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Abstract 

In this study, polymer/silica hybrid composites were developed using grafting 

techniques for potential applications as adsorbent, heterogeneous catalyst, and ion 

exchange resin. Two commonly used grafting techniques i.e., radiation-induced 

grafting and emulsion graft polymerization have been explored to modify the surface 

of the commercially available silica microparticles with different monomers to 

fabricate composite materials for environmental applications. The mesoporous silica 

particles with high surface area, tunable pore size, and narrow pore size distribution 

were modified by treating with vinyltriethoxysilane to introduce polymerizable vinyl 

functionality on the particle surface for in-situ polymerization of various monomers to 

achieve polymer/silica hybrid composites. Silica/poly(acrylonitrile) and 

silica/polystyrene hybrid composites were fabricated by in-situ grafting of 

acrylonitrile (AN) and styrene (St), from surface of the modified silica (MS) 

microparticles, respectively.  

 

Radiation induced grafting was achieved by using the Co-60 irradiator. 

Systematic and detailed studies have been carried out to investigate the influence of 

various grafting parameters, i.e., gamma absorbed dose and monomer concentration, 

on the grafting of acrylonitrile. Under the optimized conditions of 1:12 silica to 

monomer ratio (w/v) and 20 kGy absorbed dose, afforded the highest grafting (748 %, 

the value indicates the % increase in weight of the silica particles after the AN 

grafting). Radiation induced grafting in a solvent free system provided eco-friendly 

route by avoiding hazardous organic solvents. The emulsion graft polymerization AN 

was carried out with potassium persulfate as initiator and tween 80 as surfactant in 

aqueous medium. Systematic investigations were carried out to elucidate the effect of 

monomer, initiator, and surfactant concentration on the grafting. The optimized 

conditions were found to be 6% monomer, 0.15 % initiator, and 1 % surfactant 

concentration that afforded the highest grafting (296 %). The nitrile (-CN) groups of 

the grafted poly(acrylonitrile) were converted into amidoxime functionality by 

treating with hydroxylamine. The emulsion grafting route is free from the 

requirements of using higher monomer concentration, costly organic solvents, and 

special equipment. 

 



 

xiii 

 

 In 2
nd

 study, styrene was grafted onto modified silica particles to afford silica-

grafted-styrene composite via radiation induced grafting and subsequent sulfonation 

of the grafted polystyrene. The effect of grafting conditions, such as absorbed dose, 

monomer concentration, and the type of solvent used was investigated in detail. 

 

The structural and morphological investigations of the hybrid composites were 

carefully performed by Fourier transform infrared (FT-IR) spectroscopy, X-ray 

diffraction (XRD), field emission scanning electron microscopy (SEM), 

thermogravimetric analysis (TGA), and Brunauer–Emmett–Teller (BET) nitrogen 

adsorption-desorption isotherms. 

 

The amidoxime grafted silica materials prepared were evaluated as adsorbent 

for Cu(II) ions from the aqueous solution and were found to have higher loading 

capacities of 172 mg/g and 130 mg/g, respectively, for radiation-induced and 

emulsion grafted samples. The hybrid materials after loading with Cu(II) ions were 

also employed as heterogeneous catalyst for the reductive degradation of methylene 

blue (MB) in the presence of NaBH4 as reductant. The reduction process followed 

pseudo-first-order kinetics and the rate constant (k) was calculated 0.6224 min
-1

. The 

hybrid catalyst was found to be highly effective for the degradation of MB and can be 

easily recovered and reused several times with no appreciable loss of catalytic 

activity. The ion exchange capacity (IEC) of the fabricated silica-grafted-sulfonated 

styrene composite resin was evaluated by ion exchange titrations (back titration 

method). The IEC was found to be in the range of 0.43-2.97 meq/g depending on the 

degree of grafting. The facile fabrication method and high IEC value could lead to 

potential application of the fabricated resin in ion exchange resin in waste water 

treatment and metal recovery. 
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Chapter 1  
Introduction 

1.1 Background and General Introduction 

Environmental pollution, especially water pollution, is a major global problem of 

modern era and the increasing utilization of pocket-size resources creates a need for 

improved purification methods. Water plays a key role in the well-being of all human 

beings. On average, 200 liters per day of fresh water is consumed by every person in 

the western world 3. About one billion peoples do not have approach to safe and clean 

drinking water [1]. Moreover, about 2.5 billion people lack better sanitation facilities. 

The effects of water scarcity are very severe and therefore, producing clean water is 

one of the pressing needs worlds over. 

A large number of organic and inorganic contaminants along with biological 

pollutants have been reported in water. Among them, the organic pollutants and toxic 

heavy metals are more important as they create serious health problems in humans 

and environmental issues. Moreover, the metal ions are non-biodegradable in nature 

and hence, show long term persistence in the environment [2]. Organic pollutants 

such as disinfection by-products, organic compounds, polyaromatic hydrocarbons, 

dyes, pigments, detergents, food processing waste, pesticides etc. are present as 

pollutant in water. Among these, the coloring agents (dyes) create significant 

environmental issues [3]. The industries, including textile, paper and pulp, leather, 

petroleum, paints, cosmetic, and pharmaceutical industries are some of the main 

sources of dyes and pigments in the environment. Almost 10-60 % of the dye is lost 

during the dying process and discharged through industrial effluent [4-6]. The dye-

containing effluent when discharged into the water bodies creates problems in aquatic 

environment as it gives undesirable color to water which inhibits the light penetration 

and as a result the photosynthesis of flora is affected [7-10]. Thus, effluents from 

textile industries are the largest contributors of the pollutants, among all the industrial 

effluents. These contaminants/pollutants present in environment, especially in 
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drinking water, should be maintained to an acceptable level as recommended by the 

environmental regulations bodies worldwide. 

Much effort has been directed to the purification of contaminated water, since 

the total amount of usable freshwater is limited. These include electrochemical 

precipitation [11-13], ion exchange [14], reduction [15, 16], solvent extraction [17], 

membrane separation [18, 19], flotation [20], phytoremediation [21], foam separation 

[21], adsorption [22, 23], coagulation [24] and catalytic reduction [25, 26] etc. 

Adsorption exhibits some advantages, such as high removal efficiency, cost effective 

method, and facile recyclability [27]. Moreover, in recent years, multistep processes 

have been developed for the degradation of dyes [28]. Reductive degradation of dyes 

by metallic catalysts have got much attention due to high efficiency and greener route 

of degradation, i.e., end products are biodegradable [29].  

 A variety of natural and man-made materials such as polymers, clays, zeolites, 

biomass, and carbon-based materials have been utilized for the adsorption of heavy 

metal ions from the aqueous media [30-34]. However, these materials exhibit some 

disadvantages, such as low adsorption efficiency, poor selectivity, and mechanical 

properties, and having issues with regard to their separation and reuse. These issues 

and constraints might be overwhelmed by combining the organic and inorganic 

substances [35, 36]. In the organic-inorganic hybrid composites, both the components 

are selected in such a way that the resultant hybrid presents higher adsorption 

efficiency, better selectivity, mechanical and thermal properties, and improved 

regeneration and reusability [37].  

