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ABSTRACT

The objective of this study is to prepare interpenetrating polymer net works to be used 

in adsorption of heavy metals from water. (Gum Arabic (GA) /Acrylamide (AAm) )  

interpenetrating polymer net works (IPN) have been prepared at different compositions 

where Acrylamide varies between 5, 10, 15, and 20% w/w in 30% w/w Gum Arabic 

solution. These solutions have been irradiated in Co-60 gamma source at different 

doses. The percent conversion was determined gravimetrically.

The swelling results of (GA/AAm) IPN hydrogels in solutions of desired pH at a 

temperature of 25°C showed maximum swelling in water at pH 4.75 and the diffusion of 

water within (GA/AAm) IPN hydrogels was found to be of non-fickian character at the 

stage of swelling.

The maximum weight loss temperature and half life temperature for GA, PAArn and 

(GA/AAm) IPN hydrogels were found from the thermal analysis. The results showed 

that the weight loss of Hydrogels is 374°C. This degree was between Gum Arabic 

317°C and Acrylamide 400 °C.

In the adsorption experiments, the efficiency of (GA/AAm) IPN hydrogels to adsorb 

copper ions from water was studied. (GA/AAm) IPN hydrogels showed maximum 

adsorption for different aqueous solutions of copper at pH 5.00. Adsorption isotherm 

was constructed for (GA/AAm) IPN -copper ion. Linear type in adsorption 

classification system was found.

The Complexation between GA and copper solution was investigated and their complex 

stoichiometries were calculated. The result shows that the percent of Gum Arabic to 

copper ions is 2:1.The spectroscopic analysis of copper, GA, AAm, and (GA/AAm) 

IPN hydrogels was performed.

The optimum ratio used to synthesize (IPN) hydrogels was found to be: Gum Arabic 

30% and Acrylamide between 10% and 15% and the best dose is 10 kGy.

The efficiency of the (IPN) hydrogels to adsorb heavy metal ions was found to be 

47mg/g of hydrogels.
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.5.00 L r^ JJ -^ ' 4iliL ]̂l jjSijjll 2>* j ' j 1*

t> c-iUJaVl jL»jI 5̂. 1:2 2ĵ  o n  u'
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1. INTRODUCTION
Industrial waters and even natural waters are often contaminated bv toxic or sometimes

w

carcinogenic impurities causing ecological disequilibrium and severe public health 

problems (Gurgel et.al., 2008). For instance heavy metals contamination in water is a 

serious problem due to toxicity, long persistence, bioaccumulation and 

biomagnifications in food chain of heavy metal (Vaughan et.al., 2011) .The most 

common hazardous metal found in industrial wastewater are Copper, Cadmium, lead. 

Nickel, Chromium, and Zinc. Not only cationic but also anionic impurities may cause 

environmental hazard e.g. arsenic, cyanide, pesticide, and organic dyes or in larger 

amounts of phosphate. The valuable water contaminants e.g. cadmium recovered from 

some industrial wastewater, uranium recovered from seawater (concentration.3ppm) or 

from the wastewater of processing or reprocessing factories can serve as a stock metal 

for industrial uses. (Othman, et. ah, 2009).

Various methods such as chemical precipitation, oxidation, reduction, coagulation, ion 

exchange, reverse osmosis, solvent extraction, flocculation, membrane separation, 

filtration, evaporation, electrolysis, and adsorption have been used to remove and 

recover toxic contaminants from industrial effluents (Anirudhan et. ah, 2006). A series 

of advantages and disadvantages are associated with each of these techniques. Among 

all the treatment processes mentioned, adsorption using the chelating properties of 

adsorbents is one of the most effective and economically feasible alternative method 

(Petemele et.ah, 1999) Several adsorbents have been developed for removing heavy 

metal ions from aqueous solutions e.g. different types of clays activated carbon 

,chelating resins amidoxime or iminodiacitic acid group ,simple and binary metal oxides 

activated sludge bone char, canola meal, red mud and metallurgical slag. Conventional 

adsorbents such as synthetic cation exchange resins are often non-renewable and non- 

biodegradable. Natural materials are renewable biodegradable cheap and available in 

large amounts (Connell et.al., 2008). These materials can be chemically modified for 

enhancing metal binding ability by introduction of new functional group (Liu and Sun, 

2008). There is an intensive research nowadays for their application for hazardous 

contaminant adsorption for aqueous solution.

The application of radiation for processing synthetic polymers to introduce structural 

changes by crosslinking and special performance characteristics is now a thriving 

industry. In contrast, treatment of polysaccharide and other natural polymers with
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ionizing radiation either in the solid state or in aqueous solution leads io 

(Blake et. al., 1988). Recently it has been shown that irradiation of highly 

solution (paste-like state) of carboxymethyl cellulose or gum Arabic 

crosslinking without any additive (Wach et.ah, 2003).

aegradaiion

concentrated

can lead to

Natural polymers like cellulose, dextrin, chitosan, pysilium, guar gum and gum Arabic 

have been of great importance in their raw fonn in the past. But from the commercial 

point view they faced many drawbacks including instability and difficulty in processing. 

Grafting of these natural polymers (Mehr et.al.,2005) with different vinyl monomers 

such as acrylonitrile, acrylic acid, methacrylic acid, methylmethacrylate, and 

Acrylamide has been of great interest for researchers as grafting improves the properties 

of natural polymer without causing any drastic change in their basic properties and thus 

expands their area of applicability (Jabbars,and Nozari, 1999). Grafted polymers find 

application in various fields from food additives to agriculture and the biomedical sector 

(Guven et. al., 2000). In addition to this, grafting includes stimuli responsiveness in 

most of these polymeric materials so they respond to a large number of external factors 

like pH, temperature, ionic strength, and electric fields, which is further helpful in 

utilizing these materials for wider scale applications (Chem et. al., 1999).

Gum Arabic is one of the most useful plant gums; it is extracted as an amorphous 

extrudate from the stem of acacia Arabica, found in tropical and subtropical areas of the 

world. Gum Arabic is a highly branched polysaccharide consisting of B-(l-3) galactose 

backbone (36-42%) having linked branches of arabinose (24-29%) and rhamnose (12- 

14%) with glucuronic acid (16-17%) as terminating units (Dror et. ah. 2006). It is 

available in the form of round lumps, granules, thin flakes, and powder, all of which 

may be white or slightly yellowish in color. It is a natural polysaccharide of commercial 

importance that finds application in confectionary, flavorings, beverages, 

pharmaceuticals, cosmetics, and inks due to its extraordinary adhesive, suspending 

stabilizing and emulsifying properties. Grafting and crosslinking network formation of 

gum Arabic with different monomers and cross-linkers under variable synthetic 

conditions constitute an important method to develop a range of polymers with 

improved properties and Application. (Mehr, et. ah, 2006).
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Arabic
»  *polymeric interpenetrating network, using ionizing radiation ana X-

N.methylenebisacrylamide as cross-linker.

1.1. Radiation and materials

The definition of radiation is, typically, electro-magnetic waves or corpuscular beams 

that can ionize material (in a typical case, air), that is, eject of an electron. The examples 

of radiation include, alpha-ray (nucleus of helium He from heavier radioisotope), beta- 

ray (electron from radio-isotope), gamma-ray (electro-magnetic wave resulted from 

transition between energy-levels of a nucleus), X-ray (electro-magnetic w ave resulted 

from transition between energy-levels of an atom), neutron beam typically upon fission, 

electron beam (accelerated with a particle-accelerator), ion beam (such as proton, 

helium and other heavier nuclei accelerated with a particle-accelerator), etc. .Among 

them, from the viewpoint of radiation application (radiation processing), the most 

widely used radiations are gamma-ray and electron beam.

1.2. Gamma-ray source

Among many gamma-ray emitting radio-isotopes, Co-60 gamma ray source is most 

widely used, followed by Cs-137 gamma ray source, but the share of Co-60 is dominant 

in quantity. Co-60 has the half-life of 5.27 years, and upon disintegration it emits two 

photons of energies of 1.17 and 1.33 MeV. The pellets of Co-60 are sealed in a metal 

rod and the rods are arranged in a plane or cylindrical shape. The sources are stored in a 

pool and it needs an irradiation room having thick shielding typical illustration of the

Co-60.

1.3. Interaction o f radiation with materials

Depending on the energy of radiation, the interaction scheme varies from implantation 

(when the energy of incident electro-magnetic wave / particle is low), sputtering, 

excitation, ionization, and nuclear reaction (when the energy of incident radiation is 

sufficiently high). In radiation processing, ionization and excitation are most 

fundamental events. In the case of Co-60 gamma-ray irradiation, secondary electrons 

are ejected through Compton effect, and these scattered secondary electrons can interact 

with material. In the case of electron beam irradiation, the incident electrons can interact 

with material directly. High energetic (incident and secondary) electrons interact
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directly or indirectly with electrons of irradiated material through Coulomb interaction, 

and results in ionization and excitation. Ionized or excited species can form the radical, 

chemically reactive atoms or molecules having an unpaired electron, and the radicals 

induce subsequent reactions. Such series of radiation-induced chemical the radicals 

induce subsequent reactions. Such series of radiation-induced chemical reactions 

construct the field of so-called "radiation chemistry". In the case of polymer, the final 

events are cross-linking (new bond formation between two polymer chains), 

degradation (fragmentation into two or more smaller pieces, denoted as scission as 

well), un-saturation (formation of double bond, other functional bonds etc), graft- 

polymerization. This scheme is illustrated in Figure 1-1. In this guideline on radiation 

processing, only cross-linking and degradation are of interest among them (Hisaaki, 

et.al., 2009).

F i g , ( 1 . 1 )  s c h e m e  o f  r a d i a t i o n  e f f e c t s  o f p o l y m e r s ;  C r o s s l i n k i n g  ( t o p )  d e g r a d a t i o n  

( b o t t o m )

1.4. Radiation processing o f polymers

Radiation processing was used early for polymer modification. The irradiation of 

polymeric materials with ionizing radiation (Gamma rays, X-rays, accelerated electron, 

ion beams) lead to the formation of very reactive intermediates, free radicals ions and 

excited states. These intermediates can follow several reaction paths that result in 

disproportion, hydrogen abstraction arrangement and /or the formation of new bonds. 

The degree of these transformations depends on the structure of the polymer and the 

condition of treatment before, during and after irradiation.

The control of all these factors facilitates the modification of polymers by radiation 

processing. Nowadays, the modification of polymers covers radiation cross-linking, 

radiation induced polymerization (graft polymerization and curing) and the degradation
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of polymers. The success of radiation technology for the processing of synthetic 

polymers can be attributed to two reasons, namely the easiness of processing in various 

shapes and sizes and, secondly, most of these polymers undergo cross-linking reaction 

upon expose to radiation. On the other hand, naturally occurring polymers were difficult 

to process and degrade when exposed to high energy radiation. In recent years, natural 

polymers have been looked at again with renewed interest because of their unique 

characteristics like inherent biocompatibility, biodegradability and easy availability.

