 kGy/ h. in the 60Co gamma cell made in Russia. The 

contents were removed from the tubes, washed with hot water to get rid 

of the unreacted materials.  

2..2.3.  Preparation of buffer solution of different pH’s

0.2 M (citric acid) and 0.2 M (disodium hydrogen phosphate ) were used 

to prepare buffer solution ranged from 2 to 8. 

EG1200358



43
2.3. Measurements and Analysis 

2.3.1. Determination of Gel Fraction

   Samples of the prepared hydrogels were accurately weighed (Wo) and 

then extracted with water using Soxhlet system, and then dried in 

vacuum oven at 80oC to a constant weight (W1). The gel fraction (%) was 

calculated according to the following equation: 

Gel fraction (%) = (W1/ Wo) x 100 

2.3.2. Determination of Methacrylic Acid Conversion (%) 

     Samples of the prepared hydrogels after removing from gamma 

source were dried and accurately weighed (Wf). The conversion (%) of 

MAc monomer was determined gravimetrically by a method based on 

back titration against NaOH. The conversion (%) was calculated 

according to the following equation (taking in consideration the initial 

weight of AAc monomer in the feed solutions): 

Conversion (%) = (Wf/ Wi) x 100 

2.3.3. Determination of Metal Uptake  

  The metal uptake was determined by immersing constant weight (W) of 

the hydrogel in the different metal solutions of constant concentration 

(mg/l) for different intervals of time. The remaining metal concentration 

in solution was determined by atomic absorption instrument (Unicam 

model Solaar 929). The metal uptake was determined as follows: 

Metal uptake (mg/g) = (Co-C1)/W

Where Co and C1 are the concentrations of the metal ions before and after 

uptake, respectively. 
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2.3.4. Determination of Dye Uptake 

   The dye uptake was determined by immersing constant weight (W) of 

the hydrogel in the different basic and direct dye solutions of different 

concentrations (mg/l) for for equilibrium. The remaining dye 

concentration in solution was determined by spectroscopic analysis 

(Unicam model). The dye uptake was determined as follows: 

Dye uptake (mg/g) = (Co-C1)/W

2.3.5. Differential Scanning Calorimetry (DSC) 

  The differential scanning calorimetry (DSC) was carried out on 

Shimadzu DSC-50 calorimetry at a heating rate of 10oC/min under a 

flowing nitrogen gas at a rate of 20 ml/min.

2.3.6. Antimicrobial Resistance Measurements 

Two types of bacteria namely Escherichia coli and Staphylococcus

were grown for three hours at 37oC in nutrient broth. Nutrient broth was 

composed of 1 gm laboratory Lemco, 2 gm Yeast extract, and 5 gm 

peptone and 5gm sodium chloride per liter. Two milliliter of the culture 

was smeared on the Petri dishes containing nutrient agar. (Nutrient agar) 

was the same component of nutrient broth plus 20gm agar per liter. 

Polymeric discs (0.6cm) of PVA/PEG hydrogels of different ratios were 

placed on the Petri-dishes. Plates were incubated for 18 hours at 37oC.

The clear zone around the disc is an indication to the positive result of 

antimicrobial activity of tested polymer. 
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2.3.7. IR spectroscopic analysis 

    The infrared spectra were performed using a FT-IR spectrometer 

(model Mattson 5000) made by Unicam over the range 500-4000 cm-1. A 

dry constant weight from each hydrogel was ground with 3 mg of KBr 

and pressed to form transparent discs. The samples for IR analysis were 

first dried in vacuum oven at 80oC for 24 hrs. 

2.3.8. Thermogravimetric analysis (TGA) 

    The TGA thermograms were performed on a Shimadzu–50 instrument 

(Kyoto, Japan) at a heating rate of 10ºC/min under flowing nitrogen (20 

ml/min) from room temperature to 500ºC. The primary TGA 

thermograms were used to determine the rate of thermal decomposition

reaction.

2.4. Swelling and Drug Release Studies 

2.4.1. Swelling of AAc/MAc Hydrogels 

      Swelling studies were conducted on AAc/MAAc hydrogels as a 

function of time (0-24 hrs), temperature (10-50oC) and pH (2-9). A 

known dry weight of insoluble hydrogel (Wd) was immersed in water 

under different conditions. The samples were then removed and blotted 

on filter paper to remove excess water and weighed (ws), in which the 

percentage swelling under each condition was calculated according to the 

following equation:

Swelling (%) = [(Ws –Wd) /Wd] × 100 
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2.4.2. Equilibrium Water Content 

      The equilibrium water content (EWC) is defined as the ratio between 

the absorbed water and the weight of hydrogel at equilibrium swelling. 

The EWC was calculated according to the following equation:  

EWC (%) = [(Wes –Wd)/ Wes] × 100 

Where Wes and Wd are the weights of hydrogel in the dry and at 

equilibrium state, respectively. 

2.4.3. Swelling of PVA/PEG Hydrogels 

      Swelling studies were conducted on PVA/PEG hydrogels as a 

function of time (0-24 hrs), temperature (10-50oC) and pH (3-9). A 

known dry weight of insoluble hydrogel (Wd) was immersed in water at 

25oC and pH of 7. The samples were then removed and blotted on filter 

paper to remove excess water and weighed (ws), in which the percentage 

swelling under each condition was calculated according to the following 

equation:

Degree of swelling (%) = [(Ws –Wd) /Wd] × 100 

    The swelling character of PEG/MAc hydrogels at different external 

environments was studied. Dry weight (Wd) of PVA and PVA/PEG 

hydrogels were immersed in water at different temperatures (10-45ºC) 

and different pH values (1-8) to the equilibrium state (24 hours) and then 

weighed Wc and WpH, respectively. The degree of swelling is calculated 

in each case as follows: 

Swelling (%) at different temperatures = [(Wc –Wd) /Wd] × 100 

Swelling (%) at different pH values = [(WpH –Wd) /Wd] × 100 

EG1200358



47
2.4.4. Drug uptake and release study

    Chlortetracycline HCl (Sigma chemical Co.,USA); is mainly used in 

the treatment of Chlamydia, Vibro- cholera, Acnc vulgaris, Gonorrhea, 

Syphilis, Prostates and Sinusitis with a dosage 250 and 500 mg (three 

time per day) was used in this study. For the investigation of drug uptake 

and release properties of PVA/PEG hydrogels prepared in this study, 

Chlortetracycline HCl (Sigma chemical Co., USA) was used as a drug. 