 Different organic-inorganic hybrid composites having different forms as core–

shells particles, fibers, membranes, and porous hybrids have been investigated for the 

adsorption of heavy metal ions [38]. Besides, their use for the eviction of toxic heavy 

metal ions from waste water, organic-inorganic hybrids has also been used as 

adsorbents for organic molecules. Their use as adsorbent for organic dyes and 

antibiotics has advantages; as the inorganic component acts as catalyst and degrades 

the organic dye by catalytic process in addition to the adsorption [39, 40]. Different 

methods have been used for the fabrication of organic-inorganic hybrids for such 
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purposes [41]. Among them, grafting is an efficient method to fabricate hybrid 

materials with desired properties, i.e. adsorption, ion exchange, and catalytic etc. [42].  

 The cutting edge society is confronting various difficulties related to health, 

sustainability and environmental protection. Unavoidably, the need of outlining and 

growing new useful materials that could enhance the quality of life and prompt the 

improvement of cutting edge advancements is of principal significance. Scientists 

continue search for advanced materials with best properties for specific applications. 

The research on hybrid materials, no doubt has resulted the design and fabrication of a 

variety of new material platforms with promising properties according to the specific 

application [43]. Among the materials developed in the past few decades, polymer-

inorganic composite materials have received high attention due to superior properties, 

such as mechanical and thermal resistance and easy processibility of the organic 

polymers [44]. The polymer-inorganic composites are a relatively new class of 

materials showing more flexibility in terms of applications because the materials are 

designed in such a way to enhance the advantages and reduce the deficiencies of the 

constituents in the fabricated composite [45]. 

1.2  Organic-Inorganic Hybrid Composites 

In recent years the word ―hybrid‖ is frequently used in our day to day life, as an 

example, hybrid car, hybrid type mobile phones, hybrid animals, hybrid cereals etc. 

The meaning of the word ―Hybrid‖ in dictionary is ―a thing made by two different 

elements‖ [46]. In material science it literally means ―something that is obtained by 

mixing different types of materials‖. Thus, an organic-inorganic hybrid is a 

combination of organic and inorganic constituents that display the properties of both 

giving rise to a new material with enhanced properties [46]. In comparison to pure 

organic and inorganic components, the hybrid materials have extended range of 

applications [47]. Hybrid materials benefit from the complementary properties of their 

organic and inorganic constituents. Organic component provides processibility, 

flexibility, biocompatibility, stability, and specific functionalities while the inorganic 

component offers mechanical stability, catalytic activity, or special optical, electronic, 

or magnetic properties [48-50].  
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1.3 Fabrication Strategies of Organic-Inorganic Hybrid Materials 

Fabrication of organic-inorganic hybrid materials can be achieved by various 

techniques as described below. 

1.3.1 Sol-Gel Method 

Sol-Gel is a wet chemical process and the synthesis of organic-inorganic hybrids by 

this method dates back to more than two decades [51]. This method is still a 

frequently used technique for the production of new materials with enhanced 

properties for applications in various fields such as catalytic, mechanical, optical, 

electrical, biological, and a variety of other applications. [52, 53]. This technique 

generally involves the use of alkoxides that undergo hydrolysis and condensation and 

generate inorganic network as schematically presented in Figure 1.1.  

 

Figure 1.1: A general reaction scheme of sol-gel process for the preparation of silica. 

 

 The introduction of organic component within the inorganic network, such as 

silica, titania, and alumina by sol-gel process takes place under mild reaction 

conditions [54, 55]. The sol-gel technique has been extensively employed for the 

generation of silica-based hybrids due to its non-toxic nature, high surface area, and 

tunable pore size and volume, facile modification of physical and chemical properties 

through surface functionalization, as well as cheaper and easily available starting 

materials [56-58]. On the basis of interactions developed between the constituents of 

the obtained hybrids, the organic-inorganic hybrid materials fabricated via sol-gel 

technique can be classified into two classes. Class I comprised of the hybrid materials 
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where only physical interactions, such as H-bonding, ionic or aromatic (π–π 

interactions) etc. are present between the components. Both the starting components 

(organic and inorganic part) are equipped with specific functionalities that would 

enable the creation of such interactions. For example, polyamides, polyurethanes, 

polycarbonates, and some biopolymers have been successfully used for the synthesis 

of hybrids with H-bonding by sol-gel method [59-62]. In the same way, the inorganic 

component can be chosen that promotes such interactions with the polymer, e.g., 

incorporation of silicate monomers having aromatic moieties facilitate the 

development of homogeneous polymer-silica hybrids with polymers having aromatic 

functionalities [63]. On the other hand when inorganic component used without such 

moieties, the resultant hybrid lacks homogeneity and as a result phase separation 

occurs. In class II, both components are held together by chemical bonding. The use 

of silane functionalized polymers and telechelic polymers with specific end-group 

functionality  enable co-condensation process with the inorganic constituent leading 

to chemical bonding of the components in the fabricated hybrids [64-66]. 

The sol-gel technique has some special features when compared with other 

methods: (1) it requires simple processing equipment: expensive vacuum setups are 

not needed; (2) low-temperature conditions are used which make the processing of 

volatile components feasible; (3) the resulting materials can be obtained in different 

shapes with required properties, i.e., films with large surface area [67-69]. 

Examples of organic-inorganic composites fabrication by sol-gel technique: 

Yen and Kuo prepared a Class I hybrid from boehmite and thiazole azo dye. They 

subjected the thiazole azo dyes to hydrolytic polycondensation with aluminum 

isopropoxide TEOS, and VTES in varied ratios to obtain a hybrid of boehmite, silica, 

and thiazole heterocycle azo dye. These hybrids were characterized by XRD, FTIR, 

NMR, UV visible spectrophotometry and EDX [70]. Catauro and coworkers have 

prepared a hybrid by sol-gel method from ε-polycaprolactone and zirconia-yttria for 

the controlled drug delivery application. They have characterized the material by 

spectroscopy, microscopy, and XRD and showed that sol-gel reaction leads to the 

depolymerization of the organic component. They have also shown that the fabricated 

hybrid material releases higher dose of the drug at initial stages and that the release 

rate slows down with time [71].  
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1.3.2 Blending Methods 

The blending of organic and inorganic components could be achieved in solution, in 

melt, or solid state powder. The solution blending is a simple method for the 

fabrication of organic-inorganic hybrids that involves the dissolution of polymer in a 

good solvent and subsequent addition of inorganic particulate to it. The dispersion of 

inorganic constituent in the polymeric solution is carried by mechanical agitation or 

by ultrasonication. The resulting composite can be obtained in solid state by the 

solvent evaporation. This is a simple and cost effective technique but the strong 

aggregation tendency of the inorganic particles for the reduction of their surface 

energy is one of its major drawbacks. That leads to the inhomogeneous mixing and 

inferior chemical, mechanical, and physical properties [51]. To overcome this 

problem, and to ensure homogeneous mixing, inorganic particles are functionalized 

with organic molecules or polymers before being introduced into the polymer solution 

[72, 73]. 