A further progress in natural polymer processing is foreseen. Many processes of 

radiation treatment of natural polymers, although known for a long time, have not yet 

been commercialized, either because of the high cost of irradiation (high dose) or 

because of the reluctance on part of the industry to adapt the radiation technology. It is 

therefore of importance to consider combining the beneficial effects of conventional 

technology along with radiation technology to overcome such problem. Recently, some 

products based on radiation processed cellulose derivative or chitosan have been 

developed and introduced to the market.

A significant difference exists between electron beam and gamma processing of 

polymers, which is related to dose rate and often to oxidative degradation of material at 

or near the surface for reaction conducted at low dose rates. The introduction of new X- 

ray (Bremsstrahlung) powerful radiation source opens new, until now unexplored field 

of polymer processing as well. Among the materials treated by radiation, polymers 

comprise the biggest fraction (Chemielewki, et. al., 2005).

1.4.1. Advantages of radiation processing over other chemical

ethods

Primarily, radiation processing concerns problem weight increase by radiation induced 

cross-linking, or molecular weight decrease by degradation caused by scission or both. 

Secondarily, it concerns those reactions where no signification change in molecular 

weight will be observed. Radiation cross-linking appears to manifest in many industrial 

processes and fundamentally to conventional cross-linking processes (based on 

chemical) are the main contenders of radiation technology.

1 -Peroxide cross-linking

2-Silane cross-linking
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Peroxide cross-linking uses a compound containing special peroxide and antioxidant 

during the extrusion process followed by vulcanization and is carried out under pressure 

of 12-20 bar and products are heated with a steam or dry nitrogen gas medium or direct 

contact heating system. Silane cross-linking takes place separately from the real cable or 

heat shrinkable product extrusion. Silane compound contains grafted polyethylene and 

catalysis. The extruded products are heated in a heated tank utilizing steam or water as 

the heat medium. The cross-linking timer generally depends on several factors, namely 

on the thickness of the products, relative humidity, temperature and diffusion constants 

of the material being processed.

Radiation cross-linking offers advantages or possibilities in special applications over 

one or both of the chemical alternatives. These are briefly enumerated here.

(a) Radiation cross-linking occurs at room temperature or at temperature up to about 

60°C. Therefore, there are no limitations regarding the use of heat sensitive additives in 

the polymer.

(b) Radiation cross-linking is technically an economically feasible as pure physical 

process i.e. without the addition of sensitizers there are no residues of alien substance 

needed for the chemical process, or of their decomposition products. Such residues can 

restrict the applicability of the cross-linking products in areas like food packaging and 

medical instruments or can impair properties, which are essential for special uses.

(c) The separation of the shaping process of product from the cross-linking step in the 

case of radiation application leads to a substantial reduction of material losses, because 

the quality control can already be performed before the cross-linking is done. The 

material can be recycled if any part of the production does not meet the specification. 

Recycling is no more possible for cross-linking products, as the original thermoplastic 

material does not melt.

1.4.2. Direct and indirect effect of ionizing radiation on water in 

gelation

When aqueous polymer solution is subjected to ionizing mdiation reactive intermediates 

are formed on the macromolecule. This can be from direct action of radiation on the 

polymer chains and from indirect effect, i.e. reaction of the intermediate generated in 

water with polymer molecule. Since the fraction of energy adsorbed by each component
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of the polymer- water system proportional to it is electron fraction that can be well 

approximated by the weight fraction, in dilute and moderately concentrated polymer 

solution the indirect effect dominates. The input of two effects to yield polymer radicals 

is usually even more shifted to indirect effect than it results from the weight fraction, 

since the yield of radicals in water is in general, higher than in pure polymer itself.

It has been well established (Sonntag, 1987) that exposure of water to ionizing 

radiation gives rise to the species shown in equation (1-1) subsequent reactions (1.2-1.7) 

lead to the appearance of species such as HO2/O2 and O 2 -For high linear energy transfer 

(LET) radiation oxygen appears to be produced within the tracks by other reactions. 

One suggested possibility is the bimolecular decay excited water molecules (1.1)

(Debbie. 1995).

rad
H 2 0  —> H 7 , 0 + , e - , H - , H 2 0  ,  O H - (1.1)
O H -  +  O H - —> h 2o 2 (1.2)

O H -  + e ~ q -» 0 H ~ (1.3)

0 H -  +  H -  - » H 2 0
(1.4)

H +  + -» H - (1.5)

H 2 0 *  -> O H  + H - (1.6)

H  +  H - (1.7)

The three main reactive species formed in water upon irradiation, hydrated electrons, 

hydroxyl radicals and hydrogen atoms. Electrons exhibit low reactivity towards simple, 

hydrophilic hydrogel forming polymers. This is an expected behavior, since they 

usually do not contain functional groups being efficient scavengers of hydrated 

electrons. Rate constants of these reactions can be estimated by pulse radiolysis 

technique, by following the change in the life time of hydrated electrons with increasing 

polymer concentration (Rosiak. et. al., 1995, Buxton et. al., 1998).

Hydroxyl radicals have been shown to be main species responsible for reactivity 

transfer from water to polymer chain. They abstract hydrogen atom from macro 

molecules, thus macro radicals are formed. Other reaction mechanisms may also occur.
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e.g. addition to double C=C bond, if such bonds are presented tor forming during 

irradiation, e.g. due to disproportionation) in polymer structure. The role in the 

formation of reactive species on polymer chain is often neglected, and it is common at 

least in laboratory experiment, to saturate solution with nitrous oxide that converts 

electron into hydroxyl radicals, thus doubling the yield of these useful intermediates 

The basic reactions were investigated some forty years ago and showed that in aqueous

linking is

apart

network structure can be reduced from a few kGy or tens of kGy in polymer to well 

blow one-tenth of this figure as the polymer concentration is lowered to about 1%. This 

leaves a greatly swollen network structure of only a few percent polymer networks. 

However, this should not be considered as an increased yield or higher total G value 

since the total amount of cross-linking polymer per (g) of irradiated solution is 

correspondingly deduced. One is transferring energy observed in water via reactive 

species to a much smaller amount of polymer (Charlesby, 1985. 1995).

For many polymer solutions, a remarkable change occurs at a polymer concentration of 

less than about 1% when no crosslinks appear to take place and no swollen polymer 

network is formed. The explanation is that crosslink can occur between units within the 

same macromolecule. At low concentration the latter predominates and an increasingly 

tight network is formed, consisting effectively of a swollen and extremely fine separate 

powder, i.e. a microgel possibly of polymeric dimensions. One could therefore use the 

technique for modification of polymeric but also of biopolymeric system. It cans 

important information on molecular configuration in solutions and the effect of 

conditions such as pH. Nature of solvent, of additives, of side groups and even of 

molecular weight, can thereby be studied in a relatively simple manner by measuring 

the doses at which this apparent change from solution to gel or to microgel take place. 

At further extension might be to form these microgels at a very low concentration and 

then by reducing the water content link these microgel particles together into a more 

open structure with a further radiation doses. This would produce a new structure of a 

more complex character (Charlesby, 1995).
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1.5. Hydrogels

Known for the past several years, hydrogels (Wichlerle et.al., 1960) are insoluble cross- 

linked hydrophilic polymers, swollen in aqueous medium. Hydrogel can also be 

defined as three dimensional cross-linked polymeric networks with ability to hold great 

amount of water within their porous structure. The water holding capacity of hydrogel 

arises mainly due to the presence of hydrophilic groups (amido, amino, carboxyl, 

hydroxyl groups etc) in the polymer chains. Hydrogel water content may vary from 

10%to thousands of times of the weight of dry polymer network (Tanaka, 1987). 

Hydrogel can be classified in many ways. Generally all polymeric gels are either natural 

(e.g. cross-linked guar gum and collagens) or synthetic ones. On the other hand, 

hydrogels can be divided into two groups depending on cross-linking nature. If the 

cross-linking reaction involves formation of covalent bonds between polymer chains 

(Park et. al., 1993), hydrogels are termed as permanent ones. For example various 

hydrogel based on the acrylic monomers. If the hydrogel are formed due to physical 

interaction (hydrogen bonding, ionic interaction, Vander Waals interaction, and 

molecular entanglement) among the polymeric chains, the hydrogel are termed as 

physical hydrogel (Kamath et. al.,1993, and Hoffman, 2002).

1.5.1. Classification of Hydrogels

1.5.1.1. Environmentally-sensitive Hydrogels

Hydrogels can also be classified as conventional and stimulus responsive ones 

(Kashyap et. al., 2005). Conventional hydrogels are the cross-linked polymer chain 

which absorb water from aqueous medium without any change in equilibrium swelling 

with change in pH, temperature, electric field or other external stimuli of environment; 

while the stimulus responsive (smart or intelligent) Hydrogels are polymeric network 

which rapidly change their equilibrium swelling with change of environment. Many 

physical and chemical stimuli can be applied to induce different responsive of smart 

hydrogel system. Physical stimuli include temperature, pressure, light, magnetic, and 

sound fields. Chemical or biochemical stimuli comprise pH, ionic strength, ions or 

specific ions or specific molecular recognition events (Hoffman, 1997, and Bae, 1997). 

Classification of environmental stimuli responsive hydrogel is based on external stimuli 

type.
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1.5.1.2. Thermo-sensitive Hyrdrogels

Thermo-sensitive hydrogels are best studied polymer systems (Hirotsu. 1993). They are 

characterized by the presence of hydrophilic groups, such as methyl, ethyl and propyl 

groups. One of the most familiar polymers of this type is poly (N-lsopropyi 

Acrylamide) or PNIPAAM. PNIPAAM is characterized by lower critical solution 

temperature (LOST) ~32C in water, cross-linked hydrogels, based on it is collapse 

above this temperature (Gariepy et. al., 2004). Large numbers of publications were 

devoted to studying properties of thermo-sensitive hydrogel. Which exhibit phase 

separation properties in aqueous solution when the temperature is increased above a 

lower critical solution temperature.

Thermo-sensitive hydrogels can be divided into negatively thermo-sensitive, positively 

thermo-sensitive and thermally reversible gels (Qui et. al., 2001). Some hydrogel based 

on interpenetrating polymer network (IPN) swell at high temperature and shrink at low 

temperature, e.g. IPNs based on polyacrylic acid and polyacrylamide or (AAm-co- 

BMA) (Katano et. al., 1991). Such hydrogel are called positively thermo-sensitive. 

Negatively thermo-sensitive hydrogel include hydrogels based on poly (NIPAAm-co- 

BMA) (Gutowska et. al., 1992). And IPN on the basis of PNIPAAm and poly (tetra 

ethylene glycol). Such hydrogels swell when temperature decreases and Deswell when 

temperature increases.