Dry hydrogels were loaded by immersion into aqueous solution of 

different concentrations of Chlortetracycline HCl (g/l) for 24 hours. The 

release of Chlortetracycline HCl from hydrogels was measured by 

placing the gels in a vessel containing 20 ml of different buffer solutions 

at a constant shaking rate. At various time intervals, aliquots of 3 ml 

were drawn from the medium to follow the release of MB and returned 

into the vessel so that the solution volume is kept constant. Methylene 

blue release was determined by a spectrophotometeric method using a 

Unicam 8625 UV/visible spectrophotometer at max 460 nm 
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CHAPTER III 

RESULTS AND DISCUSSION 

3.1. Gamma Radiation Synthesis and Characterization of Hydrogels 

Based on Acrylic Acid (AAc) and Methacrylic Acid (MAc) 

Hydrogels are three-dimensional cross-linked polymeric structures, 

which are capable of swelling and absorbing large amounts of water or 

biological fluids allowing a wide usage in medical applications and the 

removal of toxic pollutants from wastewater.[57,59,111,114, and 118]

Radiation synthesis of hydrogels has special technical advantages; not 

only the interaction between chains is through covalent bonds but also it 

will eventually solve the problem of sterilization, in which it allows the 

fabrication of non-contaminated products[28,133] Considerable 

attention, however, has been devoted to responsive hydrogels, which 

show significant sensitivity to environmental stimuli such as temperature, 

pH, and electric fields [67,71, and 124].

Hydrogels swell or shrink in aqueous solutions due to the association, 

dissociation and binding of various ions to polymer chains. In our 

previous work, the electrical response and pH-sensitivity characters of 

radiation-synthesized hydrogels based on acrylic acid/vinyl sulfonic acid 

[7], polyvinyl pyrrolidone/acrylic acid [8] and acrylamido-2-methyl 

propane sulphonic acid [9] were investigated. The responsive characters 

of hydrogels based on various aqueous solutions of carboxymethyl 

cellulose/acrylic acid (CMC)/AAc formed by electron beam irradiation 
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[94] and hydroxyethylmethacylate /acrylamide (HEMA / AM) under the 

effect of gamma radiation [31] were studied.

The kinetic studies of swelling in water showed that HEMA/AAm 

hydrogels possess a temperature-responsive character within the 

temperature range 25-30oC, and showed a stepwise behaviour in the pH 

range 2-10, depending on composition. N-isopropylacrylamide has been 

reported to possess thermo responsive character alone and pH-

temperature behaviour when composed with acrylic acid [56] and 

alginate [55].

 The synthesis of responsive hydrogels by chemical initiation based on 

individual acrylic acid [19,20], poly (methacrylic)-g-poly (ethylene 

glycol) [36,109,119, and 128] and poly (methacrylic acid)/poly (N-

isopropylacrylamide) [66,145, and 146] was reported in literature.  In 

this work, hydrogels based on different ratios of acrylic acid (AAc) and 

methacrylic acid (MAc) monomers were prepared by gamma radiation 

copolymerization. The hydrogels were characterized by IR spectroscopy 

and thermogravimetric analysis (TGA). The effect of temperature and pH 

on the degree of swelling of AAc/MAc hydrogels was also studied. The 

results showed that the gel fraction of AAc is relatively higher than MAc, 

while, the gel fraction of AAc/MAc hydrogels decreased slightly with 

increasing the ratio of MAc monomer in the initial solution. 
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3.1.1. Gamma Radiation Synthesis of AAc/MAc Hydrogels 

    The gel formation of AAc in solution by gamma radiation is well 

known, in which the gelation dose (the first insoluble fraction of gel 

appears) was reported to be 3.4 kGy [106].

The mechanism of cross-linking   of polymers and the polymerization of 

monomers in solution by ionizing radiation was studied by Chaprio 

[23,24], Saaito [115,116] and others [62,91].  The mechanism of cross-

linking   of PAAc in aqueous solution by gamma radiation can be briefly 

outlined as follows:

(1) The polymer AAcH and the solvent HOH absorb the gamma 

radiation and go to the transient activated states AAcH* and HOH*, 

which dissociate causing the formation of the radicals AAc , HO and

H .

(2) The transfer of radical from water to polymer increases the 

concentration of AAc radicals and increases the rate of cross-linking   and 

gelation:  AAcH + (H or HO )  AAc  HOH and

(3) Two polymer radicals AAc  with m and n repeat units combine to 

form a cross-linked point:  

AAc m + AAc n  AAcm-AAcn
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3.1.2. Effect of AAc/MAc Comonomer Ratio on Gel Fraction

Figure 1 shows the gel fraction of the hydrogels based on AAc and 

MAc monomers and their copolymers at different ratios formed at a 

constant dose of 20 kGy of gamma radiation. It can be seen that the gel 

fraction of AAc/MAc hydrogels decreases slightly with increasing the 

ratio of MAc. The gel fraction of AAc was decreased from 98% with 

increasing the ratio of MAc to reach to 95 % for pure MAc. The decrease 

of the gel fraction of AAc/Mac hydrogels observed by increasing the 

ratio of Mac is due to the relatively lower sensitivity of MAc towards 

gamma irradiation compared to AAc monomer.  

3.1.3. IR Spectroscopic Analysis 

     IR spectroscopic analysis was used to illustrate the structure and 

nature of bonding of hydrogels. Figure 2 shows the IR spectra of 

hydrogels based on pure AAc and MAc monomers and the hydrogel 

based on AAc/MAc (50/50) prepared at a constant dose of 20 kGy of 

gamma irradiation. The spectrum of pure PAAc hydrogel showed an 

absorption peak around 2950 cm-1 arising from C-H stretching. The 

characteristic absorption peaks due to the C=O stretching of the 

carboxylic groups can be seen at 1730 cm-1. The presence of hydrogen 

bonding, which might be formed between the hydroxyl groups of AAc 

and MAc, can be confirmed by the stretching band at 3400 cm-1 . As the 

ratio of MAc increases, the intensity and broadness of these absorption 

bands increases due to the added hydroxyl groups from MAc monomer.  
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Figure 1: Effect of comonomer ratio on gel fraction for hydrogels 

formed by gamma irradiation copolymerization at a dose of 20 kGy 

EG1200358



- 53 -

PAAc
A

bs
or

ba
nc

e

AAc/MAc (50/50%)

PMAc

Figure 2: IR spectra of hydrogels based on pure monomers and 
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3.1.4. Thermal Decomposition Behavior of AAc/MAc Hydrogels 

       The dissociation energies of the covalent bonds C-H, C-C, C=O, C-

O and O-H were reported to be 414, 347, 741, 351 and 464 kJ/mol[142].