 The melt blending, where the molten state of the polymer is mixed with the 

inorganic constituent, is an environment friendly alternative to the solution blending 

as it avoids the use toxic organic solvents for the fabrication of the composite 

materials. Furthermore, it is performed under the similar processing conditions as 

used for the parent polymer, i.e., thermal treatment and shearing at temperatures 

above the polymer-softening point. 

 Examples of organic-inorganic composites fabrication by blending technique: 

Bikiaris et al. [74] have prepared polypropylene/silica composites by melt mixing on 

a screw extruder. They used untreated fumed silica and dimethyldichlorosilane treated 

silica having particle size 12 nm in different proportions for composites preparation. 

With increasing the silica content, the formation of aggregates was observed by 

fumed silica and hence poor mechanical properties. The surface-treated particles also 

produced large agglomerates in the matrix. The thermal characterization revealed that 

silica acts as good nucleating agent for the crystallization of polypropylene. García 

and coworkers [75] carried out compounding of silica particles filled with polyamide-

6 using screw extruder apparatus for the production of nylon 6 and silica composite 

material on industrial scale. The resulting composite showed higher c-phase content, 

enhanced mechanical performance. Moreover, the addition of SiO2 did not decrease 
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the average molecular weight of the polymer matrix, which is an important property 

of composites related to their applications. Zheng et al. [76] reported 

polypropylene/silica composite by compounding of core–shell silica hybrid particles 

(previously fabricated) with polypropylene in molten state. The silica particles were 

prepared by sol-gel method and their surface modification was carried out with 3-

methacryloxypropyltrimethoxysilane to introduce vinyl (C=C) groups on the particles 

surface. The core–shell silica hybrid particles with poly(MMA-co-BA) shells were 

developed by in-situ copolymerization of methyl methacrylate (MMA) and butyl 

acrylate (BA). 

 In addition to silica, other inorganic nanofillers, such as nanoclays, metal 

nanoparticles, semiconducting quantum dots, and Al2O3 nanoparticles have also been 

dispersed in various polymers to achieve polymer based hybrids [49, 77-80].  

 The solid state powder blending has also been employed in the development of 

organic-inorganic hybrids [81]. This method has some advantages over the solution 

and melt blending as toxic organic solvents or thermal processing of the polymer is 

not required for composite fabrication. Further, it also overcomes the processing 

issues related to high nanoparticles loading and poor solubility of some polymers in 

organic solvents in solution blending, and high processing temperatures for some 

polymers due to their high melting temperature. However, surprisingly, this technique 

has drawn very little attention as compared with the solution and melt blending 

techniques [81]. Typical examples from the literature include: Hayashi and coworkers 

[82] employed the dry milling of organic pigment along with surface modified silica 

powder and developed the core-shell hybrid with uniform shape and size and 

improved pigment color density, in contrast to conventional processes, which results 

in size reduction and wide size distribution. During the milling, mass transfer 

occurred from the larger pigment particles onto the surface of silica particles and 

hence this technique is also named as mass transfer milling. High-energy ball milling 

can also be used for the fabrication of organic-inorganic hybrids [83]. During the 

processing by high-energy ball milling, a series of energy transfer reactions take place 

and mixing of organic and inorganic component is achieved. The agglomerates of 

inorganic particles are broken down into smaller ones and homogeneous dispersion of 

these particles inside the polymer matrix is achieved. The properties of individual 
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components of the composite retained depending upon the degree of interactions 

between organic and inorganic components and new properties may also arise from 

the collegial interfacial effects. Different polymers have been successfully combined 

with silica, barium titanate, titanium oxide, clays, and nickel ferrite etc. by this 

technique [84-89]. As an example, Serra‐Gómez and coworkers  used high-energy 

ball milling to fabricate nanocomposites based on the mixture of ethylene and vinyl 

acetate copolymer and BaTiO3 particles [84]. They have used two different ball 

milling conditions: 

 Milling at room temperature 

 Milling at the temperature of the liquid nitrogen.  

A homogeneous dispersion of the particles in resulting composite was achieved. Iron 

contamination from milling apparatus was also in acceptable limits, which is an 

important issue during their use in electrical properties [84].  

1.3.3 Microwave Irradiation 

When microwave radiations interact with molecules having permanent dipole 

moments that align themselves with respect to the external applied magnetic field 

resulting in the production of heat because of collision, friction, and rotation processes 

[90]. In recent years, a number of research groups have exploited microwave 

radiations for polymerization at higher speed with high yield and no side reactions 

[91]. Microwave radiations have been developed to a convenient tool and became an 

alternative energy source for the synthesis and processing of polymers and 

preparation of polymer composites [92-94]. It has also been reported that during the 

synthesis of nanoparticles, the microwave irradiation can control size distribution to a 

narrow range and also reduces the reaction time when contrasted with customary 

heating strategies, because of speedy and homogeneous heating [95].  

 Microwave radiations have been successfully used for the fabrication of 

organic-inorganic hybrid materials, such as polymer-clay, polymer-metal, and 

polymer-nanowire composite materials [96]. Kajiwara et al. [97] have reported the 

easy and fast preparation of poly(2-hydroxyethyl methacrylate)/silica hybrid via  

microwave assisted in-situ polymerization technique. In this process, 2-hydroxyethyl 

methacrylate was polymerized along with sol-gel reaction of methyltrimethoxysilane. 
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The rate of formation of hybrid in microwave assisted process increased rapidly as 

compared to other heating methods because the –OH groups of 2-hydroxyethyl 

methacrylate and silanol groups of silane were activated by microwave irradiation. 

Moreover, the properties, such as transparency and homogeneity of the hybrid 

prepared by microwave assisted method alos improved as compared to hybrids 

prepared by other heating methods. In addition, the degree of polymerization of 2-

hydroxyethyl methacrylate in microwave assisted process is higher as compared to 

other heating techniques due to the activation process. Geppi and coworkers have 

reported the preparation of organic–inorganic hybrids by sol-gel method where curing 

was carried out by ordinary heating and under microwave irradiation[98]. The hybrid 

materials obtained by conventional heating were compared to the hybrid materials 

obtained under microwave irradiation. The results indicated that the extent of 

condensation occurred during several hours of oven heating was comparable to that 

occurred during 1 minute under microwave heating, i.e., 1 min of heating under 

microwave was enough to reach a cross-linking degree comparable with that obtained 

after several hours of conventional oven heating. 