1.5.1.3. pH-sensitive Hydrogels

Polymers of acrylic acid (AA) or methacrylic acid (MAA) display sharp sensitivity to 

external pH (Seno et. al., 1991) with capability of controlling solute permeation by the 

corresponding change in swelling behavior. During polymerization, the acry late double 

bond is activated to form radical and propagate to form the polymer chain. Two distinct 

pendant groups, the methyl group and carboxylic acid group, are the side groups of 

carbon-carbon backbone. At high pH value, the carboxylic acid side groups become 

ionized, creating a repulsive force, which examples cross-linked PMAA networks. In 

acidic solution the carboxylic groups maintain the COOH structure, and the polymer 

remains in a collapse state.
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1.5.2. Interpenetrating polymer networks

Combination of two polymers, in network form, of which at least one is synthesized 

and/or cross-linked in the immediate presence of the other without any covalent bonds 

between them. These polymers are closely related to other multi component material, 

containing completely entangled chains, such as polymer blends, grafts and block. But, 

the IPN can swell in solvent without dissolving and can suppress creep and flow. Most 

IPNs are heterogeneous systems comprise of one rubbery phase and one glassy phase 

which produce a synergetic effect yielding either height impact strength or 

reinforcement, both of which are dependent on phase continuity. Depending of the 

preparation method IPNs can be classified into:

Sequential BPN: in sequential IPNs, the polymer network 1 is synthesized first.
4

Monomer 2 plus cross-linking agent initiator are swollen into network 1 and 

polymerized in situ.

Si (SIN): The monomers and/or prepolymers

plus cross-linking agent and initiators of both networks are mixed followed by 

simultaneous polymerization via- non-interfering reaction.

Latex IPN: The polymers are made in the form of lattices. Thus, each particle 

constitutes a micro-IPN usually, a core -shell structure develops in latex IPNs.

Gradient IPN: In gradient IPNs the overall composition or cross-linking density of the 

material varies from location to location on the macroscopic level. One way of 

preparing these materials involves partial, swelling of polymer network 1 by the 

monomer 2 mix, followed by rabid polymerization before diffusional equilibrium take 

place. Thus, a film can be made with polymer network 1 predominantly on one surface, 

and polymer network 2 on the other surface, with a gradient composition existing 

through the interior.

Thermoplastic IPN: These materials utilize physical rather than chemical cross-links. 

Such cross-links may involve chain entanglement and a crystalline region. As 

thermoplastics, they may flow at elevated temperature.
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I.5.2.I. Characteristics and applications of IPN Hydrogels

Since in IPNs really there is no chemical bonding between the two networks involved in 

the system, each network should retain its properties. The behavior of the IPN should be 

combination of two networks. Thus, an IPN property can be tuned by simply changing 

the composition of each component. The molecular interpenetration results in physical

crosslinkinu

further lead to higher mechanical strength of the material.

IPNs made from conventional polymers have been used as ion-exchange resins, sound 

and vibration damping materials. Sheet molding compounds and tough plastics (Plate et. 

ah, 1994) depending on the homopolymers used. Recently, IPNs made of biocompatible 

polymers have been proposed for applications as membrane, drug delivery carriers, 

artificial teeth and artificial tissues. Environmentally sensitive biocompatible hydrogel 

have been used to makes IPNs.

1.5.3. Preparation of Hydrogels

Preparation of swollen, hydrophilic, polymeric networks may be achieved by the 

following techniques.

(a) Crosslinking of homopolymer or copolymer in solution or in the state with 

subsequent swelling in water or in a biological fluid.

(b) Simultaneous copolymerization and crosslinking of one or more mono functional and 

multifunctional monomers, followed by swelling in an appropriate penetrate.

I.5.3.I. Hydrogel preparation by chemical method
0

One of the main techniques of preparation of hydrogel is that of direct crosslinking of 

linear or branched homopolymers or copolymer by using a small amount of a 

crosslinking agent. This reaction is carried out in solution (usually aqueous solution for 

biomedical applications) although suspension polymerization may be used for the 

production of hydrogel as microparticles.

In most hydrophilic polymers the crosslinking agent which contains difunctional or 

multifunctional with hydroxyl group may be used. Various aldehydes and 

gluteraldehyde, malic acid and oxalic acid, dimethylurea, diisocyanates, divinyl 

sulphate and ceric redox systems are used in the preparation of these hydrogels as 

crosslinking agents. Table 1.1 shows various crosslinking agents used in the
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crosslinking process. Initiators that can be used in these reactions include both radical 

an anionic initiators. Azobisisobutyronitrile (AIBN) is widely used as initiator. Various 

peroxide including benzoyl or cumyl peroxide can be as well.

Table 1.1 Crosslinking agents

Dithylene glycol diacrylate 

1-3-Butadiene diacrylate 

N,N-methylene bisacrylamide 

Bisphenol-A-diacrylate, ethoxylate

I.5.3.2. Hydrogel preparation by radiation

Formation of hydrogel by means of ionizing radiation can be simply explained as a 

result of mutual recombination of macroradicals. In consequence of radiation interaction 

with mater intermediate, reactive products as ions and free radicals are formed. These 

species undergo various mutual processes but may react also with host molecules or in 

general with surrounding medium. If radicals located on different polymer chains are 

favorably positioned, they may undergo recombination. As a result of this process new 

covalent bonds are formed between these chains. If the amount of these new bonds is 

sufficiently great then insoluble fraction i.e. gel appears in the system. Further 

irradiation of the system under consideration increase the amount of gel; although apart 

of macromolecules may be still left unbound (Rosiak and Olejniczak. 1993). However, 

in almost every case polymer free radicals can react to form polymer chains or network 

(crosslinking), while other polymer chains may split, forming shorter chains 

(degradation).

Gamma rays induced simultaneous polymerization and crosslinking have some 

advantages over the others. This technique is generally termed a clean technique, not 

requiring any extra chemicals such as initiator, catalyst etc. and leaving some unwanted 

residues. It can be applied at many temperature and dose rate. Huglin and co-workers 

(Huglin and Zakaria, 1986) used this method in the preparation of copolymeric hydrogel 

of vinyl pyrrolidone and butyl acrylate and determined that, depending on the amount of 

crosslinking agent used and monomer feed ratio, it was possible to obtain hydrogel with 

wide range of mechanical, swelling and optical properties.
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j I.5.3.3. Polymerization method for preparation of Hydrogels
t
*r

I There are several polymerization methods for preparation of hydrogels. These methods
i
t

and their advantages/disadvantages are given in table 1.2 (Peppas and Mikos, 1987).
p

Table 1.2 Polymerization methods for preparation of hydrogel

Polymerization methods Important features Problems related to 

polymer preparation and 

purity

Bulk (mass) Only initiator and monomer 

needed,crosslinking agent 

can be added

High viscosity, difficult 

agitation lead to 

uniformity of product, 

residual monomers

Solution Initiator, solvent and 

monomer needed easy 

agitation; controlled heat 

transfer; polymer soluble or 

insoluble in solvent.

Chain transfer frequently 

gives broad MWD
1

products; removal of
1

solvent. 1

Suspension Initiator, solvent, monomer 

and suspending agent 

needed; crosslinking agent 

can be added polymer 

product in spherical or 

irregular particles depending 

on monomer suspending 

agent interfacial tension

|
1

11
1

Emulsion Initiator, solvent, monomer, 

suspending agent and 

emulsifier needed

Residual emulsifier etc 1
|

1
il
!

Gaseous Reaction in gaseous phase; 

high pressure, unknown 

kinetics

Pure polymers; technique : 

not applied to many
t

system
j

Plasma Glow discharge; unknown 

kinetics

New technique ultra pure
j

polymers; high cost of i
jr

manufacture. !
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1.5.4. Characterization of Hydrogels

I.5.4.I. Equilibrium swelling
Ionized gels have often very high degree of swelling. A high concentration of ions 

exists inside the gel due to dissociation of acidic or basic groups in the gel and diffusion 

of counter ions into the gel from the surrounding medium. The high ion concentration 

will increase in swelling. Another factor contributing to increase in swelling is the 

interaction and repulsion of charges along the polymer chains. The swelling increase 

with time but reaches a constant value after a certain point. This value of swelling may 

be called equilibrium swelling.

The equilibrium swelling of pH-responsive hydrogels is mainly influenced by the 

charge of the ionic monomer, pKa of ionizable group, degree of ionization, 

concentration of ionizable monomer in the network, crosslink density, structure of the 

polymer backbone, pH, ionic strength and composition of the swelling solution.

I.5.4.2. Diffusion
Fick laws, founded by Fick in 1855, explain kinetics and kind of diffusion of 

crosslinked polymeric materials. When a glassy hydrogel is brought into contact with 

water, water diffuse into the gel and hydrogel swells. Diffusion involves migration of 

water into preexisting or dynamically formed spaces between hydrogels chains. 

Swelling of the hydrogel involves larger scale segmental motion resulting, ultimately in 

an increased distance of separation between hydrogel chains. (Berens, Hopfenber,

1978).

Analysis of the mechanism of water diffusion in swellable polymeric system has 

received considerable attention in recent years because of important applications of 

swellable polymers in biomedical, pharmaceutical, environmental, and agricultural 

engineering fields.

The following equation is used to determine the nature of diffusion of water into 

hydrogels:

F =  M, / M = K t " (l-8>

Where Mt and Mm denote the amount of solvent diffuse into gel at time t and infinite 

time (at equilibrium), respectively, K is a constant related to the network and the
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exponent n is a number to determine the type of diffusion. Table 

relationship between n and type of diffusion.

shows

Table 1.3 Relationships between n and type of diffusion

Kind of diffusion n

Thin film Cylinder
r

Sphere

Fickian type 

Non-Fickian type 

Super case 11

0.5

0.5 < n < 1

1

0.45

0.45<n<l

1

0.45

0.43<n<l

1

I.5.4.2.I. Fickian water diffusion mechanism
The dynamic swelling behavior of crosslinked polymer is dependent upon the relative 

magnitude of water diffusion and polymer relaxation time. Fickian transport is observed 

when water diffusion controls the process. In ionic polymeric networks (Peppas.P, 

Peppas. N.A, 1990) ionization may control the water diffusion process, thus affecting 

the relative magnitude of diffusion and relaxation time. Non -Fickian (anomalous) 

transport is observed as the pH of the surrounding fluid increase above PKa,

One of the important parameters in swelling kinetics is diffusion coefficient. The 

diffusion coefficient (D) can be determined by different methods (Li and Tanaka, 1990). 

The short time approximation methods are used for the calculation of diffusion 

coefficient of hydrogels. The diffusion coefficients of the cylindrical hydrogel are 

calculated from the following reaction.

9 1Where D is in cm sec' , t in sec and r is the radius of cylindrical polymer sample. In 

hydrogel characterization, diffusion coefficients were calculated from the following 

relation:

D = 0 .0 4 9 /( ~ ) 2 (1.10)

Where t is the time at which the swelling is one half equilibrium value and r is the 

radius of swelled cylindrical polymer samples.
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1.5.4.3. Spectroscopic properties
Infrared absorptio

In polymers the infrared absorption spectrum is often surprisingly simple, if one 

considers the large number atoms involved. This simplicity results first from the fact 

that many of the normal vibration have almost the same frequency and therefore appear 

in the same spectrum as one absorption band and second, from the strict selection rules

many fhe applications of

infrared spectroscopy to polymer characterization include the following: 

a- Structure determination: The most useful region of the infrared for structure 

determination is the characteristic group frequency region. After the infrared spectrum 

has been obtained, the strongest bands are selected and an attempt is made to identify 

the functional groups corresponding to those bands. After the strongest bands have been 

assigned, an attempt should be made to assign the bands of moderate or even weak 

intensity. Finally a series of possible models should be assumed by selection rules and 

compared with these observed.

b- Structure determination in copolymers: Infrared spectroscopy can sometimes provide 

information about the sequence distribution and tacticity in copolymers.