According to these values, the average complete dissociation energy 

(ACDE) for PAAc can be calculated as follows: 

ACDE=C-H (3X414) +C-C (2X347) +C-O (1X351) +C=O (1X741) 

+O-H (1X464) =3492/8=436.5 kJ/mol 

For PMAc, the ACDE = C-H (5X414) +C-C (3X347) +C-O (1X351) 

+C=O (1X741) +O-H (1X464) =4667/11= 436.5 kJ/mol 

Thus, it may expect that the copolymerization of AAc and MAc will 

eventually results in copolymers with lower thermal stability than pure 

PAAc.

    Thermogravimetric analysis (TGA) was used to investigate 

experimentally the thermal stability of the hydrogels based on pure AAc 

and MAc monomers and the hydrogels based on different comonomer 

compositions of AAc and MAc. Figure 3 and Table 1 show the initial 

TGA thermograms and the weight loss percentage at different 

decompositions temperatures taken from the corresponding TGA 

thermograms.

It should be noted that all the hydrogels were prepared at a constant dose 

of 20 kGy of gamma irradiation.
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Table 1: Thermal Stability Expressed as Weight Loss and Temperatures

of the Maximum Rate of Reaction for AAc/MAC Hydrogels Prepared at 

20 kGy of Gamma Irradiation 

Weight loss (%) Tmax

(oC)500oC450oC400oC350oC300oC250oC

AAc/MAc composition 

(%)

43672.262.135.726.122.017.5100/0

38372.546.049.335.629.418.070/30

37782.871.064.544.130.118.550/50

37593.279.269.948.232.920.430/70

29693.981.971.249.634.222.30/100

T e m p e r a t u r e  ( o C )

0 1 0 0 2 0 0 3 0 0 4 0 0 5 0 0
0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

A A c  ( 1 0 0 % )
A A c / M A c  ( 7 0 / 3 0 % )
A A c / M A c  ( 5 0 / 5 0 % )
A A c / M A c  ( 3 0 / 7 0 % )
M A c  ( 1 0 0 % )

Figure 3: Initial TGA thermograms for hydrogels formed by gamma 

irradiation copolymerization of different mixtures of acrylic acid (AAc) 

and methacrylic acid (MAc) monomers at a dose of 20 kGy 
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It can be seen that all the polymer and copolymer hydrogels undergo 

multiple thermal decomposition behaviour. However, the major thermal 

decomposition occurs within the temperature range 300-450oC, in which 

the hydrogel based on pure AAc monomer displayed the highest thermal 

stability at the different heating temperatures.

Meanwhile, the hydrogel based on pure MAc monomer displayed the 

lowest thermal stability and the copolymer hydrogels of AAc/MAc 

showed thermal stability lower than PAAc and higher than PMAc 

hydrogel. However, the thermal stability was found to decrease with 

increasing the ratio of MAc monomer in the feeding comonomer 

solutions.

The derivative of the rate of reaction (DTGA) curves for the hydrogels 

based on AAc and MAc as well as AAc/MAc hydrogels is shown in Fig.

4. The temperatures at which the maximum values of the rate of reaction 

(Tmax) occur are presented in Table 1.  

These curves illustrate clearly the multiple stage thermal decomposition 

of the hydrogels based on either pure polymers or copolymers. The first 

Tmax can be assigned to the evaporation of the combined water molecules 

from the hydrogels, whereas the second Tmax is probably to the thermal

decomposition of the respective hydrogels. However, the values of Tmax   

are in accordance with the results of the percentage weight loss at 

different heating temperatures and the theoretical calculations based on 

the average complete dissociation energies. 
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Figure 4: Rate of reaction curves for hydrogels formed by 

gammairradiation copolymerization of different mixtures of acrylic 

acid(AAc) and methacrylic acid (MAc) monomers at a dose of 20 kGy
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3.1.5. Swelling behavior in water of AAc/MAc copolymer hydrogels  

Figures 5 and 6 show the swelling kinetics in water at 25oC for 

PAAc, PMAc and AAc/MAc copolymer hydrogels of different 

compositions formed at a constant dose of 20 kGy of gamma irradiation.  

It can be seen that the degree of swelling of all the hydrogels increases 

progressively within the initial time of swelling up to four hours and then 

increases greatly up to the equilibrium state. The swelling of AAc/MAc 

hydrogels displayed a systematic trend in accordance with compositions. 

The percentage swelling decreases with increasing the ratio of MAc 

monomer in the initial comonomer solutions due to the higher 

hydrophilic character of PAAc than PMAc. This behavior is illustrated as 

shown in Fig 6, in which the initial rate of swelling is plotted as a 

function of comonomer composition (the inset on the top of Fig. 6 . In 

this regard, the rate of swelling for pure hydrogels PAAc, PMAc and the 

hydrogels prepared from comonomer solutions composed of equal ratios 

of AAc and MAc was calculated to be 1.03x10-2, 1.39x10-3 and 4.17x10-2

swelling (%)/min, respectively.  

      This means that the initial rate of swelling of the hydrogel based on 

pure AAc is almost seven times that of the hydrogel based on pure MAc 

and two times that of the hydrogel based on equal ratios of each 

monomer. 

    Equilibrium water content (EWC) is an important quantitative factor to 

represent the absorbed water rather than the percentage swelling and it is 

defined as the mass of absorbed water at equilibrium with respect to the 

mass of swollen gel at equilibrium.
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Figure 5: Swelling kinetic of hydrogels formed by gamma irradiation 

copolymerization of different mixtures of acrylic acid (AAc) and 

methacrylic acid (MAc) monomers at a dose of 20 kGy 

EG1200358



- 60 -

Time of swelling (h)

0 1 2 3 4 5

Sw
el

lin
g 

(%
)

50

100

150

200

250

300

350

AAc/MAc composition (%)  

100/070/3050/5030/700/100In
iti

al
 ra

te
 o

f s
w

el
lin

g

0.000

0.004

0.008

0.012

Figure 6: Initial swelling kinetics  as a function of time for: ( ) PAAc, 

( ) AAc/MAc (70/30), ( )  AAc/MAc (50/50), ( )AAc/MAc (30/70), 

( )MAc   (100 ) hydrogels formed by gamma irradiation at a dose of 20  

kGy
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The value of EWC for pure PAAc and PMAc and the hydrogels based 

initially on comonomer mixtures containing 30, 50 and 70% of MAc is 

calculated to be 0.8519, 0.7024, 0.8507, 0.8447 and 0.8267, respectively. 

Therefore, the EWC values of AAc/MAc copolymer hydrogels (0.8507-

0.8267) are greater than values of water content values of human body. 