1.3.4 Photopolymerization 

Ultra violet (UV) radiations give rise to polymeric species when some proper 

photoinitiator is introduced in the monomers [99]. Photoinitiators, upon exposure to 

UV radiation generate free radicals or cations that initiate the polymerization process 

at room temperature. An in-situ photopolymerization in a dispersion of the inorganic 

nanofillers leads to the formation of polymer-inorganic composite [100]. Organic-

inorganic composites synthesized via photoinitated polymerization are widely used in 

coating technologies that facilitates the development of polymer-inorganic composite 

coatings with enhanced physiochemical properties. The common monomers used in 

such processes, include acrylates [101], methacrylates [102], vinyl-ethers [103], and 

epoxy-systems [104], while the inorganic particles include SiO2, TiO2, Al2O3, clays 

and metal nanoparticles [105-109]. The direct polymerization of monomer onto the 

clay surface has also been carried out by employing the intercalated ion-containing 

photoinitiators. These photoinitiators are capable of anchoring on the clay surface 

[110]. 
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 Müh et al. [111]was the first to prepare UV-curable hybrid composite via sol-

gel processing of alkoxysilane containing bismethacrylate-based monomers. Li et al. 

[112] fabricated organic–inorganic hybrid for coating purpose from 3-

(trimethoxysilyl)propyl methacrylate and modified silica nanoparticles. The curing of 

composite was carried out by UV in the presence of photoinitiator. The resulting 

hybrid films were very smooth, transparent, and without cracks. The results indicated 

that on increasing the size of silica particles, the rate of polymerization increased 

while the roughness, Tg, and UV absorbance of the fabricated hybrid decreased. This 

report show that this method could be efficiently applied for the fabrication highly 

durable organic-inorganic hybrids for coating purposes. Cho et al. [113] employed 

photodifferential scanning calorimetry to explore the kinetics of UV-initiated 

photopolymerization of 1,6-hexanediol diacrylate in the presence and absence of 

silica. The rate constant (k) and the order of initiation reaction (m) were evaluated by 

using autocatalytic kinetics model. It was found that the system with silica particles 

show higher conversion, ‗k‘ and ‗m‘ values as compared to the system without silica 

particles; an indication that silica particles accelerate the curing process and curing 

rate due to the fact that these particles act as diffusion-aid agent and also contribute in 

lengthening of path length by scattering and reflection of UV light. 

1.3.5 Surface Grafting 

The better physical, thermal, and chemical properties are the major requirements of 

the hybrid materials, which can be attained by developing specific interactions 

between organic and inorganic phases. Grafting is an important technique to develop 

these interactions [114]. Grafting can be achieved by different ways, such as chemical 

methods or by using ionizing radiations. Generally, two different mechanisms are 

involved in surface grafting, i.e., grafting onto and grafting from. In ‗grafting onto‘ 

mechanism, a polymer chain is grafted onto the substrate surface out of solution. 

While in ‗grafting from‘ mechanism, a polymer chain is initiated and propagated on 

the substrate surface as depicted in Figure 1.2.  

 As indicated by Bhattacharya and Misra, different techniques have been 

utilized to graft monomers onto various substrates [114]. Among these, the chemical 

grafting and the radiation induced grafting are most frequently employed techniques 

for the fabrication of functional hybrid materials. 
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Figure 1.2: Schematic representation of ―grafting onto‖ and ―grafting from‖ 

techniques. 

 

1.3.5.1 Chemical Grafting 

Chemical grafting can be accomplished by free radical or ionic reactions. In chemical 

grafting reactions, the initiator plays important role and also determines the 

mechanism of grafting process, i.e., redox, free radical, ionic etc. [115, 116]. In 

addition to conventional free-radical polymerization, the ―controlled‖ radical 

polymerization technique can also be used for grafting purposes [117, 118]. A variety 

of routes can be used in chemical grafting and a few important ones are discussed 

below. 

I. Free Radical Grafting 

In free radical grafting, the radicals are generated from the initiators and conveyed to 

the substrate to react with monomer to grow into polymer chain. These free radicals 

are generated directly on the initiator or indirectly via creation of active species, for 

example, reactive oxygen [119]. Common initiators that have been used with 

considerable success include, persulfates of ammonium and potassium, ceric 

ammonium nitrate (CAN), benzoyl peroxide (BPO) and azobisisobutyronitrile 

(AIBN) at specific temperature range [120, 121]. Lower temperatures are generally 

preferred to provide a low-cost method of synthesis and to decrease the homopolymer 
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formation. However, higher temperatures (> 200 °C) are required for some reactions 

such as grafting of maleic anhydride onto polyethylene using di-tertbutyl peroxide as 

initiator [122].  

II. Ionic Grafting 

Ionic grafting is similar to free radical grafting, but in this method chemical initiators 

produced cationic or anionic centers instead of free radicals, which initiate the 

grafting reactions. For example, tertiary-butyl-phosphazene along with acid has been 

used in the anionic modification of polyethylene oxide [123]. In addition, sodium 

naphthalenide and organometallic compounds are also used as initiators. 

III. “Controlled” Radical Polymerization (CRP)  

This method, developed in recent years, has much potential for grafting reactions. In 

CRP, the growing chains have the ability to propagate for a long time and the degree 

of termination or chain transfer is negligible [124]. Conventional free radical 

polymerization needs continuous initiation and leads to the dead polymer chains due 

to coupling and disproportionation reactions and the resulting polymer having high 

polydispersities is produced. While in CRP, the molecular weight is better regulated 

and the resulting polymer has lower polydispersity [125-128]. Typical examples of 

CRP include, reversible addition fragmentation chain transfer (RAFT) [129], 

nitroxide mediated polymerization (NMP) [130], and ATRP [131, 132], which offer a 

convenient and experimentally benign route as compared with the anionic 

polymerization to afford (co)polymers of various architectures with predefined molar 

mass, well-defined structure, and chain end functionality. A wide array of vinyl type 

of monomers has been polymerized by the CRP techniques, such as styrene, 

acrylamide, and methacrylates, to name a few [133-137].  

1.3.5.2 Emulsion Polymerization 

Grafting of monomers onto different host substrates via emulsion polymerization in 

aqueous media has got attention due its environment friendly nature. Emulsion 

polymerization is important scientifically, technologically, and commercially that was 

developed during the World War II in order to replace natural rubber with the 

synthetic rubbers [46]. Today, emulsion polymerization is a common and widely used 

in paint, paper, textile, and plastic industries [138-141]. This process facilitates the 
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industry to produce polymers with unique properties and provides the substitute of 

organic solvents by waterborne products. Emulsion polymerization has been 

successfully employed in the fabrication of organic-inorganic hybrid materials such as 

polystyrene-clay nanocomposite [142], PMMA-clay hybrid composite [143], acrylate 

hybrid nanocomposite coatings [144], polystyrene/polysilsesquioxane core/shell 

composite [145], polystyrene/silica composite [146], polystyrene/detonation 

nanographite composite [147], poly(vinyl acetate)‐sodium montmorillonite hybrids 

[148], graphene/carbon nanotube (CNT)/polystyrene hybrid [149], and etc. 