Fourier transform infrared spectroscopy is a technique which uses an interferometer, 

e.g. Michelson interferometer -  Fourier transform infrared spectroscopy is used in 

detection of weak signals, studies on samples at very low concentrations, studies on 

adsorbed monolayer's, vibrational analysis, study of conformation sensitive infrared 

bands (Rabek. 1980).

I.5.4.4. Thermal properties
Thermal analysis can be defined as the measurement of property of a polymer sample as 

a function of temperature. In thermo gravimetric analysis a sensitive balance is used to 

follow the weight change of the sample as a function of temperature. Typical 

applications include the assessment of thermal stability and decomposition temperature. 

Extent of cure in condensation polymers, composifon and some information on 

sequence distribution in copolymers, and composition of filled polymers, among way- 

others.
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1.6. Polymer-metal complexes

Polymer science has emerged as an active discipline of material science. This field 

impinges an area of commodity, engineering and specialty polymer, there by

stimulating interest all over the globe in exploiting never domains. One such branch thaL.

has emerged is polymer -metal complex comprising an organic polymer containing 

coordinating sites, complexes with metals. This is of relatively recent origin and an 

interdisciplinary approach taking into its fold areas viz. chemistry, metallurgy, 

environmental, and material sciences.

Polymer metal complexes have been of interest to many researchers during the past five 

decades in the light of their potential applications in diversified fields like organic

(Samuelson waste water treatment (Bolto, 1980), hydrometallurgy

(Veman, 1976), polymer drug grafts (Ramirez, and Andrade, 1974), recovery of trace 

metal ions (Coleman, 1975) and nuclear chemistry (Schmuckler, 1965).

Polymer metal complex is composed of polymer and metal ions; where the metal ions 

are bound to the polymer ligand by a coordinate bond. A polymer ligand contains 

anchoring site like nitrogen, oxygen, or sulphur obtained either by polymerization of 

monomer possessing the coordinating site or by a chemical reaction between a polymer 

and low molecular weight compound having coordinating ability. The synthesis results 

in an organic polymer with inorganic function. The metal atoms attached to polymer 

backbone and to exhibit characteristic catalytic behavior which are distinctly different 

from their low molecular weight analogue. Indeed many synthetic polymer -metal 

complexes have been found to possess high catalytic efficiency in addition to semi 

conductivity, heat resistance and biomedical potentials.

Complexation reaction and their resultant coordination structure are studied mostly by 

spectroscopic, such as Uv-visible, infrared, NMR, ESR, etc. These spectra often show 

characteristics specific for polymeric ligand structure. The stability of the polymeric 

complex usually differs from that of a monomeric complex (Kuvimura. And Kaneko,

1996).

1.6.1. Factors affect polymer-metal complex formation
The factors which affect chelate formation include:

A -  The basic strength of chelating group. There is relationship between the basicity of 

chelating group, as measured by pKa, and the stability of the chelate it forms.
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B- The elecronegativity of the donor atoms of the basic group in the chelating agent. 

Atoms of lower elecronegativity tend to form stronger bonds, e.g. nitrogen and sulphaur 

are better than oxygen. Thus diphenylthiocarbazone (dithozone) forms more stable 

chelates than does its oxygen analogue, diphenylcarbazone.

C- Ring size: Five or six membered rings are most stable, since these have minimum 

strain. The functional groups of the base must be so situated in the molecule that they 

permit the formation of a stable ring. Chelate stability increases with the number of 

rings that are formed, possibly owing to increasing number of water molecules that are 

displaced from their metal coordination sphere by one molecule of the polyfunctional 

reagent.

D- The metal ion characteristics such as charge/ionic radius ratio (ionic potential). As 

the ratio increase, the stability of metal complex usually rises, provided the metal ion 

has available binding orbital's for the electron pairs it accepts.

The electronegativity of the metal also plays part. The electronegativity, measured as 

the energy necessary to remove electrons from the metal atom expresses the electron -  

attracting ability of the metal ions. The approximate order of the stability of complexes 

of limited number of divalent ions towards a number of chelating agents has been given 

as; Pb >Cu >Ni >Co >Zn >Cd >Fe >Mn >Mg.

F- Resonance and steric effect. The stability of chelate structure is enhanced by 

contribution of resonance structure of the chelate ring, thus copper acetyl acetone has 

greater stability than the copper of salicylaldoxime (Vogel, 1961), if the chelated 

complexes are used in separation processes, all of these factors must be taken into care. 

The success of the polymeric ligand is determined by the capacity when removing metal 

ions from wastewater or from toxic mediums, the polymeric ligands can be used to 

remove some special and important metal ions from medium for regaining. After 

purification, these metal ions can be used in either process. The important parameters 

during removing metal ions from dilute aqueous solution for regaining are;

1/ the solubility of the polymer ligand that forms complex,

2/ the capacity of the chelate polymer,

3/ the concentration of the metal salt,
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Other methods such as ion exchange systems that are used for metal regaining from 

aqueous solution has disadvantage because these systems can make reactions in 

heterogeneous phase.

The purpose of the employing polymers that include chelating groups in separation 

techniques as a suitable material are;

A- These materials are stable

B- It can be used for many times, they are reusable 

C- The obtained yield is high by using low energy 

D -  They are permeable

1.7. Adsorption
Adsorption is a process that occurs when a gas or liquid solute accumulate on the 

surface of a solid or a liquid (adsorbent), forming a molecular or atomic film (the 

adsorbate). It is different from absorption, in which a substance diffuses into a liquid or 

a solid to form a solution. The term sorption encompasses both processes, while 

desorption is the reverse process.

Adsorption is operative in most natural physical, biological, and chemical systems, and 

is widely used in industrial applications such as activated charcoal, synthetic resins and 

water purification.

Similar to surface tension, adsorption is a consequence of surface energy. In a bulk 

material, all the bonding requirements (by the ionic, covalent, or metallic) of the 

constant atoms of the material are filled. But atoms on the (clean) surface experience a 

bond deficiency, because they are not wholly surrounded by other atoms. Thus it is 

energetically favorable for them to bond with whatever happens to be available. The 

exact nature of the bonding depends on the details of the species involved, but the 

adsorbed material is generally classified as exhibiting physisorption or chemisorptions.

1.7.1. Physisorption:
Physical adsorption is a type of adsorption in which the adsorbate adheres to the surface 

only through Van der Waals (weak intermolecular) interactions, which are also 

responsible for the non ideal behavior of real gases.
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1.7.2. Chemisorption:

Is a type of adsorption whereby a molecule adheres to a surface through the formation 

of chemical bond, as opposed to the Van der Waals forces which causes physisorption. 

Chemisorption is characterized mainly by large interaction potentials that lead to high 

heats of adsorption that approach the value of chemical bonds. This fact coupled with 

other spectroscopic, electron spin resonance and magnetic susceptibility measurement, 

confirms that chemisorption involves the transfer of electrons and the formation of true 

chemical bonding between the adsorbate and the solid surface. Because chemisorption 

involves chemical bonding, it often occurs at high temperature and usually associated 

with activation energy. Also the adsorbate molecule is localized on specific sites and 

therefore, is not free to migrate about the surface.

1.7.3. Adsorption kinetics
The adsorption on a solid takes places in several stages;

a- External diffusion; the mass transfer by diffusion of the adsorbate molecules from the 

bulk fluid phase through a stagnant boundary layer surrounding each adsorbent particle 

to the external surface of the solid.

b- Internal diffusion; transfer of the adsorbate to the interior of the particle by migration 

of the adsorbate molecules from the relative small external surface of the adsorbent to 

the surface of the pores within each particle and by the diffusion on the adsorbate 

molecule through the pores of the particles.

c- The actual adsorption process; the molecule in the pores are adsorbed from the 

solution to solid phase. This stage is relatively fast, compared to the first two steps: 

hence, local equilibrium is usually assumed between these two phases.

The adsorption process is affected by the following factors:

• Surface area of adsorbent

• Nature of adsorbate

• pH

• T emperature

• Solute concentration

• Time of contact

• Nature of contacting



1.7.4. Adsorption Equilibrium
The adsorption of a substance from one phase to the surface of another in a specific 

system leads to a thermodynamically defined distribution of that substance between the 

phases when the system reaches equilibrium; that is when no further net adsorption 

occurs. The common manner in which no depict this distribution is to express the 

amount of substance adsorbed per unit weight of adsorbent, (qe) as a function of the 

residual equilibrium concentration, (Ce), of substance remaining in the solution phase. 

An expression of this type, termed an adsorption isotherm, defines the functional 

equilibrium distribution of adsorption with concentration of adsorbate in solution at 

constant temperature. Commonly the amount of adsorbed material per unit weight of 

adsorbent increase with increasing concentration, but not in direct proportions (Slejko.

1985).

Experimental isotherm is useful for describing adsorption capacity to facilitate 

evaluation of the feasibility of this process for given application, for selection of the 

most appropriate adsorbent and for preliminary determination of adsorbent dosage 

requirement. Additional potential use of adsorption isotherms is for theoretical 

evaluation and interpretation of thermodynamic parameters, such as heats of adsorption. 

Several equilibrium models have been developed to describe adsorption isotherm 

relationship. Most studies of adsorption have been concerned with equilibrium 

conditions and predominantly with the adsorption isotherm.

1.7.4.1. Freundlich Isotherm
The equilibrium relationship in absorbers can often be described by a Freundlich 

relationship (Freundlich, 1922) provided there is:

No association or dissociation of the molecule after they are adsorbed on the surface.

A complete absence of chemisorption.

In other words for Freundlich isotherm to be valid, the adsorption must be purely a 

physical process with no change in the configuration of the molecules in the adsorbed 

state. Freundlich proposed the equation:

q - k c 1/71 (1.11)

where k, n are empirical constants dependent on the adsorption rate and on the 

temperature, c is the equilibrium concentration of the solute in the solution in mg/L. q is
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>the amount of solute adsorbed on the unit mass of the adsorbent for certain 

time (mg/L) according to the Freundlich equation, the amount adsorbeo 

infinitely with increasing pressure.

increases

I.7.4.2. Langmuir isotherm
The Langmuir model was originally developed to represent chemisorption on asset of 

distinct localized adsorption sites. The derivation of Langmuir adsorption isotherm 

involves five implicit assumptions (Langmuir, 1918).

1- The adsorbed gas behaves ideally in the vapor phase.

2- The adsorbed gas is confined to monomolecular layer.

3- The surface is homogeneous, that is, the a affinity of each binding site for gas 

molecules in the same.

4- There is no lateral interaction between adsorbate molecules.

5- The adsorbate gas molecules are localized, that is, they do not move around on the 

surface.