The AAc/MAc hydrogels exhibited fluid contents greater than that for 

living tissues by ~ 0.50 (or 50%), in which the EWC of human body is ~ 

0.30 (30%)[58].

3.1.6. Effect of Temperature on the Swelling of AAc/MAc Hydrogels  

   Figures 7 and 8 show the degree of swelling for the hydrogels based 

on AAc and MAc monomers and their copolymers at different 

compositions as a function of temperature at different time intervals of 

swelling.

 It can be seen that the degree of swelling of all the hydrogels increases 

with increasing temperature, regardless of time of swelling and hydrogel 

composition.  However, the degree of swelling of the hydrogels based on 

AAc monomer displayed the highest change in swelling with 

temperature. This change in the degree of swelling was found to decrease 

with increasing the ratio of MAc in the initial feeding solutions. The 

increase of the degree of swelling with increasing temperature may be 

explained as follows. At higher temperatures, the voids of the compact 

structure of gels is increased resulting in increasing the mobility of 

chains and hence facilitate the diffusion of water molecules from the 

surroundings.
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Figure 7: Swelling behaviour as a function of temperature for hydrogels 

formed by gamma irradiation of acrylic acid (AAc) and methacrylic acid 

(MAc) monomers at a dose of 20 kGy: ( ) AAc (100), ( ) AAc/MAc 

(70/30), ( ) AAc/MAc (50/50), ( ) AAc/MAc (30/70), ( ) MAc (100) 
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Figure 8: Swelling behaviour as a function of temperature for hydrogels 

formed by gamma irradiation of acrylic acid (AAc) and methacrylic acid 

(MAc) monomers at a dose of 20 kGy: ( ) AAc (100), ( ) AAc/MAc 

(70/30), ( ) AAc/MAc (50/50), ( ) AAc/MAc (30/70), ( ) MAc (100)
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3.1.7. Effect of pH on the Swelling of AAc/MAc Hydrogels 

    Figures 9 and 10 show the degree of swelling as a function of pH at 

different time intervals for PAAc, PMAc and their copolymer hydrogels 

at different compositions prepared at a constant dose of 20 kGy of 

gamma irradiation. It can be seen that neither pure polymers nor their 

copolymers were affected by changing the pH values from 2 to 4. 

However, a sudden increase in the percentage swelling was observed 

within the pH range 5-9. The swelling or deswelling of ionic hydrogels in 

response to change in basic and acidic solutions is mainly due to the 

developed difference in osmotic pressure inside and outside the gels. At 

low pH values, the copolymers are in a relatively collapsed state. As the 

pH of the medium increases, the carboxylic acid groups became ionized, 

the resulting electrostatic repulsion in the network causes the hydrogel to 

expand.
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Figure 9: Swelling behaviour as a function of pH values for hydrogels 

formed by gamma irradiation of acrylic acid (AAc) and methacrylic acid 

(MAc) monomers at a dose of 20 kGy: ( ) AAc (100), ( ) AAc/MAc 

(70/30), ( ) AAc/MAc (50/50), ( ) AAc/MAc (30/70), ( ) MAc (100) 
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Figure 10: Swelling behaviour as a function of pH values for hydrogels 

formed by gamma radiation of acrylic acid (AAc) and methacrylic acid 

(MAc) monomers at a dose of 20 kGy: ( ) AAc (100), ( ) AAc/MAc 

(70/30), ( ) AAc/MAc (50/50), ( ) AAc/MAc (30/70), ( ) MAc (100) 
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3.1.8. Dye Uptake by AAc/MAc Hydrogels 

     Figures 11-14 show the dye uptake of basic and direct dyestuffs by 

AAc/MAc hydrogels of different compositions after different intervals of 

time from dye solutions of different concentrations. Based on the dye 

uptake results, few points may be concluded: 

(1)  For dye uptake of basic dye, it can be seen that the uptake increases 

with increasing the dye concentration in the solution. The dye uptake 

decreases with increasing the ratio of MAc ratio in the initial feeding 

solution of preparation of hydrogels. In general, the dye uptake increases 

with increasing the sorption time. 

(2) Similar trends were observed in the case of the uptake of the direct 

dyestuff. However, the dye uptake of the basic dye is much greater than 

the uptake of the direct dyestuff.  In this regard, the dye uptake of the 

basic dye by the hydrogel based on pure AAc monomer is ~ two times 

that of the dye uptake of the direct dye. This is due to the higher affinity 

of the carboxylic groups of PAAc for the basic dye. It seems that the 

presence of the methyl groups of methacrylic acid retards the sorption of 

the dyes to some extends. 

EG1200358



- 68 -

Basic dye (1 h)

AAc/MAc ratio (%)

100/0 70/30 50/50 30/70 0/100

D
ye

 u
pt

ak
e 

(m
g/

l)

0

10

20

30

40

50

50 mg/l 
100 mg/l  
150 mg/l  
250 mg/l  

Figure11: Basic dye uptake after one hour by AAc/MAc hydrogels of 

different compositions from dye solutions of different concentrations 
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Figure12: Basic dye uptake after seven hour by AAc/MAc hydrogels of 

different compositions from dye solutions of different concentrations 
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Figure13: Direct dye uptake after one hour by AAc/MAc hydrogels of 

different compositions from dye solutions of different concentrations 
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Figure 14: Direct dye uptake after seven hour by AAc/MAc hydrogels of 

different compositions from dye solutions of different concentrations. 
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3.2. Gamma Radiation Synthesis and Characterization of Hydrogels 

Based on Poly(vinyl alcohol)/Poly (ethylene glycol) 

   Hydrogels are three-dimensional cross-linked polymeric structures, 

which are capable of swelling and absorbing large amounts of water or 

biological fluids allowing a wide usage in medical applications and the 

removal of toxic pollutants from wastewater.[57,59,111,114, and 118].