 As an example, Reculusa et al. [150] reported polystyrene/silica composite via 

emulsion polymerization. The silica particles were prepared by Stober process and 

functionalized with methacryloxypropyltrimethoxysilane. The resulting nanohybrid 

has daisy- or multipod-shaped morphology. Wenbo et al. [151] have reported a 

polymer/silica hybrid by direct mixing of polymer emulsion and surface 

functionalized silica and casting into films. These films display excellent properties, 

e.g., thermal properties. Wu et al. [152] prepared the organic-inorganic composite 

latex using dodecyl sodium sulfate as initiator and deionized water as dispersion 

medium via emulsion polymerization. It was observed that the resulting hybrid films 

have superior properties. 

 Silica/polystyrene composite particles were prepared by Lehocký and 

coworkers [153] by emulsion polymerization by using 

methacryloxy(propyl)trimethoxysilane modified silica particles as substrate, sodium 

dodecyl sulfate as emulsifying agent and hexadecane as hydrphobe. The resulting 

composite particles were homogenously coated with polymer giving stable latex. 

 Lee and Jang reported the fabrication and characterization of methyl 

methacrylate/montmorillonite composite via emulsion polymerization [143]. It was 

observed that PMMA chains were confined between the layers of montmorillonite 

and gives a planar type of conformation. Thermal stability and tensile properties of 

the resulting composites enhanced due to strong fixation of polymer to the clay 

surface. 
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Main Ingredients of Emulsion Polymerization 

A typical emulsion polymerization formulation constitutes five fundamental 

ingredients: a) substrate), b) monomer, c) dispersion medium, d) emulsifying agent, 

and e) initiator [138]. In addition, the additives, such as plasticizers, chain transfer 

agents, bases, acids, biocides, thickening agents, anti-aging agents, buffers, etc., may 

also be used according to the requirement of the reaction. In this process, substrate 

and monomer to be polymerized are emulsified in aqueous medium in the presence of 

a suitable emulsifying agent (surfactant). The initiator molecules decompose at certain 

temperature range and initiates polymerization process. At the completion of 

polymerization, a stable colloidal dispersion of the resulting polymer and/or hybrid 

particles in aqueous media is achieved.  

I. Substrate 

Substrate is a suitable solid surface used for the polymerization of monomer on its 

active sites. A variety of organic and inorganic materials, such as clays, silica, 

poly(tetrafluoroethylene), polyethylene, and etc. can be used as substrate. The 

selection of substrate depends upon the applications of the resulting hybrid. 

 Luo et al. [154] used silicon carbide (SiC) nanoparticles as a substrate for the 

graft polymerization of glycidyl methacrylate (GMA) via emulsion polymerization 

technique. The surface of SiC particles was functionalized by silane coupling agent to 

improve the activity of these particles. It was observed that the resulting composite 

particles have SiC core and polymeric shell of GMA with polymer attached to the 

particles via vinyl functionality that was introduced during the surface 

functionalization of the particles. Ting and Nasef have used polyethylene-coated 

polypropylene as substrate for grafting of GMA to fabricate a boron-selective 

adsorbent [155]. The resulting composite adsorbent was more efficient and 

economical. Ding and coworkers used silica as solid substrate to graft styrene and 

develop polystyrene/silica composite particles. Silica particles were obtained by 

Stober method and their surface was functionalized by oleic acid to introduce 

polymerizable C=C bonds on the particles surface [156]. 
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II. Monomer 

In emulsion polymerization, the monomers which are capable of undergoing free 

radical polymerization are used including; butadiene [157], styrene [158], 

acrylonitrile [159], acrylate and methacrylate esters [160, 161], vinyl chloride [138], 

vinyl acetate [162], acrylic acid [163], methacrylic acid [164] to name a few. These 

monomers can be classified into three groups based on their solubility in water. First 

group comprised of monomers having good solubility in aqueous medium. While 

second group comprised of monomers having solubility in water up to 3wt. % while 

the third group comprised of monomers practically insoluble in water [165]. 

III. Dispersion Medium 

Water is usually used as the dispersion medium in emulsion polymerization. Water 

affords some advantages, such as; it is cost effective, inert, and environment friendly 

as compared to the other organic solvents. Water acts as heat transferring agent and 

also provides less viscous reaction medium [166]. It also provides a medium for 

transfer of monomer from droplet to particles, act as locus for the decomposition of 

the initiator and locus for oligomer formation and a medium of exchange for 

surfactant.  Moreover, it acts as solvent for surfactant and initiator. Other solvents or 

mixture of different solvents may also be used, e.g., ethanol or methanol-water 

mixture have been used for the grafting of vinyl acetate onto polypropylene fibers 

[167]. Li and coworkers successfully used water as dispersion medium for the 

grafting of methyl methacrylate, butyl acrylate, and styrene onto starch using 

potassium persulfate as initiator and dodecylbezenesulfonic acid sodium salt as 

emulsifying agent [168]. 

IV. Emulsifying Agent 

Emulsifying agents are surface-active substances and named as surfactant, emulsifier, 

detergent, soap forming substance, and dispersing agent. These are composed of a 

long-chain hydrophobic tail and the hydrophilic head group and generally classified 

based on the nature of head groups as shown in Figure 1.3. Anionic surfactants have 

head groups with negative charge and are sodium, potassium or ammonium salts of 

long chain fatty acids or the sulfonated derivatives of aliphatic, arylaliphatic, or 

naphthenic compounds. Cationic surfactants have positively charged head groups and 

are quaternary salts. Zwitterionic surfactants can show cationic as well as anionic 
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properties depending on pH of the reaction medium. While the non-ionic surfactants 

carry no charge and the most commonly used non-ionic surfactants have head group 

with ethylene oxide units, which may vary from 1-70 units [169] as shown in Figure 

1.3.  

 

Figure 1.3: Classification of surfactants based on hydrophilic head groups. 

 

 Emulsifying agents play many important roles in emulsion polymerization, 

i.e., reduces the interfacial tension between the monomer phase and the aqueous phase 

and hence the dispersion of monomer is achieved in aqueous medium [165, 170, 171]. 

The concentration of the surfactant should be higher than its critical micelle 

concentration (CMC), which are the ordered nanoclusters of the emulsifier with 

water-soluble ends (hydrophilic) forming the shell-positioning towards water and the 

oil-soluble ends (oleophilic/lyophilic) constitute the micelle core. In addition to the 

solubilization of the monomers in the micelles core, the emulsifier also stabilizes the 

monomer droplets in emulsion state. Furthermore, it also stabilizes the growing 

polymer particles and the final latex. It also acts as the center of nucleation of 

particles and chain transfer agents. 

 In most of the emulsion polymerization system anionic surfactants are usually 

preferred, as they are very good particle generators and also stabilize the latex 

particles through electrostatic repulsion [172, 173]. However, with the addition of 
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electrolyte and in freeze-thaw cycles, the latex stabilized by anionic surfactant 

becomes unstable. To address these issues non-ionic surfactants are employed to 

nucleate the particles and to stabilize the latex. Moreover, non-ionic surfactants can 

enhance the stability of latex product against electrolytes, water, and high shear rates. 

The cationic and zwitterionic surfactants are occasionally used in emulsion 

polymerization applications [174-176].  