The commonly quoted form is:

q =  n K C / ( l  +  KC)  (1.12)

Where n is a temperature independent constant which is supposed to represent affixed 

number of surface sites, K is a temperature dependent equilibrium constant.

I.7.4.3. BET Isotherm
In 1938, Brunauer, Emmett and Teller showed how to extend Langmuir approach to 

multilayer adsorption and their equation has come to be known as the BET equation. 

The basic assumption that each molecule in the first adsorbed layer is considered to 

provide one site for the second and subsequent layers. That the molecules in the second 

and subsequent layers, which axe in contact with other sorbet molecule rather than with 

the surface of the adsorbent are considered to behave essentially as the saturated liquid, 

while the equilibrium constant for the first layer of molecule in contact with the surface 

of the absorbent is different. The resulting equation for the BET equilibrium isotherm is 

(Lin, 1993).
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1
q e ( C 0 - C e )  k q

+  { k -  1)(C0 -  Cn)/(C 0 -  Cn)
771

Where qm is the amount of adsorbate in a monolayer per unit mass of adsorbent. qe .5 

the ratio of mass of adsorbed solute to that of adsorbent, Ce is the equilibrium adsorbate 

concentration Co and Cn are respectively the initial and removable adsorbate 

concentration and k is a constant parameter.

1.8. Water pollution
Water is a unique substance, because it can naturally renew and cleans itself, by 

allowing pollutants to settle out (through the process of the sedimentation) or break 

down, or by diluting the pollutants to apoint where they are not :n harmful 

concentrations. However, this natural process takes time and it is difficult when 

excessive quantities of harmful contaminants are added to the water. And humans are 

using more and more materials that are polluting the water sources that we drink from. 

The list of pollutants is long and the signs of water pollution surround us, but the point 

is this; we are dumping contaminants into the small portion of water on the planet that is 

fit for drinking.

Pollution can be defined in several ways. Water pollution occurs when energy and other 

materials are released, degrading the quality of the water for other users. Water 

pollution includes all of the waste materials that can be naturally broken down by water. 

In other words anything that is added to water, above and beyond its capacity to break it 

down is pollution. Pollution in certain circumstances can be caused by nature itself, 

such as when water flows through soils with high acidities. But more often than not, 

human actions are responsible for the pollutants that enter the water.

There are two main sources of water pollution; point sources and non-point sources. 

Point sources include factories, wastewater treatment facilities, septic systems, and 

other sources that clearly discharge pollutants into water sources. Non-point sources are 

more difficult to indentify, because they cannot be traced back to particular location. 

Non-point sources include runoff, including sediment, fertilizer, chemicals and animal 

wastes from farms, fields, construction sites and mines. Landfills can be a non-point 

source of pollution if substances leach from the landfill into water supplies.
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1.9. Heavy metals
Heavy metals have become of particular interest in recent decades within the frame 

work of environmental investigation. This has without doubt been due to the fact that 

high sensitive analytical procedure is available for determining and detecting metal 

content with high precision. Medical geology is a subfield of geology that studies the 

effects of chemicals in the environment especially trace elements, on the health of 

human and animals. The contribution of geology is to help isolate aspect environment 

that may influence the incidence of disease. The ultimate source of the body trace 

elements is generally rocks. The concentration of trace elements in rocks is varying by 

rock type, sometimes; they become concentrated in soil, water, or in air taken up by 

plants and ingested by humans or animals. Pure water does not exist in nature. The 

contaminant of water is directly related to the degree of contamination of our 

environment rainwater collects impurities while passing through air. Streams and rivers 

collect impurities from surface runoff and through the discharge of sewage and 

industrial effluents; these are carried to the rivers, lakes, or reservoirs that supply our 

drinking water (Skeat, 1969). All of the chemicals generated by man will eventually end 

up in our water supplies. These dangerous products from industry, agriculture and other 

human activities enter the rivers, lakes, and underground water and can contaminate our 

drinking water.

The adsorptive separation of heavy metal ions from aqueous environments is an 

emerging field of interest from both a resource conservation standpoint and an 

environmental remediation standpoint. Many polysaccharides, such as cellulosic's, 

carrageens, lignins, chitin, derivatives, alginates and humic substance, are known to 

bind heavy metal ions strongly (Chen et.al., 1993; Dean and Dixon, 1992; Jang et. al, 

1990; Jang et. al., 1991; Seki et.al. 1990; Seki and Suzuki, 1995; Seki and Suzuki, 

1996). The use of polysaccharides as adsorbents for the recovery of valuable metals or 

the removal of toxic contaminants has been a topic of intense research in recent years 

(Chen et. al., 1993; Jang and Geesey et. al., 1990; Jang et. al. 1991; Seki et. al.. 1990; 

Seki and Suzuki, 1995; Seki and Suzuki, 1996; Rao and Gupta, 1982; Jang, 1994: 

Lewandowski and Roe, 1994). Polysaccharides are capable of lowering heavy metal ion 

concentrations to part per billion concentrations (Dean and Dixon, 1992). Moreover 

they are widely available and are ecologically acceptable (Seki and Suzuki, 1998) and 

polysaccharides are industrially attractive for these reasons. Some studies have been
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carried out about the application of Gum Arabic to the aqueous phase separation ot

heavy metals.

The aqueous phase separation of toxic heavy metal ions by adsorption has attracted 

much attention in recent years. Adsorption employs inexhaustible intensive, 

nonhazardous materials and generates low volume of nonhazardous waste. 

Microorganisms, algae, and other types of materials have been investigated (Seki and

Suzuki, 1998).

Much of metals are soluble at low pH values. There is a competition between the 

hydrogen ions and metals for the available metal binding groups of the polysaccharides. 

(Shashwat, and Dong, 2007) investigated the effect of pH and temperature on 

adsorption of copper ions by Gum Arabic modified magnetic nano-adsorbent, and 

concluded that the adsorption capacities of GA-MNP increase with increasing pH.
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2. MATERIALS AND METHODS
2.1. Materials
Gum Arabic from Gum Arabic Company Khartoum Sudan was used in all tests of this 

study. The monomer used in this study, namely Acrylamide (AAm) . N.N- 

methylenebisacrylamide crosslinking agent, and sodium hydroxide were obtained from 

( Sigma- Aldrich) hydrochloric acid(HCl) from (Merck, Germany) copper sulphate ( 

CUSO4 . 5 H2 O) was obtained from( B.D.H England). All chemicals were used without 

any further purification. Some properties of the substances used are listed below in table 

2.1 and Fig (2.1) for Gum Arabic only.

Table 2.1 Some Properties of the Materials Used

Name Chemical formula Molar mass (g/mole)

Acrylamide H2 CCHCONH 2
71.08

N.N-

methylenebisacrylamide

0  0  

H H

154.17

Copper sulphate CuS 04.5H20 249.69

Sodium hydroxide NaOH 40.00

Hydrochloric acid HC1 36.46
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R-L-RhapCl—* , L-Araf<l-** D-Gal{l-> S-L-Ara^I— , or L-

Arap(l—♦3)«!rAraf(l

Giua; D-Glucopyranonduronic acid; Gal: D-Galactopyraaosc 

L-Rhap: L-Rhamnopyranose; L-AraC L-Arabinofarano$e 

L-Arap: L-Arabincpyranosc

F i g  (2.1) structure o f  Gum Arabic

2.2. Preparation of interpenetrating polymer network (IPN) 

Hydrogels
Different compositions of Gum Arabic and Acrylamide were used in the preparation of 

Gum Arabic/Acrylamide interpenetrating polymer network hydrogel (GA/AAm) IPN 

hydrogels in water. The mass proportion of polymer, monomer, crosslinker, and water 

are summarized in Table 2.2.
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Table2.2. The mass proportion in grams of components

Gum Arabic AAm MBAAM

30 5,10, 15, and 20 1.00 1f
30 5,10.15.and20 0.50 J

30 5,10, 15, and 20 0.20 1
j

_

Water

64. 59. 54. and 49

64.5. 59.5. 54.5.

—9,5

74.8. '9 .8 . 54.8.
•

and 49.8

These solutions were placed in polypropylene tubes of 3 mm diameter and irradiated in 

air at ambient temperature in Gamma cell 220 type Gamma irradiator at doses of 2.5. 

10, and 20 kGy at fixed dose rate of 0.67 kGy/h. IPN hydrogels obtained in long 

cylindrical shapes were cut, washed with deionized water for removal of unreacted 

monomer (if any) and dried in air and in vacuum and stored for later evaluations. The 

percent conversion was determined gravimetrically.

2.3. Determination of percent gelation
The obtained IPN hydrogels were cut into small pieces and washed in deionized water 

for 2 days to remove uncrosslinked polymer and low molecular weight substances. Then 

the IPN gels were dried in vacuum until a constant weight was reached for each sample. 

Percent conversion of (GA/AAm) IPN hydrogel as insoluble network was determined 

by using the weight of this hydrogel according to initial weight. The percent gelation of 

(GA/AAm) hydrogels obtained from GA and AAm was calculated by using equation

2.1.

% Gelation = (weight of dry IPN hydrogel /initial weight of IPN hydrogel) * 100 (2.1 i

2.4. Swelling studies
Dried IPN hydrogels were weighed, and then they were immersed in an aqueous 

solution of desired pH (3.00, 4.75, 6.00, and 9.00) at ambient temperature. The IPN 

hydrogels were withdrawn from the solution and weighed after removing the excess 

surface water. This procedure was continued until the weight of IPN hydrogel reached a 

constant value. The percent swelling of each IPN hydrogel was calculated from the 

relation 2.2.

% S w e l l i n g  =  { M t -  M0/M0} *100 (2.2)
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Where Mt is the mass of swollen IPN at time t and Mo is the initial mass of dry IPN. 

Some parameters (Diffusion characters, equilibrium water content etc.) were calculated 

by using swelling data.

2.5. Thermal analysis
TGA Perkin Elmer Pyris 1 model thermogravimetric analyser was used for 

determination of the thermal stabilities of homopolymers and IPN hydrogels. Sample 

weighting 5-10 mg were heated in dynamic nitrogen atmosphere from 20- 600°C at 

heating rate of 20 °C min'1.

2.6. Spectroscopic analysis
Fourier Transform Infrared (FTIR) spectra of the homopolymers, IPN hydrogels were

recorded between 4000 400 cm’1 on thermo scientific Nicolet iSlO FTIR

spectrometer. The IPN hydrogels were characterized by comparing the FTIR spectra of 

homopolymers and IPN hydrogels. UV- visible spectra of solutions of homopolymers, 

homopolymers ion complexes and metallic ion were determined by using (Cary 100 

VarianUV-visible spectrometer).

2.7. Determination of complex stoichiometry
UV-visible spectrophotometry method has been applied to investigate the 

stoichiometries of GA- metal solution complexes. Stoichiometrices of GA-Metal ion 

complexes have been calculated based on data obtained using this method and using 

continuous variations method. Complex formation constants and stoichiometric ratios 

were determined.

2.8. Adsorption studies
Adsorption of copper (II) from aqueous solution was investigated, effect of the initial 

concentration, pH, and contact time on the adsorption rate and capacity were studied. 