Hydrogels swell or shrink in aqueous solutions due to the association, 

dissociation and binding of various ions to polymer chains. Poly(ethylene 

glycol) (PEG) is a biocompatible polymer with excellent 

biocompatibility and no-toxicity; it is often blended or compounded with 

other polymers to be used in the field of drug-controlled release systems 

[86,144]. In this regard, films of chitosan/PEG blend with ciprofloxacin 

hydrochloride as model drug incorporated at different ratios were 

obtained by a casting/solution evaporation method [132]. The results of 

controlled release tests showed that the amount of ciprofloxacin 

hydrochloride released increased with an increase in the ratio of PEG and 

decreased as the amount of drug loaded in the film increased. Also, 

thermo-reversible gelation of block and star copolymers of PEG and poly 

(N-isopropylacrylamide) of varying architectures was prepared to study 

the structures and properties relationship[128]. The synthesis of 

responsive hydrogels by chemical initiation based on individual acrylic 

acid [125,126], poly (methacrylic)-g-poly (ethylene glycol) [36, 89, 109, 

128 and 129] and poly (methacrylic acid)/poly (N-isopropylacrylamide)

[66, 145 and 146], was reported in literature. 
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 Radiation synthesis of hydrogels has special technical advantages; not 

only the interaction between chains is through covalent bonds but also it 

will eventually solve the problem of sterilization, in which it allows the 

fabrication of non-contaminated products[7,8]. Considerable attention, 

however, has been devoted to responsive hydrogels, which show 

significant sensitivity to environmental stimuli such as temperature, pH, 

and electric fields[9]. In our previous work, the electrical response and 

pH-sensitivity characters of radiation-synthesized hydrogels based on 

acrylic acid/vinyl sulfonic acid [7], polyvinyl pyrrolidone/acrylic acid [8]

and acrylamido-2-methyl propane sulphonic acid [9] were investigated. 

The responsive characters of hydrogels based on various aqueous 

solutions of carboxymethyl cellulose/ acrylic acid (CMC)/AAc formed 

by electron beam irradiation [94] and hydroxyethylmethacylate 

/acrylamide (HEMA / AM) under the effect of gamma radiation [31] 

were studied.

The kinetic studies of swelling in water showed that HEMA/AAm 

hydrogels possess a temperature-responsive character within the 

temperature range 25-30oC, and showed a stepwise behaviour in the pH 

range 2-10, depending on composition. This part is undertaken to prepare 

hydrogels by gamma radiation cross-linking   of polymer mixtures 

composed of different ratios of poly(vinyl alcohol) (PVA) and 

poly(ethylene glycol) (PEG). Moreover, the effect of temperature and pH 

on the swelling of these hydrogels is also studied. The thermal stability 

of the prepared hydrogels is investigated by thermogravimetric analysis 

(TGA). Moreover, the uptake and release properties of Chlortetracycline 

HCl drug by the PVA/PEG hydrogels were also studied.
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3.2.1. Gamma Radiation Synthesis of PVA/PEG Hydrogels 

    The gel formation of PVA in solution by gamma radiation is well 

known, in which the mechanism of cross-linking   of polymers in solution 

by ionizing radiation was studied by Chaprio[23-25], Saaito[115,116]

and others[7-9]. The mechanism of cross-linking   of PVA in aqueous 

solution by gamma radiation can be briefly outlined as follows:  

(1) the polymer PVAH and the solvent HOH absorb the gamma radiation 

and go to the transient activated states PVAH* and HOH*, which 

dissociate causing the formation of the radicals PVA , HO and H

(2) The transfer of radical from water to polymer increases the 

concentration of PVA radicals and increases the rate of cross-linking   and 

gelation:  PVAH + (H or HO )  PVA  HOH and

(3) Two polymer radicals PVA  with m and n repeat units combine to 

form a cross-linked point:  

PVA m + PVA n  PVAm-PVAn

3.2.2. Effect of Synthesis Conditions on Gel Fraction   

Figure 15 shows the effect of PVA/PEG ratio on the gel fraction at 

different doses and by using different solvent volumes. It can be seen that 

the gel fraction of PVA/PEG hydrogels decreases greatly by increasing 

the ratio of PEG. The gel fraction of PVA was decreased from 98% with 

increasing the ratio of PEG to reach to 50 % for the hydrogels containing 

80% of PEG at a dose of 20 kGy. It can be seen also that, at any hydrogel 

composition, the gel fraction decreases with increasing irradiation dose.
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Figure 15 : Effect of PVA/PEG ratio on the gel fraction different doses  
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The increase of solvent volume results in a decrease in gel fraction, 

regardless of hydrogel composition as shown in Fig 16. The decrease of 

the gel fraction of PVA/PEG hydrogels observed by increasing the ratio 

of PEG is due to the relatively lower sensitivity of PEG towards gamma 

irradiation compared to PVA polymer. The higher dose results in 

degradation to PEG component and thus leads to a decrease in gel 

fraction. The decrease of gel fraction by increasing solvent volume can 

be explained on the basis that the probability of free radicals formed 

upon irradiation to interact became limited compared to small volume 

solutions. Therefore, it can be deduced that the appropriate condition to 

obtain hydrogels is 20 kGy and solvent volume of 5 ml.   
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Figure 16: Effect of PVA/PEG ratio on the gel fraction by using 

different solvent volumes 
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3.2.3. IR Spectroscopy 

The IR spectroscopy of thin disks of the hydrogel based on pure PAV 

and PVA/PEG of different compositions synthesized at a dose of 20 kGy 

of gamma radiation are shown in Figure17 . An absorption band due to 

C=O strctching of the ester group of the partially hydrolyzed PVA can he 

seen at ~1740cm-1.Also, the ansorption hands due to O-H stretching 

associated with the hydrolyzed PVA polymer can be observed at ahout 

3340cm-1.The absorption band which arises from C-H stretching of 

almost all organic compounds can be observed at2910cm-1.The IR 

spectra of PVA/PEG hydrogds over the range of compositions showed 

nearly the same charaderistic hands. It  is known thaI the existence of 

hydrogen bonding changes the position of the absorption band due to O-

H stretching from 3600 cm-1 for compounds of less extensive hydrogen 

bonding to~3330cm-1  for those with extensive hydrogen bonding. It is 

clear that both IR spectra for PVA or PVA/PEG hydrogels showed the 

existence of extensive hydrogen bonding in the range3000-3500cm-

1.However it seems that the PVA/PEG hydrogels possess relatively 

higher extents of hydrogen bonding than the hydrogel based onPVA. The 

most distinct peak in the spectra or the polymer networks was the 

absorption band of the carbonyl group (C=O) observed in the region 

of~1740cm-1 and the absorption band due to the O-H groups. These 

peaks contained information about the polymer complexes formed by 

hydrogen bond and electrostatic interactions. For the change in intensity 

of the absorption band due to OH it is difficult to reach all assessment 

because both components contain hydroxyl groups and extensive 

hydrogen bonding.
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Figure 17: IR spectra for hydrogels based on pure PVA and PVA/PEG 
of different compositions synthesized at dose of 20 kGy of -radiation
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3.2.4. Thermal Decomposition Behavior of PVA/PEG Hydrogels 

      The dissociation energies of the covalent bonds C-H, C-C, C=O, C-O 

and O-H were reported to be 414, 347, 741, 351 and 464 kJ/mol. 

According to these values, the average complete dissociation energy for 

PVA and PEG was calculated to be 400.7 and 403.7 kJ/mol, respectively.