 A typical example of the non-ionic emulsifier is Tween 80 (Figure 1.4) [177-

180]. It is derived from polyethoxylated sorbitan and oleic acid and available with 

various names, such as Montanox 80, Alkest TW 80, polysorbate 80, and PS 80. It is 

commonly used in food, health, beauty products, medicines, and laboratory 

applications [181, 182].  

 

Figure 1.4: The chemical structure of Tween 80. 

 

V. Initiator 

Emulsion polymerization follows the free radical polymerization mechanism and the 

initiator produces free radicals, which initiate polymerization. Free radicals may be 

produced by thermal processes or redox reactions (see Figure 1.5). Moreover, free 

radical initiators are classified into two groups: (i) water soluble and (ii) oil soluble 

[183, 184]. Water soluble initiators include persulfates of ammonium, sodium, 

potassium, etc. and hydrogen peroxide and other peroxides. Persulfates are more 

common among the water-soluble initiators and generate sulfate radical anions on 

thermal decomposition in aqueous medium. Oil soluble initiators include benzoyl 
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peroxide (BPO) and azobisisobutyronitrile (AIBN). Redox initiators are the 

persulfate-bisulfite systems which generate free radicals at lower temperatures by 

oxidation reduction reactions. Furthermore, free radicals may also be generated by 

ultrasounds or radiations [185-191].  

 
Figure 1.5: Generation of free radicals by different initiators. 

 

General Mechanism of Emulsion Polymerization 

The emulsion polymerization follows free radical addition polymerization mechanism 

and generally involves three steps; initiation, propagation, and termination. In first 

step, the initiator molecule decomposes homolytically and produces free radicals 

which in turn initiate polymerization process. These free radicals react with monomer 

forming the active center that then adds monomer sequentially in propagation step and 

grow into polymer chain. These growing polymer chains are finally terminated by 

reacting with another free radical. 

Initiation: The initiation involves two steps. In the first step, the decomposition of 

initiator leads to the production of free radicals, while the second step involves the 

reaction of these free radicals with monomer and produce a growing radical as shown 

in eq. 1 and 2, respectively. Thermal initiation is commonly used in emulsion 

polymerization in which homolytic scission of initiator molecule (I) produces a pair of 

free radicals. 
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 I  →  2R∙       (1) 

 R∙ + M →  RM∙      (2) 

Propagation: This step involves the addition of monomers to the active sites of 

growing chain as shown in Equation 3. This is the only step which produces polymer. 

  R∙ + nM →  P∙n+1       (3) 

Termination: In this step the growing chain is terminated either by recombination or 

disproportionation reactions. In these reactions, the growing chain may react with 

other growing chain or free radical as shown below. 

Recombination reaction:  

  Pn∙ + Pm∙ →  Pn+m     (4) 

Disproportionation reaction: 

   Pn∙ + Pm∙ →  Pn+Pm      (5) 

 In emulsion polymerization, free radical mechanism is closely associated to 

the heterogeneous nature of the emulsion, where different phases exist, i.e., micellar 

phase, aqueous, monomer droplet, and particle phase. Hence, numerous mechanisms 

have been proposed for the formation of latex. Harkins in 1945 and 1946, described 

the qualitative aspects of the mechanism of emulsion polymerization [192, 193]. Later 

on Smith and Ewart [165, 194] described its quantitative aspects and develop a theory 

which is helpful in determining the reaction rate and number of latex particles, in 

emulsion polymerization. According to these theories, the emulsion polymerization 

process occurs in three stages; particle formation stage, particle growth stage, and 

completion stage and these stages are termed as interval I, interval II, and interval III, 

respectively are as schematically depicted in Figure 1.6.  
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Figure 1.6: Schematic presentation of the three stages of emulsion polymerization. 

 

Interval I: This stage is also named as particle formation or nucleation stage. It begins 

with an emulsion of surfactant stabilized monomer droplets (typically a few microns 

in diameter) in water. Upon addition of initiator, the free radicals are generated in 

aqueous (continuous) phase and diffuse into swollen monomer micelles. These 

micelles are the main locus points of the initiation process and act as the vanishing 

points for monomer and initiator, since they have very high interfacial area (water-oil) 

for the diffusion of radicals and have higher monomer concentration. In addition, a 

little initiation may also occur in continuous water phase. Thus, the monomer 

molecules present in aqueous phase in dissolved state are polymerized first, which 

result an increase in hydrophobicity of the oligomeric radicals (macro-radicals). When 

a specific chain length is attained, these macro-radicals become highly hydrophobic 

and enter the swollen micelle and continue to propagate by the reaction with 

monomer units. However, this type of nucleation is less momentous. This type of 

nucleation is termed as ―micellar‖ or ―heterogeneous‖ nucleation [195]. After 
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nucleation, the monomer micelles are converted into polymeric particles swollen with 

monomer. 

Interval II: This is also termed as particle growth stage. The monomer droplets serve 

as monomer source for the polymerization reaction that proceeds in the particles. The 

concentration of monomer in the particles remains constant due to the diffusion of 

monomers from the monomer droplet to the growing polymer particles and hence the 

polymerization rate remains constant at this stage. The size of monomer droplets 

decreases as the size of polymer particle increases until the monomer droplets 

completely disappear and the growth stage ends. 

Interval III: This stage is also termed as completion stage. During this stage, the 

polymerization continues with decreased rate in polymer particles swollen with 

monomer. Finally, the polymerization reaction completed, and the resultant polymer 

particles stabilized with surfactant are obtained. In some cases, the polymer passes 

through a glassy state (glass transition) which reduces the diffusion rates and as a 

result the rate of polymerization increases, despite the fact that the monomer 

concentration decreases. This is termed as Trommsdorf-Norrish gel effect and is 

common in emulsion polymerizations of glassy polymers, e.g., styrene [196].  

1.3.5.3 Radiation Induced Grafting 

High energy radiations (γ-radiation or accelerated electrons) on interaction with 

polymer or other substrates produce changes by the production of radicals, ions or 

free electrons etc. These active sites on substrate surface are beneficial and used for 

the modification of these substrates such that they can then react with monomer to 

synthesize a grafted polymer chain onto the substrate surface [197, 198].  

 Radiation induced grafting is an appealing and practical approach for the 

surface functionalization of polymeric and other substrates. This technique has 

leverages over conventional grafting techniques:  

 It is relatively simple, accurate, easy to control and cleaner process.  

 Additives, such as catalyst, buffers etc. are seldom required.  

 Thermally sensitive monomers can be used as local heating can be evaded in 

this method.  
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 Initiators are not required; high energy radiations initiate the free-radical 

process. 

 The initiation process doesn‘t require activation energy as it is a temperature 

independent step. 

 High penetration power of radiations makes this process suitable for grafting 

onto solid substrates.  

 The grafting of different monomers in different portions on the same 

substrates is possible.  