For the adsorption studies aqueous solutions of copper (II) were prepared in the 

concentration range of 100-1000 ppm, approximately 0.1 g of dried (GA/AAm) IPN 

hydrogels was transferred in 30 ml of copper (II) solutions at different pH’s. The pH was 

adjusted by NaOH or HC1 using (Neomet pH-meter. pH.200L (ISTE). The adsorption of 

hydrogel was allowed to equilibrium for 3 hours at 25 °C. Then the (GA/AAm) IPN 

hydrogels were removed from the adsorption medium. Copper (II) ions concentration 

remaining in the solutions was determined by using UV-visible spectrophotometer, by 

using ammonia as complexing agent for Cu (II) ions. The calibration curve for Cu (II)
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used in this study is given in Fig2.2. The amounts of adsorption per unit mass of 

(GA/AAm) IPN hydrogels were evaluated by using the equation 2.3.

Qe = [(C0 -  Ce) * V } / W  (2.3)

Where Qe is the amount of Cu (II) ions adsorbed onto dry mass of (GA/AAm) IPN 

hydrogels (mg /g) Co and Ce are the concentrations of Cu (II) ions in solutions initially 

and after treatment for a period of time (mg/L), respectively. V is the volume of 

aqueous phase (L) and W is the amount of dry (GA/AAm) IPN hydrogels used (g).

cone (ppm)

♦  iSeries 

—  (1 Linear (Series

Fig, (2.2) The calibration curve fo r  Cu (IT)
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3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization

3.1.1. Preparation of IPN Hydrogels
Natural polymers are defined as polymer (polymeric compound) that naturally exists in 

the biological bodies /system, sea water, soil (ground) etc. This concept is the opposite 

of artificially -synthesized polymers such as polypropylene.

Natural polymer includes polysaccharides, protein, fat, carbohydrate, DNA, etc. 

Similarity to other polymers, natural polymers undergo, based on their nature, cross- 

linking or degradation upon irradiation. Its radiation chemical scheme, however, can 

vary based on various factors such as phase (solid or liquid) of pristine material 

(especially in the case of aqueous solution, the OH radical, formed upon radiolysis of 

water, would play a significant role in polymer-radical formation and enhanced 

degradation compared to solid state), temperature during radiation, dose rate (total) 

dosage, and especially in the case of solution, on concentration, viscosity, pH, etc. 

moreover pre and/or post -  conditioning of material can influence the irradiation effect 

(Hisaaki Kudo. et,al., 2009).

To enhance the cross-linking of natural polymers by gamma radiation in aqueous 

solution, IPN hydrogel based on Gum Arabic (GA/AAm) was prepared which is durable 

and reusable.

Gum Arabic is a complex polysaccharide and composed of L-arabinose, D-galactose, L- 

rahamnose and gulucronic acid in the approximate molar ratio 3:3:1:1. This was 

confirmed by (Butler and Cretcher, 1929) who studied the gum arabic and arabic acid 

from acacia Senegal, chemically and polarimetrically, and identified L_rahamnose, D- 

galactose and L-arabinose in the sugar fraction of hydrolyzed product.

Modifications by cross-linking, grafting and degradatin of natural polymers are affected 

by the irradiation conditions. Gum Arabic is a degrading type natural polymer when 

exposed to ionizing radiation. In order to prepare it is hydrogels it need to be 

copolymered with a crosslinking type of monomer. In this study Acrylamide was 

selected for this purpose.

A possible reaction of mechanism of Acrylamide with gum arabic by gamma radiation 

is shown in Fig (3.1). When a solution of Acrylamide was irradiated, the bonds in the
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double bond of Acrylamide were broken and monomer radicals were formed. i i

irradiation was continued, crosslinking reaction started, chains were crosslinked to each 

other and gelation occurred in the system.

It has been found that gelation of poly (acryalmide PAAm) hydrogel occurs at 2.0 kGy 

of gamma rays doses at ambient temperature (Rosiak, Burczak, Pekala.. 1983). 2.U kGy 

and higher gamma ray doses are used for preparation of (GA/AAm) IPN hydrogels. 

After some experimental observations the results determined that the suitable doses for 

preparation of (GA/AAm) IPN hydrogels are 2.5-20 KGy of gamma rays doses, at the 

dose rate of 0.67 kGy/h.

*
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(--- J P.AA'Yi
< ) GA

F ig (3.1) A p o ssib le  reaction o f  GA wHh Acry>lamide

3.1.2. Gelation
Natural polymers from plant or marine resources such as gum arabic, starch, chitin, and 

alginate have attracted more and more attention owing to their abundant sources, 

friendliness to the environmental and potential to substitute for some petrochemicals. 

Gum arabic /starch and 2-hydroxy ethylmethacrylate semi interpenetrating Network 

super absorbent hydrogel was synthesized by Sunny Gils (Sunny et.al.. 2009). The 

adsorption characteristics of toxic metals, cadmium and copper were investigated w ith 

gum arabic hydrogel (Shashawat et. al., 2007 and Alexandre et.al., 2011).

The present gelation of irradiated Gum arabic with acryalmide IPN hydrogels of 

different composition at various irradiation doses was studied, the results obtained are 

shown in table (3.1). It can be seen that the increase of the doses and Acrylamide 

increase the percent gelation. These trends are expected since gum arabic is a
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degradable type of polymer. At higher percent of Acrylamide the percent of gelation is 

increased. The results is in a good agreement with those reported by ( Mervat et.al., 

2010) who investigated that the increase of the monomer increased the percent of 

gelation in gum arabic hydrogels (GA with PVA blend).

Table 3.1 Percent of Gelation in different compositions of AAm, MBAAm and doses.

GA% AAm% MBAAM% Dose kGy Gelation%

30 5,10,15,and20 1.0 10 All 100

30 5,10, 15, and 20 1.0 20 81,87,93 , and 

100

30 5.10, and20 1.0 2.5 75,82,and88

30 5,10,15, and

20

0.5 2.5 73, 81, 83, and

85

30 5,10,and20 0.2 2.5 70,77,and 80

3.1.3. Characterization 

3.I.3.I. FTIR  Analysis

FTIR is of importance to the study o f molecular structure. The width and intensity of 

spectral bands, as well as the position of peaks are all sensitive to environmental 

changes and the conformations of the macromolecule on a molecular level. In 

interpenetrating polymer Networks (IPN), there will be intermolecular interaction. So 

the FTIR spectra of the IPN are different from those of pure polymers, which is 

advantageous to the study of the IPN formation. Fig (3.2) shows the infrared spectra for 

GA, (GA/AAm) IPN and PAAm in the wave length range of 4000-400 cm"1. For IR 

spectra it is obvious that Gum Arabic gives a typical broad peak at 3337.33cm" for OH 

stretching and peak at 2918.40cm"1 for (C-H stretching ), one peak at 1592.81cm-l for 

(C=0 stretching ) and (N-H bending ) two peaks at 1411.48cm"1 and 1017.56cm"1 for 

(C-0 stretching).(Colthup, Daly, and weberley, 1990) The IR spectra of AAm were first 

reported by (Jonathan., 1961) and from that time they have been a subject of numerous 

experimental and theoretical studies. IR spectra of the product obtained in this study is 

very similar to the spectrum of PAAm presented by (Deng et.al., 2006), band at 

3337.33cm'1 and 3181.01cm" which were assigned to stretching vibration of (N-H), the
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band at 1918.40cm"1 (C-H stretching),band at 1649.09cm"1 (C=0 stretching band at 

1599.07cm"1 (N-H bending) and 1449.09-1317.69cm’1 ( various C-H bending). The 

spectra of the (GA/AAm) IPN hydrogels are characterized by the presence of the 

absorption peak at 1655 a sign to the (C=0 stretching group) coupled with peaks at 

1649.09cm"1,1599.07 of PAAm and shifted to 1655cm"1.Furthermore the band of PAAm 

centered at about 3337.33cm’ and 3181.01cm’ which were stretching vibration of N-H 

group broadened and coupled wiyh O-H band of GA at 3337.33cm" the band at 

1017.56cm’1 and 141 lA Scn/for (C-0 stretching) at either (GA/AAm) IPN and GA.

35C0 3000 25CD 2300 1500 10C0
Wawiurbers (crrvl)

F ig (3.2) FTIR spectra  o f  GA, (GA/AAm) IPN  30% GA 5% AAm an d  PAAm

3.I.3.2. Thermal analysis of (GA/AAm) IPN Hydrogels.
To investigate the thermal properties of PAAm, GA, (GA/AAm) IPN hydrogels, their 

thremograms were recorded, and they are given in Fig (3.3), (3.4). In order to determine 

the thermal stability of PAAm, GA, and (GA/AAm) IPN hydrogels, the temperature for 

the maximum weight loss (Tmax) was found from their thermograms in figures (3.3),

(3.4). PAAm give 39.449% residue at 460 °C, the temperature for maximum weight loss 

of PAAm Tmax is 400 °C. The thermal degradation of PAAm occurs via three stages 

process. The first stage under 205 °C related to the elimination of water absorbed. The 

second stage from 205- 350 °C could be related to the thermal processes involving the 

degradation of PAAm chains. The third stage higher than 350 °C was indicative of the 

occurrence of more extensive thermal degradation processes (Van Dyke, and Kasperaki,
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1993). For the GA, the temperature for maximum weight loss Tmax is 317 °C and GA 

give 40.471% residue at 360 °C, GA shows two stage processes. From 60-130 °C may 

be attributed to loss of free water and hydrogen bonded water, and the main 

decomposition occurs from 233-360 °C. A similar curve was obtained by 

(Palapparambil, et. al., 2010). The thermgram of (GA/AAm) IPN hydrogel give 

36.716% residue at 434 °C and the weight maximum loss at 374 °C. As shown in the 

figures it is understood that the thermal stability of (GA/AAm) IPN hydrogels is 

between those of GA, and AAm.
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3.1.4. Swelling and diffusion studies
The most important property of hydrogel is its ability to absorb and hold large amount 

of solvent in its networks structure. The equilibrium swelling of hydrogel is a result of 

the balance of osmotic forces determined by the affinity to the solvent and networks 

elasticity (Flory, 1953). The two most important factors controlling the extent of 

swelling are the hydrophilicity of the polymer chains and the crosslinking density. 

Hydrogel properties depend strongly on the degree of crosslinking, the chemical 

composition of the polymer chains and the interaction of the networks and surrounding 

liquid. Swelling properties of hydrogel are very important parameters for assessing their 

applicability as controlled released systems, super absorbent materials.etc...

The swelling studies of GA/AAm IPN hydrogels was investigated by immersed IPN 

hydrogel in deionized water. The water molecules diffused in the hydrogel through the 

pores and interact with a functional ionic group (COO") in the polymer networks. Upon 

contact with water, the functional ionic group is dissociated to form charge group which 

causes electrostatic repulsions among the polymer chains which increase the dimension

was fast at the begining and became slower and slower 

until the hydrogel reached their maximum swelling ratios. At last the weight of the 

wrater swollen hydrogels would no longer change.