Thus, it may expect that the blending of PVA and PEG will eventually 

results in copolymers with higher thermal stability than pure PVA.  

Thermogravimetric analysis (TGA) was used to investigate 

experimentally the thermal stability of the hydrogels based on pure PVA 

and PVA/PEG hydrogels of different composition. Figure 18 shows the 

initial TGA thermograms for pure PVA hydrogel PVA/PEG hydrogels of 

different ratios. It should be noted that all the hydrogels were prepared at 

a constant dose of 20 kGy of gamma irradiation.  It can be seen that all 

the hydrogels undergo multiple thermal decomposition behaviour. 

However, the major thermal decomposition occurs within the 

temperature range 300-500oC, in which the hydrogel based on pure PVA 

hydrogel displayed the lowest thermal stability at the different heating 

temperatures. However, the thermal stability was found to increase with 

increasing the ratio of PEG polymer in the initial solutions.
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Figure 18: TGA thermograms for PVA/PEG hydrogels of different 

ratios. Preparation conditions: Dose, 20 kGy; solvent volume, 10 ml 
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       The derivative of the rate of reaction (DTGA) curves for the 

hydrogels based on PVA and PVA/PEG hydrogels is shown in Fig. 19.

The temperatures at which the maximum values of the rate of reaction 

(Tmax) occur illustrate the multiple stage thermal decomposition of the 

hydrogels based on either pure PVA polymer hydrogel or PVA/PEG 

copolymer hydrogels. The first Tmax can be assigned to the evaporation of 

the combined water molecules from the hydrogels, whereas the second 

Tmax is probably to the thermal decomposition of the respective 

hydrogels.

    However, the values of Tmax   are in accordance with the results of the 

percentage weight loss at different heating temperatures and the 

theoretical calculations based on the average complete dissociation 

energies. In this regard, the Tmax for pure PVA hydrogel and PVA/PEG 

hydrogels based on 20, 50, 40, 60 and 80% of PEG was found to be 

353.9, 416.5, 426.3, 432.8, 435.0 and 467.7oC, respectively. The values 

of Tmax indicate clearly that the thermal stability of PVA/PEG copolymer 

hydrogels increases with increasing the ratio of PEG component in the 

initial solutions. 
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Figure 19 : Rate of reaction curves for PVA/PEG hydrogels of different 

ratios. Preparation conditions: Dose, 20 kGy; solvent volume, 10 ml 
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3.2.5. Swelling behavior of PVA/PEG hydrogels  

Figures 20 shows the swelling kinetics in water at 25oC for PVA and 

PVA/PEG copolymer hydrogels of different compositions formed at a 

constant dose of 20 kGy of gamma radiation. It can be seen that the 

degree of swelling of all the hydrogels increases progressively within the 

initial time of swelling up to six hours and then tends to level off up to 

the equilibrium state. The swelling of PVA/PEG hydrogels displayed a 

systematic trend in accordance with compositions. The percentage 

swelling increases with increasing the ratio of PEG polymer in the initial 

solutions due to the higher hydrophilic character of PEG than PVA.

3.2.6. Effect of Temperature on the Swelling of PVA/PEG 

Hydrogels

Figure 21 shows the degree of swelling for the hydrogels based on 

PVA and PVA/PEG of different ratios as a function of temperature. With 

the exception of the hydrogel based on pure PVA, the degree of swelling 

of all the PVA/PEG hydrogels increases with increasing temperature up 

to 40oC and then tends to decrease at 50oC. However, the degree of 

swelling of the hydrogels based on PVA/PEG displayed the highest 

change in swelling with temperature.  
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Figure 20: Swelling-time dependency of PVA and PVA/PEG hydrogels 

prepared at a dose of 20 kGy of gamma radiation
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Figure 21: Effect of temperature on the equilibrium swelling of 

PVA/PEG hydrogels of different ratios prepared at a dose of 20 kGy of 

gamma radiation  
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This change in the degree of swelling was found to increase with 

increasing the ratio of PEG in the initial solutions. The increase of the 

degree of swelling with increasing temperature may be explained as 

follows. At higher temperatures, the voids of the compact structure of 

gels is increased resulting in increasing the mobility of chains and hence 

facilitate the diffusion of water molecules from the surroundings.

3.2.7. Effect of pH on the Swelling of PVA/PEG Hydrogels 

Figures 22 shows the degree of swelling as a function of pH for the 

hydrogels based on PVA and PVA/PEG of different ratios prepared at a 

constant dose of 20 kGy of gamma irradiation. With the exception of the 

hydrogel based on pure PVA, the degree of swelling of all the PVA/PEG 

hydrogels showed an oscillating change with increasing pH value within 

the pH range 2-8. However, the swelling of PVA/PEG hydrogels 

increases with the ratios of PEG and with increasing pH up to 8. The 

swelling or deswelling of ionic hydrogels in response to change in basic 

and acidic solutions is mainly due to the developed difference in osmotic 

pressure inside and outside the gels. At low pH values, the copolymers 

are in a relatively collapsed state.  
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Figure 22: Effect of pH value on the equilibrium swelling of PVA/PEG 

hydrogels of different ratios prepared at a dose of 20 kGy of gamma 

radiation
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3.2.8. Drug Uptake and Release Properties of PVA/PEG Hydrogels 

      To evaluate the PVA/PEG hydrogels for the possible use in drug 

delivery systems, Chlortetracycline HCl (Sigma Chemical Co.,USA), 

which is mainly used in the treatment of Chlamydia, Vibro- cholera, 

Acnc vulgaris, Gonorrhea, Syphilis, Prostates and was used in this study 

( the chemical structure is shown below):

      Figure 23 and 24 shows the uptake of different concentrations of 

Chlortetracycline HCl drug by the hydrogels based on PVA and 

PVA/PEG of different ratios at room temperature and neutral medium. It 

can be seen that the hydrogel based on pure PVA showed the lowest 

uptake, while the hydrogels based on PVA/PEG of different ratios of 

PEG showed the highest uptake. However, the uptake of 

Chlortetracycline HCl drug by all the hydrogels reached the equilibrium 

uptake after four hours. It can be seen also that the uptake decreases with 

increasing the concentration of the drug.  
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Figure 23: Chlortetracycline HCl uptake by PVA/PEG hydrogels of 

different ratios at room temperature and neutral medium. All hydrogels 
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Figure 24: Chlortetracycline HCl uptake by PVA/PEG hydrogels of 

different ratios at room temperature and neutral medium. All hydrogels 

were prepared at a constant dose of 20 kGy of gamma radiation and drug 

concentration = 0.08 mg/l 
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 values by one gram of PVA/PEG hydrogels, 