The utilization of this technique was started in 1950s and since then has been 

continued extensively until now. A variety of monomers can be grafted onto different 

substrates by this method and develop materials for different applications, e.g., 

environmental applications. Radiation induced grafting is a versatile method to 

develop tailor-made materials such as resins and membranes etc. This technique is 

very attractive as one can introduce desired properties to the host substrate without 

changing its bulk properties. The fabrication of radiation grafted materials 

(membranes and resins) generally involve the grafting of functional monomers onto 

different substrates [151, 199].  

 In general, the ion exchange resins are fabricated by grafting of different 

hydrophilic monomers onto the hydrophobic host substrates. The radiations produced 

free radicals on the host substrate or on the monomer which initiates the grafting of 

polymeric chains onto the substrate surface. The host substrates could be in the form 

of film, powder or pellets of either organic or inorganic materials. Organic substrates 

include polymeric materials as polypropylene, polyethylene, 

poly(tetrafluoroethylene), poly(vinyl fluoride), poly(vinylidene fluoride), 

poly(tetrafluoroethylene-co-hexafluoropropylene), and etc. [200-204], while the 

inorganic substrates include silica and alumina [205]. The grafted monomers can be 

broadly classified into two groups: reactive monomers, e.g., acrylic acid and non-

reactive monomers, such as styrene. The grafting of reactive monomers directly 

introduced the chemical functionality for ion exchange while the non-reactive 

monomers introduce the chemical functionality that upon post polymerization 

treatment could be transformed into ion exchange resin [199].  
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 In addition to ion exchange resins, the radiation grafted adsorbents are 

commonly used in environmental applications. Suwanmala et al. [206] reported the 

radiation induced grafting of methyl acrylate onto Cassava starch for metal ion 

sorption. The effect of various parameters as dose, amount of monomer and Cassava 

starch were studied and grafted ester groups converted into hydroxamic acid groups 

by treatment with hydroxylamine solution. Goel et al. reported the grafting of 

poly(acrylic acid) (PAA) onto Teflon scrap using gamma radiations for the adsorption 

of dyes [207]. Pang and coworkers reported the quaternary ammonium polyethylene 

nonwoven fabric adsorbent synthesis for the removal of chromium ions from water. 

The synthesis involved the radiation induced grafting of glycidyl methacrylate (GMA) 

and further functionalization with N, N′-dimethylethylenediamine [208]. Hossain and 

coworkers reported the fabrication of adsorbent by gamma radiation induced grafting 

of n-butyl methacrylate and phosphoric acid onto Jute fiber for selective ions [209]. 

Zhao and coworkers reported silica-graft-dimethylaminoethyl methacrylate adsorbent 

for the removal of hazardous ions from waste water by radiation grafting [210]. 

Kabay et al. fabricated a fibrous adsorbent having amidoxime groups by the grafting 

of acrylonitrile onto PP fibers and subsequent modification with hydroxylamine 

[211].  

 Different types of high-energy radiation are handy for grafting reactions [212] 

and can be classified into electromagnetic radiation, which includes: γ-rays and x-ray, 

and particulate radiations that include electrons and β-particles. Gamma rays are 

electromagnetic waves of short wave length. Co-60 is a common source of gamma ray 

used for research and commercial applications. It is relatively cheaper with half-life of 

5.25 years. Two different types of gamma sources are commercially available; 

‗Cavity-type‘ for laboratory scale applications and ‗Cave-type‘ for industrial 

applications. In cavity-type source, the Co-60 unit forms a fixed hollow cylinder in 

which samples are placed for irradiation with the help of a mobile drawer. While in 

cave-type source, the Co-60 unit is mobile and kept in a shielded concrete container 

and fixed samples can be irradiated through the movement of the Cobalt-60 unit with 

the help of a belt. 
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Methods of Radiation-Induced Grafting 

Radiation induced grafting was first reported about 40 years ago. Since then, different 

techniques of grafting have been developed and a wide variety of monomers have 

been grafted onto different substrates having different forms such as powder, 

particles, beads, fibers, and films [213, 214]. The selection of method depends upon 

the nature of substrate to be modified, the reactivity of monomer and the radiation 

source. Radiation induced grafting can be carried by using two different methods: (a) 

simultaneous or mutual irradiation method and (b) pre-irradiation method.  

I. Simultaneous or Mutual Irradiation Method 

This is the simplest method for grafting of monomers onto different host substrates. In 

this method, a host substrate is irradiated along with monomer to be grafted. The 

monomer can be used in the form of vapors, solid or liquid. Irradiation process may 

be carried out in the presence of air, in inert conditions (N2 or argon atmosphere) or 

under vacuum. The reaction between the host substrate and the monomer units can be 

expressed as follows: 

Initiation 

rays •P P  

raysM M     

 

Propagation                     

nP nM PM                   (Graft growing chains) 

nM nM M                  (Homopolymer growing chains) 

Termination  

n m n mPM PM PM 

   

n m n mM M M 

                     (Homopolymer) 

Where, P is host substrate and M is the monomer unit whereas P
•
 and M

•
 are free 

radicals produced from host substrate and monomer, respectively.  
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 In principle, this method is the most versatile; however, it has several 

disadvantages, such as the homopolymer formation. Some appropriate conditions can 

be optimized to overcome this limitation of homopolymer formation and to enhance 

the degree of grafting. These conditions include; the addition of some suitable 

inhibitors, such as salts of Fe(II) and Cu(II), the addition of swelling agents and the 

proper selection of appropriate dose rate [214]. These conditions generate more free 

radicals on the substrate backbone as compared to the monomer, therefore more 

monomer units contribute in grafting than in homopolymer formation [215].  

II. Pre-irradiation Method 

This method involved two steps; irradiation of host substrate to generate free radicals 

and treatment of irradiated substrate with monomer at an elevated temperature to 

obtain grafted polymer. Irradiation of host substrate leads to the production of 

relatively stable trapped radicals. When irradiation process is performed in air, the 

radicals produced react with air and gives peroxides and hydroperoxides. These 

hydroperoxides on thermal decomposition initiates the grafting reaction [216, 217] as 

shown below.  

rays

2PH O POOH    

POOH PO OH     

PO M POM    

While when irradiation process is performed in inert atmosphere or under vacuum, the 

radicals produced on the host substrate remain trapped and upon contact with 

monomer initiates the grafting reaction as shown below.  

raysPH P H      

P M PM    

The stability of radicals depends on the crystallinity of host substrate, temperature, 

and storage span of irradiated host material. As yet, it is not known which method of 

irradiation is better [218]. However, this method is preferred when reactive monomers 

are to be grafted and the grafting reaction is desired to be executed away from the 
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radiation source as the irradiated material can be stored under appropriate conditions, 

i.e., low temperatures [219].  

Factors Affecting Radiation Induced Grafting 

Grafting reactions are strongly dependent on the experimental conditions, such as 

radiation dose and dose rate, the nature of substrate, concentration and nature of 

monomer, type of radiation, solvent, and reaction atmosphere [199, 220-224]. 