3.I.4.I. Effect of pH on swelling behavior
The GA/AAm IPN hydrogel W'as placed in different acidic media (pH 3.0) and neutral 

(deionized water) and alkaline (pH 6.0 and 9.0). Fig(3.5) shows that the swelling of 

hydrogels is greater in deionized water medium followed by alkaline medium and acidic 

medium, under acidic condition, anionic carboxylate group of IPN hydrogels are 

protonated, resulting in vanishing of electrostatic repulsive forces in the networks, 

which is ultimately responsible for swelling, while under basic conditions, the repulsive 

anion-anion forces are functioning but a screening effect of the counter ions (Na~) 

hinders the swelling and opposes it is further increase. The hydrophilic nature of GA 

(mainly due to D- glucopyranosuronic acid) (Mehr et. al., 2006) along with the ionic 

group (COO") located on the polymer chains are the maj or reasons for super absorbency 

at higher pH values (4.75-9) some of the carboxylate groups are ionized and 

electrostatic repulsion between (COO") groups causes on enhancement of swelling 

capacity, again, a charge screening effects of counterions (cation) limits the swelling at 

higher pH (Sunny et. al., 2009).

of gel networks. The swelling
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3.1.4.2. Effect of Doses in swelling behavior
The swelling of GA/AAm IPN hydrogels versus doses was investigated. Fig (3.6) 

shows that when the dose was increased the swelling of GA/AAm IPN hydrogel was 

decreased. This is attributed to increasing crosslinking density of the hydrogel 

produced. The GA/AAm hydrogels structure becomes so compact that it is difficult to 

incorporate water into intermolecular spaces available.

3.1.4.3. Effect of monomer (AAm) in swelling behavior
The equilibrium swelling of GA/AAm IPN hydrogels versus AAm content in hydrogel 

was investigated. Fig (3.7) shows that the swelling properties of GA/AAm IPN 

hydrogels decrease with increasing the AAm content in hydrogels. The equilibrium 

swelling of 5%AAm is higher than that of 10,15 and 20% AAm in hydrogel the 

reduction in the swelling is attributed to the high degree of crosslinking which restricts 

the mobility of the polymer chains and decreases its swelling ratio. The lack of ionic 

character in PAAm reduces their ability to absorb water.

3.1.4.4. Effect of crosslinker in swelling behavior
The effect of crosslinker on swelling behavior was investigated, the relation between 

crosslinker and water absorbency for IPN hydeogel is shown in Fig (3.8). The water 

absorbency increased as the concentration of MBAAm is low than 0.2% then decreased 

considerably with increasing MBAAm concentration. The results can be explained by 

the fact that MBAAm itself is a bifunctional and hydrophilic monomer, and its 

incorporation into this particular hydrogels in an increase the percent of gelation. 

Further increase in the amount of the crosslinker makes the hydrogel more and more 

compact, i.e. the porous nature of the hydrogel decreases due to increase in crosslinking 

density, and as a result the water penetration becomes increasingly difficult.

Swelling behavior of AAm copolymer hydrogels containing crosslinkers axe change by 

the structure of the crosslinkers. Generally, however when crosslinkers are added to an 

Acrylamide copolymer hydrogels its known that influence of some crosslinker on 

swelling. There is a decrease in the swelling ratio because the molecule of the 

crosslinkers is placed between the chain of the hydrogels then the hydrophilic group 

number and the swelling ratio decrease. The more crosslinker molecules there are in the 

hydrogel the lower swelling ratio (Guven et.al., 1997).
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F ig (3.5) Effect o f  p H  on sw elling behavior o f  (GA/AAm) hydrogels 2 .5kG y 30% GA

10%AAm l% M BAAm  25°C
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3.1.5. Studies of water absorption mechanism
Analysis of the mechanisms of diffusion in swellable polymeric systems has received 

considerable attention in recent years because of important application of swellable 

polymers in biomedical, pharmaceutical, environmental and agricultural engineering

(Bukely et.al., 1962). The following equation is used to determine the nature of
+

diffusion of water into hydrogels:

F =  Mt / M m =  k t n (3.1)

Where Mt and Mn denote the amount of solvent diffuse into the gel at time t and infinite 

time (at equilibrium), respectively, k is constant related to the net work and the 

exponent n is a number to determine the type of diffusion.

According to the literature (Ritger, 1987) n values are dependent on the hydrogel 

geometry due to the change in boundary condition, which in turn affects the water 

absorption mechanism. In the present work hydrogel in cylinder form were used. In this 

case it is assumed that the n values are given as follows: n= 0.45 for Fickian diffusion 

(case 1) 0.45< n< 0.89 for non Fickian transport (or anomalous), n= 0.89 for zero order
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(case II) and n > 0.89 for super case type of penetrating transport mechanism. The zem 

order (case II) transport is governed by the controlled relaxation of the polymer chains. 

While the anomalous transport is driven by the summation of Fickian diffusion case (:■ 

and controlled relaxation (case II).

Figures (3.9),(3.10)and (3.11) show the fraction water uptake in independence of time 

for the (GA/AAm) IPN hydrogels in pH values of (3.00, 4.75 and 9.00) respectively. 

Parameter (n) and (k) were determined from the slope and intercept of In M,/M 7 (Fs 

versus In t curve (Kim, et.al., 2003) the data summarized in table (3.2). It was observed 

that the n values were on the order of 0.45< n< 0.89, which indicates that the water 

absorption mechanism of (GA/AAm) IPN hydrogels is governed by anomalous 

transport in the pH range studied. Increase in the pH of surrounding liquid from 3-9 lead 

the n values to enhancement. It could be pointed out that at high pH values the water 

uptake profile become more dependent on the polymer relaxation. This effect was 

attributed to the increase ionization of COOH groups. Of glucoronic acid segments of 

hydrogel at high pH, and increase in the number of fixed ionized groups within the 

hydrogel structure gives rise to major polymer relaxation, there was a slight increase in 

n values at pH 4.75. This is at attributed to the effect of ionic strength at pH 9.00 

because we use NaOH to a adjust pH.
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Table3.2. Water diffusion exponent values at 25 °C of (GA/AAm) IPN hydrogels at 

different pH.

pH Diffusion exponent (n) Kinetic adjusts (R2)
£  t

3.2. Adsorption
i

Many acidic polysaccharides have demonstrated superior metal-binding properties and 

have been tested for their abilities for recovering metals from aqueous media. Many 

polysaccharides derived from microbes and plants are known to bind metals strongly. 

The capability of biomaterials, especially biopolymers to chelate heavy metals has been 

applied to recovery or removal of heavy metals from mine drainages and industrial 

waste waters (Min et.al., 1998; Patterson, 1987). The selectivity of various

48



polysaccharides for group's IIA and IIB and transition metals is very high. Hydrogels

based on polysaccharides such as chitosan or gum Arabic is important viable alternative 

absorbers for the treatment of water and industrial effluents contaminated bv neav\ 

metals. (Alexandre et. al., 2011).

The factors affecting the capacity and affinity of a polysaccharide to bind a metal from 

aqueous media include the chemical nature of the metal ions (e g.. size, valence, 

electron orbital structure, and stable chemical forms in the nature ). And the 

biopolymers (e. g,. chare density and structure chains, constituent sugar units and 

proteins, and functional groups) environmental condition ( e. g., pH, temperature, ionic 

strength, and existence of competing organic or inorganic metals chelatorsj. 

morphology ( orientation of metal binding groups, size of metal ion and metal binding 

(cavity) formed by metal binding groups, and existence of stabilizing groups in the 

cavity), and thermodynamics of binding process ( e.g., ordering effects that result in a 

decrease of entropy upon binding ( Jang et. al., 1991).

In this study, it was tried to develop mechanically and thermally stable 1PN hydrogels 

prepared with Gum Arabic and Acrylamide. The adsorption of metal ions from aqueous 

solutions such as (Cu j into (GA/AAm) hydrogels was investigated. A possible 

interaction between negative charges of (GA/AAm) hydrogels and positive charges of 

metal ions are shown in Fig (3 . 1 2 ).

Fig (3.12) Possible fPN Hydrogel -Metal ions 
interaction mechanism
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3.2.1. Adsorption studies
To observe the uptake of copper (II) ions (GA/AAm) IPN hydrogels were placed in 

solutions of CuSC>4 . 5 H2 O and allowed to equilibrate for 5 hours. Effect of initial 

concentration, pH, and contact time were investigated.

3.2.1.1. Effect of initial concentration on the adsorption capacity
Fig (3.13) shows the effect of initial concentration for the removal of Cu (II) from 

aqueous solution using (GA/AAm) IPN hydrogels. As the metal concentration increased 

the adsorption increased. The trend is that of the result of the progressive increase in the 

electrostatic interaction between the copper ions and the IPN active site. Moreover, this 

can be explained by the fact that more adsorption site was being covered as the metal 

ions concentration increased (Laraous et. al., 2005). The saturation in the adsorption 

capacity after 600 ppm is due to the non availability of active sites on the adsorbent for 

a relatively larger number of adsorbing species at higher concentration (Khalid et. ah. 

2000). Similar result was observed by (Han et. ah, 2005), for the adsorption of copper 

and Lead on chaff.

3.2.1.2. Effect of pH value on the adsorption capacity
The acidity of solution (pH) is one of the most important parameters controlling the 

uptake of heavy metals from wastewater and aqueous solutions. The uptake and 

removal of copper from aqueous solution are strongly affected by the pH of the solution 

as illustrated in Fig (3.14). The uptake of copper increases when the pH increases from 

(3.00 to 5.00).The minimum adsorption observed at pH = 3.00 may be due to the fact 

that the higher concentration and higher mobility of H+ ions present favored the 

preferential adsorption of hydrogen ion compared to Cu++ ions (Ajmal et. ah. 2000). It 

would be plausible to suggest that at lower pH values, the surface of the adsorbent is 

surrounded by hydronium ions, thereby preventing the metal ions from approaching the 

binding site of the sorbent (Wong et. ah, 2003). This means that at higher H~ 

concentration, the surface of hydrogel becomes more positively charged such that the 

attraction between hydrogel and metal cations is reduced (Saeed et. ah, 2004). In 

contrast, as the pH increased, more negatively charge surface becomes available thus 

facilitating greater copper removal. It is commonly agreed that the sorption of metal 

cations increased with increasing pH. The adsorption at pH > 5 .0  was not conducted 

because of the precipitation of Cu(OH) 2  from the solution.
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3.2.I.3. Effect of contact time on the adsorption capacity
The relationship of Cu (II) removal by (GA/AAm) IPN hydrogels with contact time was 

plotted and presented in Fig (3.15). The amount of adsorbed copper ions increases as 

time increased, similar case was recorded by (Gueu, et. al., 2007). The 1PN hydrogel 

showed a rapid metal reduction at the begining of time, with further increase in time the 

sorption kinetics decreased progressively. The copper (II) removal approaches 

equilibrium within 180 mins. The fast adsorption at the initial stage was probabjy due to 

the initial concentration gradient between the Cu (II) ions in solution and the number of 

vacant sites available on the IPN hydrogel surface at the beginning.

initial concentration (rrg/l)

Fig. (3.13). Effect o f  Initial Concentration (mg/L) on C opper Adsorption  

Capacity, Qe (mg/g) by 0.1 g  (GA/AAm) IPN  in 30 mL Solution at p H  5.