The percentage release of Chlortetracycline HCl as a function of time 

carried out at different pH

prepared by gamma irradiation at a dose of 20 kGy, was studied as 

shown in Figs. 25-27. It can be seen that the release from the hydrogels 

increases with time to reach 100% after 3 hours. However, the release 

increases with increasing the pH value up to 3then decreases tell pH 7 

then increases again at pHs higher than 7. This suggests that the drug 

release properties of PVA/PEG hydrogels are pH-sensitive. This can be 

attributed to the opening up of pores and channels due to the increase of 

the swelling of networks.
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Figure 25: Chlortetracycline HCl release from PVA/PEG hydrogels of 

different ratios at room temperature and pH of 3. All hydrogels were 

prepared at a constant dose of 20 kGy of gamma radiation and drug 

concentration = 0.08 mg/l 
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Figure 26: Chlortetracycline HCl release from PVA/PEG hydrogels of 

different ratios at room temperature and pH of 7. All hydrogels were 

prepared at a constant dose of 20 kGy of gamma radiation and drug 

concentration = 0.08 mg/l
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Figure 27: Chlortetracycline HCl release from PVA/PEG hydrogels of 

different ratios at room temperature and pH of 9. All hydrogels were 

prepared at a constant dose of 20 kGy of gamma radiation and drug 

concentration = 0.08 mg/l 
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3.2.9. Antimicrobial Resistance of PVA/PEG Hydrogels 

     There has been a growing interest in recent times to develop materials 

with film-forming capacity and having antimicrobial properties which 

help improve material safety and shelf life. Antimicrobial materials are 

one of the most promising active systems that have been found highly 

effective in killing or inhibiting spoilage and pathogenic microorganisms 

that contaminate items.  As an industrial application, it is well-known 

that microbial alternations are responsible for the enormous losses in 

drugs and food and hence, over the years, various chemical and physical 

processes have been developed to extend shelf-life of these items.

   In the present work, the antimicrobial resistance of PVA/PEG 

hydrogels against different types of bacteria of PVA/PEG hydrogels was

investigated.  Figures 28-31 and Table 2 show photographs of the Agar 

plate testing and the measured inhibition zones formed around the 

PVA/PEG hydrogels samples. It is clear that the PVA/PEG hydrogels 

showed a relatively antimicrobial resistance against the bacteria 

Staphylococcus than the bacteria Escherichia Coli. Also, it can be seen 

that the antimicrobial resistance, in terms of the inhibition zone, 

increases with increasing the ratio of PEG polymer in the initial feeding 

solutions of the preparation on the hydrogels. However, increasing the 

ratio of PEG higher than 60% has no effect on the antimicrobial 

resistance of PVA/PEG hydrogels. 
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Pure PVA

PVA/PEG (80/20)

PVA/PEG (60/40)

Figure 28: Antimicrobial activity against Escherichia Coli (inhibition 

zone) for pure PVA and PVA/PEG hydrogels of different ratios 
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PVA/PEG (50/50)

PVA/PEG (40/60)

PVA/PEG (20/80)

Figure 29: Antimicrobial activity against Escherichia Coli (inhibition 

zone) for PVA/PEG hydrogels of different ratios 

EG1200358



- 99 -

Pure PVA

PVA/PEG (80/20)

PVA/PEG (60/40)

Figure 30: Antimicrobial activity against Staphylococcus (inhibition 

zone) for pure PVA and PVA/PEG hydrogels of different ratios 
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PVA/PEG (50/50)

PVA/PEG (40/60)

PVA/PEG (20/80)

Figure 31: Antimicrobial activity against Staphylococcus (inhibition 

zone) for PVA/PEG hydrogels of different ratios 
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Table 2: Antimicrobial resistance against different types of bacteria 

(inhibition zones) of PVA/PEG hydrogels of different ratios 

Inhibition zone (cm) 
PVA/PEG ratio(%) 

Staphylococcus Escherichia Coli

100/0 0 0.1 

80/20 0.4 0.2 

60/40 0 0.3 

50/50 0 0 

40/60 0 0 

20/80 0 0 
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3.2.9. Metal Uptake Properties of PVA/PEG Hydrogels

Figures 32-35 show the Energy dispersive x-ray (EDX) spectra of PVA 

and PVA/PEG hydrogels of different ratios loaded with nickel and 

chromium metals from solutions of different concentrations. Figures 34 

and 35 and tables 3,4 show the metal contents of PVA and PVA/PEG 

hydrogels of different ratios loaded with nickel and chromium metals 

from solutions of different concentrations as determined by Energy 

dispersive x-ray (EDX). From these curves, few points can be addressed:  

(1) The composition of PVA/PEG hydrogels is the determining factor in 

the sorption process and not the nature of metal ions. In this respect, the 

relation between the metal uptake and nature of PVA/PEG hydrogel is 

governed by the PEG polymer.

(2) The metal sorption by PVA and PVA/PEG hydrogels reached the 

equilibrium state after 5 hours, irrespective of the kind of metal ions. (3) 

The hydrogel based on PVA and PVA/PEG displayed higher sorption 

affinity for CrP

+3
P ions than Ni P

+2
P ions. These trends can be explained based 

on the electrochemical series activity. In this context, CrP

+3
P is beneath 

hydrogen in the direction of increasing strength of oxidation with 

standard reduction potential of +0.337 volts.  Therefore, the OH groups 

of PVA or PEG are easily replaced by CrP

+3
P. However, Ni P

+2
P metals are 

above hydrogen in the electrochemical series activity in the direction of 

increasing strength of reduction with standard reduction potentials of -

0.25 volts. Also, the ionic radius of Cr P

+3
P (0.6 A) is relatively small than 

that of (NiP

+2
P), which facilitates the diffusion onto the hydrogels. 
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PVA (100%)

PVA/PEG (50/50%)

PVA/PEG (20/80%)

Figure 32: Energy dispersive x-ray (EDX) spectra of PVA and 

PVA/PEG hydrogels of different ratios loaded with nickel metal from 

solution concentration of 100  mg/l 
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PVA (100%)

PVA/PEG (50/50%)

PVA/PEG (20/80%)

Figure 33: Energy dispersive x-ray (EDX) spectra of PVA and 

PVA/PEG hydrogels of different ratios loaded with nickel metal from 

solution concentration of 250 mg/l 
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PVA (100%)

PVA/PEG (50/50%)

PVA/PEG (20/80%)

Figure 34: Energy dispersive x-ray (EDX) spectra of PVA and 

PVA/PEG hydrogels of different ratios loaded with chromium metal 

from solution concentration of 250 mg/l 
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PVA (100%)