4 Hours a t 200 rpm, a t 25  ± 1 °C.
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34-

F ig  (3.14). Effect o f  p H  on C opper A dsorption  Capacity, Qe (mg/g) by 0.1

(GA/AAm) IPN  in 30 mL o f  Initial Concentration 600 mg/L.

4 H ours a t 200 rpm, a t 25 = 1 °C.
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3.2.1.4. Adsorption isotherm
The capacity of the adsorption isotherm is fundamental, and plays an important role in 

the determination of the maximum capacity of adsorption. It also provides a panorama 

of the course taken by the system under study in concise form, indicating how 

efficiency a hydrogel will absorb and allow an estimate of the economic viability of the 

hydrogel commercial applications for the specific solute. In order to adapt for the 

considered system, an adequate model that can reproduce the experimental results 

obtained. Equation of Langmuir, has been considered.

Langmuir model is the most widely used isotherm equation as follow.

Ce /R e  =  (1 /E LRm) +  0-/R m )C e (3.2)

Where Ce is the equilibrium concentration of copper ion in solution (mg/l), qe 

represents the adsorption capacity of copper ions on the adsorbent (mg /g), qm denotes 

the maximum capacity of adsorbent (mg/g), and Kl is Langmuir constant A plot of Cc 

/qe versus Ce would give Kl and qm (Giles et. al., 1960). The plot of isotherm is shown 

in Fig (3.16) and seen to be linear over the whole concentration range studied. Kl and 

qm values which were calculated from Langmuir equation are given in table (3.3). The 

constant Kl contains enthalpic interaction of the binding of copper ions with IPN
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hydrogels, and can be found. The intercept of the lines given in Fig (3.16) as can 1

seen from the table (3.3) Kl values suggest that the formation of monolayer is more

favorable. It was concluded that copper ions interact with polymer networks \ 7u

hydrogels. The results obtained are in good accordance to the results obtained by 

(Shashwat et. al., 2007).

Ce

F ig  (3.16) Langm uir isotherm  fo r  copper (11) adsorption on (GA/AAmj IP N  hydrogels. 

Table3.3. Kl and qm values determined from Fig (4.16) for adsorption of copper

Kl 3.02 x 10*J

qm 47.17

3.2.1.5. Desorption
To be viable material for use as an adsorption system, the hydrogel must be chemically 

reusable. The possibility of reuse the (GA/AAm) IPN hydrogels- copper system was 

investigated. The hydrogel could be easily regenerated with 0.1M HC1. On reuse, the 

desorbed hydrogel adsorbed almost the same amount of copper even after three cycles. 

This points to the possibility of reusing the copper adsorbed hydrogel several times. 

This character of the possibility for reusing the reacnve polymer several times makes it 

economically suitable for use.
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3.5. Polymer metal ion interactions
Metal ions are valuable intermediates in metal extraction, but also important raw 

materials for technical applications. Accordingly, complexation of metal ions is an 

important technique for recovering metals from various sources (hydrometallurgy) and 

for removal of metal from solutions in municipal and industrial wastes. As a 

consequence complexation, separation, and removal of metal ions have become an 

increasingly attractive area of research and has led to new technological approaches. 

Generally, metal ions complexation has taken into consideration several phenomena (1) 

the nature o f specific metal ions; its microenvironment, its interaction with other metal 

ions or species present in solution, and its redox reaction and speciation behavior; (2) 

the type of polymeric ligand, its chemistry, selectivity to metal ions, stability, and its 

swelling characteristics. Usually the term metal -  complexing (or chelating) polymers 

refer to polymers that bind metal ions by coordinating interaction. Natural polymer 

containing N, P, O, and S donor groups can coordinate with metal ions or complexes. 

Polysaccharides are more widely used for the complexing with heavy metal ions. It is 

possible to form a complex between the polymer and metal ions if the suitable water 

soluble polymer shows a significant selectivity for the metal ion. The principle of this 

process was first proposed by Michaels (Solpan and Sahan,1993).

Various methods have been applied for investigation of stoichiometries of polymer- 

metal complexes in solution, such as UV-visible, IR, NMR. ESR, viscosimetry. etc. 

Stoichiometries of polymer metal ion complexes have been calculated based on data 

obtained using these methods, by using various evaluation methods such as continuous 

variation method, the molar ratio method and slope ratio method. The method of 

continuous variation has been used frequently to determine the formulas and formation 

constants of complexes since its introduction by (Ostromisslenky, 1911 and Job, 1928). 

In this study it was try to determine the formation constant and formula of complex 

between gum Arabic with copper (II).
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3.5.1. Determination of complex stoichiometry and formation 

stability
In this study, the complexation of (GA), with bivalent metal ion copper (II) has been 

studied using UV-visible spectroscopy. Complex formation constant and stoichiometric 

ratio was calculated. The ability of the metal for complexation with (GA/AAm) 

hydrogels was discussed.

Absorption spectra of (GA), copper ion and GA-Cu++ complex solutions were recorded 

on A UV- visible spectrometer and maximum absorbance wavelength (/. max) values 

for each system were determined. The UV spectra of (GA), O f*  and (GA)-Cu 

complex solutions are shown in Fig (3.17). The absorbency of (GA) was measured at 

283 nm, maximum absorbance value of copper (II) was obtained at 285 nm. As Cu~ 

was added to (GA) solution, the band at 283nm shifted to higher wave length 288 nm, 

the wave length maxima shift value for (GA) and (GA)-copper (II) ion system are given 

in Table (3.4). As clearly seen shifts in the wavelength are indicators of the structural
_ j _ _ | _  ^

changes that occur on the molecules, Cu forming strong carbonyl complex. As a result 

of the interaction of Cu^ with nonbonding electron in carbonyl groups of (GA), a shift 

in the wave length maxima take place. This might be due to the n-a transition.

W avelength  (nm)

F ig  (3.17) U V spectra  o f  (a) (GA), (b) Cu , (c) (GAj - Cu complex
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Table (3.4) (>. max) values of (GA), Cu^ and (GA) - Cu" ion solutions

Sample X max values nm

GA 283 nm

Cu^ 285 nm

GA-Cu++ 288 nm

The formation curve of the (GA)-Cu in complex in Fig (3.17) would appear to 

extrapolate to a maximum coordination number of n=2 which means one metal ion is 

coordinated by two carboxyl groups in (GA) chain because PAAm has no ability to 

interact and adsorb metal ion. This is in agreement with (Duran et.al., 1999).

For the divalent metal ion (GA/AAm) hydrogels consist of two carboxyl group and tw'o 

hydroxyl group on interacting gulucronic (repeating monomeric unit of gum Arabic 

each unit carrying a carboxyl group)

For a typical complex forming reaction:

Me++ nPL j .... » Me (PL)n+

Where Me+ = metal ion,

PL = chelating unit of polymer ligand, and

n = coordinating number of the metal ion

The spectral curve of the intereaction mixture of copper (II) with gum Arabic is shown 

in Fig (3.18) the measurements were carried out at 288nm with different composition 

between gum Arabic and copper ions on plotting measured absorbance against mole 

fraction of the constituent of the complex give a characteristic triangular plot indicating 

formation o f more stable complex. The composition of the complex was calculated from 

point of intersection of the tangents to the curve.

From the graph as the mole fraction of ligand increases, the absorbance increases when 

metal and ligand exist in stoichiometric ratios. Therefore, the absorbance reaches a 

maximum. As more ligand added and metal is taken away the absorbance decreases 

again.
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Mole Fraction of Ligand

F ig (3.18) J o b ’s  curves o f  equim olar solutions o f  C opper (\\) - GA at 288nm

Like the molar ratio method plot, the mole ratio occurs where the vertical line (A-C) 

crosses the X-axis (here the X -  axis is converted to mole fraction of ligand). Since 0.69 

(where the vertical line (A-C) crosses X-axis) is equal to 2/3 and since all fractions must 

add up to one 1- 0.69 = 0.31 = 1/3 the complex is a 1:2 complex ML?. The absorbance 

represented by the distance between C and B is absorbance of complex present in the 

equilibrium mixture, the absorbance represented by the distance between A and B is the 

absorbance of free (uncomplexed) metal ion present in equilibrium mixture. In this 

study the concentration of the metal ion is 0.04M (by dissolving 1 g in 100 ml water) 

and the concentration of ligand 1% (by dissolving 1 g in 100 ml water).

The stability constant of complex was calculated from the following relation.

Kform = [ML2]/[M][L]2

Kform = [complex]/[Cu++][GA]2

[Complex] = l/3[mole ratio]*0.04[metal concentration] * (1 169 (actual absorbance))/ 

(1.25 (absorbance at break point)) = 1.2* 10’2 M

[Cu* ]̂ = l/3[mole ratio]*0.04[metal concentration]*((1.25-1.169)/!.25) = 8.55 *10'4 M
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[GA] = 2*[Cu++] = 17.1*1 O'4 M

Kform = [complex]/[Cu^][GA]2 = [1.2 *10'2]/[8.55*10'4][17.1*l(r4]2 = 8.2*107 litre2 

mole'2.
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CONCLUSION

Gum Arabic Acrylamide interpenetrating polymer network hydrogels have been 
prepared at different compositions by irradiation using Co-60 gamma source at different 
radiation doses.

Different percent gelation was determined gravimetrically.

Spectroscopic analysis which are FTIR, UV spectrophotometer were done to investigate 
the (GA/AAm) IPN and complex formation of GA with metal ions.

The maximum weight loss temperature of (GA/AAm) IPN hydrogels was found 
between those of PAAm and GA.

(GA/AAm) IPN hydrogels contain less AAm, show minimum percent swelling in 
distilled water, a diffusion of water into hydrogels was found to be a non Fickian 
character.

Adsorption capacity of (GA/AAm) IPN hydrogels was determined and adsorption 
isotherm of the gel was found to be of linear type.

The stoichiometry of GA with copper ions was determined. State something on the 
applications based on the studied properties.

The ratio used to synthesize (IPN) hydrogels Gum Arabic Acrylamide is 30% AG and 
10-15% AAm and the best dose is 10 kGy

The efficiency of the (IPN) hydrogels to adsorb heavy metal ions is 47mg/g
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RECOMMENDATIONS AND SUGGESTIONS

Gum Arabic is an excellent natural polymer for the preparation of different types of 

hydrogels using ionizing radiation in the presence of some chemical materials. The 

proceeded hydrogels can be highly valuable for different applications, the following 

examples could be a topics for further studies:

1- Further studies in the preparation of hydrogel based on Gum Arabic and other 

monomers Acrylic acid to be used in water treatment.

2- Preparation of superabsorbent hydrogel based on Gum Arabic and sodium acrylate.

3- Preparation of hydrogel based on Gum Arabic and polyvinyle alcohol to be used in 

wound dressing.

4- Preservation of some fruits and vegetables by irradiated solution of Gum .Arabic.
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