PVA/PEG (50/50%)

PVA/PEG (20/80%)

Figure 35: Energy dispersive x-ray (EDX) spectra of PVA and 

PVA/PEG hydrogels of different ratios loaded with chromium metal 

from solution concentration of 100 mg/l 
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Figure 36: Metal contents of PVA and PVA/PEG hydrogels of different 

ratios loaded with nickel metal from solutions of different concentrations 

as determined by Energy dispersive x-ray (EDX)
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Figure 37: Metal contents of PVA and PVA/PEG hydrogels of different 

ratios loaded with Chromium metal from solutions of different 

concentrations as determined by Energy dispersive x-ray (EDX)
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Table 3: Metal contents of PVA and PVA/PEG hydrogels of different 

ratios loaded with nickel metal from solutions of different 

concentrations as determined by (EDX) 

250 mg/l 100 mg/l 

NickelOxygenNickelOxygenPVA/PEG

(%) 

13.0186.9916.5384.00PVA (100%) 

17.1182.8919.9586.0550/50

19.2388.2720.5288.2720/80

Table 4: Metal contents of PVA and PVA/PEG hydrogels of 

different ratios loaded with Chromium metal from solutions of 

different concentrations as determined by (EDX) 

250 mg/l 100 mg/l 

Chromium OxygenChromiumOxygen
PVA/PEG (%)

44.0855.9238.0461.96PVA (100%) 

48.0357.9740.4262.4850/50

54.5865.5246.3372.2720/80
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English Summary 

   The present work is undertaken to prepare different 
hydrophilic hydrogels by gamma radiation copolymerization to 
be used in industrial applications. The results obtained 
throughout this work may be presented through the following 
parts:
U(I) Gamma Radiation Synthesis and Characterization of 
Hydrogels Based on Acrylic Acid (AAc) and Methacrylic Acid 
(MAc) U

     In this part, hydrogels based on different ratios of acrylic 
acid (AAc) and methacrylic acid (MAc) monomers were 
prepared by gamma radiation copolymerization. The hydrogels 
were characterized by IR spectroscopy and thermogravimetric 
analysis (TGA). The effect of temperature and pH on the degree 
of swelling of AAc/MAc hydrogels was also studied. As an 
application in the field of the removal of toxic materials from 
wastewater, the dye uptake of different dyestuffs will be 
studied. The followings are the important results obtained in this 
part:
(1) The gel fraction of AAc/MAc hydrogels decreases slightly 
with increasing the ratio of MAc.
(2) IR spectroscopic analysis showed the presence of hydrogen 
bonding, which might be formed between the hydroxyl groups of 
AAc and MAc.
(3) Thermogravimetric analysis (TGA) showed that the hydrogel 
based on pure AAc monomer displayed the highest thermal 
stability at the different heating temperatures. Meanwhile, the 
hydrogel based on pure MAc monomer displayed the lowest 
thermal stability and the copolymer hydrogels of AAc/MAc 
showed thermal stability lower than PAAc and higher than 
PMAc hydrogel. 

EG1200358



- 111 -

(4) The degree of swelling of all the AAc/MAc hydrogels 
increases progressively within the initial time of swelling up to 
four hours and then increases greatly up to the equilibrium state. 
The swelling of AAc/MAc hydrogels displayed a systematic 

trend in accordance with compositions. The percentage swelling 
decreases with increasing the ratio of MAc monomer in the 
initial comonomer solutions.  
(5) The degree of swelling of all the hydrogels increases with 
increasing temperature, regardless of time of swelling and 
hydrogel composition.  This change in the degree of swelling was 
found to decrease with increasing the ratio of MAc in the initial 
feeding solutions.
(6) Neither pure polymers nor their copolymers were affected by 
changing the pH values from 2 to 6. However, a sudden increase 
in the percentage swelling was observed within the pH range 7-9.
(7) It was found that the uptake of the basic dye is much greater 
than the uptake of the direct dyestuff.  In this regard, the dye 
uptake of the basic dye by the hydrogel based on pure AAc 
monomer is ~ two times that of the dye uptake of the direct dye.  
U(II) Gamma Radiation Synthesis and Characterization of 
Hydrogels Based on Poly(vinyl alcohol)/Poly (ethylene glycol)

In this part, hydrogels based on different ratios of poly (vinyl 
alcohol) and poly(ethylene glycol) (PVA/PEG) were prepared by 
gamma radiation crosslinking. The thermal stability of the 
hydrogels was determined by thermogravimetric analysis (TGA). 
The effect of temperature and pH on the degree of swelling of 
PVA/PEG hydrogels was also studied. As an application in the 
field of the removal of toxic materials from wastewater, the metal 
uptake will be studied. Also, the use of PVA/PEG hydrogel as 
drug delivery system will be investigated. The results obtained 
through this part may be summarized in the following points:   
(1) The gel fraction of PVA/PEG hydrogels decreases greatly by 
increasing the ratio of PEG. At any hydrogel composition, the gel 
fraction decreases with increasing irradiation dose. The 
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appropriate condition to obtain hydrogels is 20 kGy and solvent 
volume of 5 ml.   
(2) Thermogravimetric analysis (TGA) showed that all the 
hydrogels undergo multiple thermal decomposition behaviour. 

However, the hydrogel based on pure PVA hydrogel displayed 
the lowest thermal stability at the different heating temperatures. 
However, the thermal stability was found to increase with 
increasing the ratio of PEG polymer in the initial solutions.  
(3) The degree of swelling of all the hydrogels increases 
progressively within the initial time of swelling up to six hours 
and then tends to level off up to the equilibrium state. The 
percentage swelling increases with increasing the ratio of PEG 
polymer in the initial solutions due to the higher hydrophilic 
character of PEG than PVA.
(4) With the exception of the hydrogel based on pure PVA, the 
degree of swelling of all the PVA/PEG hydrogels increases with 
increasing temperature up to 40P

o
PC and then tends to decrease at 

50 P

o
PC.

(5) With the exception of the hydrogel based on pure PVA, the 
degree of swelling of all the PVA/PEG hydrogels showed an 
oscillating change with increasing pH value within the pH range 
2-8. However, the swelling of PVA/PEG hydrogels increases 
with the ratios of PEG and with increasing pH up to 8.
(6) The release of Chlortetracycline HCl drug from the hydrogels 
increases with time to reach 100% after 3 hours, regardless of the 
pH value. However, the release increases with increasing the pH 
value. This suggests that the drug release properties of PVA/PEG 
hydrogels are pH-sensitive.
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