I. Irradiation Dose and Dose Rate  

Radiation induced grafting may be accomplished by using γ-radiation or electron 

beam (EB) radiation. Grafting by γ-radiation source is preferred in simultaneous or 

mutual irradiation method, while in pre-irradiation method grafting by EB is preferred 

[199]. The two radiation sources differ by dose rate such that in case of γ-radiation 

source the dose rate is comparatively low (kGy/h), while in case of EB it is high 

(kGy/s). As a result, the irradiation time is much longer (hours) in γ-radiation source 

as compared to high energy EB (minutes or seconds). 

 Irradiation dose affects the degree of grafting by affecting the number of 

radicals produced in the reaction system and generally greater number of radicals 

produced at high irradiation dose and high degree of grafting is achieved. On the other 

hand, the dose rate effects the concentration and life time of radicals. Generally, 

higher dose rates lead to lower degree of grafting. This is due to higher concentration 

of radicals lead to frequent terminations by recombination reactions and also lead to 

more homopolymer formation [225].  

II. Nature of Monomer  

The nature of monomer to be grafted onto the host substrate also affects the efficiency 

and degree of grafting [226]. Based on reactivity and sensitivity to radiations, the 

monomers are broadly categorized into two groups; reactive monomers and non-

reactive monomers. Reactive (radiation sensitive) monomers have higher tendency of 

homopolymer formation while non-reactive monomers show lower tendency of 

homopolymerization. To reduce the homopolymer formation, an inhibitor has to be 

added along with these monomers. Moreover, the viscosity of monomers to be grafted 

should be low and also have small dipole strength [227]. Lower viscosity of monomer 

increases the amount and rate of its diffusion into host substrate while lower dipole 
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strength reduces its strength to form free radicals. In mutual radiation grafting 

method; the free radicals are produced onto both monomer and host substrate and 

highest grafting is achieved when the number of free radicals produced onto host 

substrate is greater than onto the monomer [228]. 

 Moreover, the concentration of monomer also affects the degree of grafting 

[229]. Generally, the degree of grafting increases with increase in monomer 

concentration and tends to level off at certain monomer concentration. On further 

increase beyond this concentration, the degree of grafting falls sharply due to decrease 

in diffusion of monomer to the grafted layers.  

III. Nature of Substrate 

Both organic and inorganic substrates can be modified by radiation induced grafting 

and some of these are shown in Figure 1.7. Different characteristics, e.g., physical 

state and chemical nature of the host substrate affect the degree of grafting. The 

radiation response of host substrate plays key role in the final properties of the 

resultant grafted material. The properties, like crystallinity, degradability, bulk 

density, orientation, and thickness of the host substrate affect the degree of grafting 

and post grafting changes [199, 229]. 

 Based on sensitivity towards radiolytic degradation, host substrates can be 

classified into radiation degrading and radiation resistant substrates. Radiation 

degrading substrates, e.g., PTFE, undergoes severe chain scission affecting their 

physicochemical stability, while, in radiation resistant substrate, e.g., PE, the 

degradation effect is less likely to affect the physicochemical stability. In mutual 

irradiation method radiation degrading substrates are generally preferred, whereas 

radiation resistant substrates can be used in both grafting methods [230]. 
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Figure 1.7: Different materials used as substrates for radiation induced grafting (a) 

Polypropylene (b) Clay (c) Zeolite (d) Silica. Adapted from Ref. [231, 232]. 

 

Mesoporous Silica as Substrate 

Kuroda and coworkers discovered mesoporous silica in the early 1990s at Mobil Oil 

Company [233]. It is an inorganic material composed of ordered silica framework 

having well defined porous structure. It possesses excellent properties, such as high 

surface area, tunable porous structure, high thermal resistance, and mechanical 

stability. Furthermore, its properties can be modified according to the required 

application. These properties make it an ideal platform for preparation of several 

functionalized materials for different applications. The modified mesoporous silica-

based materials have got many applications in different fields ranging from catalysis, 

drug delivery, and environmental remediation to gas separation, and etc.  

 Mesoporous silica has been successfully modified by radiation induced 

grafting and used for different applications. Dondi et al. [234] reported the grafting of 

unsaturated oligomers and vinyl monomers onto silica surface. The grafting reaction 

was carried by using gamma radiation under vacuum and the absorbed dose in the 

range of 30-200 kGy. The resultant functionalized silica has enhanced polar 

compatibility as compared to the grafted polymers [234]. Zhao and coworkers 
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reported the fabrication of pyridine-modified fibrous mesoporous silica adsorbent for 

U(VI) ions by radiation induced grafting. They prepared vinyl-modified fibrous 

mesoporous silica and then grafting of poly(4-vinylpyridine) onto the modified silica 

was carried out using γ radiation [235].  

IV. Type of Diluent 

Different diluents can be used in radiation induced grafting to obtain the swelling of 

host substrate and as a result to improve the accessibility of monomer to the active 

sites. Hence, the selection of right diluent is very important in radiation induced 

grafting [236, 237]. Different studies reported the influence of diluent onto grafting 

[238, 239]. The type of solvent not only affects the grafting percentage but also on its 

homogeneity. If diluent with poor swelling properties is used, the grafting on the 

surface mostly occurs due to slow diffusivity of monomer and as a result only low 

degree of grafting could be achieved. The increase in swelling boosts up the diffusion 

of monomer towards the internal layers of the host substrate and leads to increase the 

interaction of monomer with the internal active sites resulting homogeneous and high 

degree of grafting [240, 241]. Water and alcohols are the commonly used diluents for 

grafting of hydrophilic monomers. 

V. Atmosphere of Radiation Grafting 

Irradiation Atmosphere: In peroxidation method, the presence of oxygen or air is 

preferred while in mutual and preirradiation method inert atmosphere is necessary. 

Generally, air is replaced with nitrogen atmosphere in the reaction vessels before 

irradiation.   

Grafting Atmosphere: The presence of air in the reaction medium lowers the degree 

of grafting due scavenging of radicals by O2. Bubbling of nitrogen in reaction vessels 

is carried out to remove the dissolved oxygen from the reaction mixture. 

1.4 Applications of Organic-inorganic Hybrid Composites 

In 1946, at a site in Mexico, named as Bonampak (painted walls), a startling 

archaeological discovery revealed that the man-made hybrid materials (Maya blue) 

was actually used during these ancient civilizations [242] as depicted in Figure 1.8. 

Maya blue is organic-inorganic hybrid material, which comprises of natural dye 

(indigo) and clay mineral (palygorskite). It is a man-made hybrid that the combine 
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properties of its organic component (colour) and inorganic component (resistance). 

Maya blue is a remarkable example of the fabrication and application of organic-

inorganic hybrid material by ancient civilization [242]. 

 The modern day development of hybrid organic-inorganic materials originated 

from different fields of chemistry, but the birth of soft inorganic chemistry processing 

(―Chimie Douce‖), has opened a versatile avenue to new organic-inorganic hybrids 

under mild experimental conditions [243]. Later on, this research shifted to the 

development of more sophisticated hybrids with improved properties [242].  

 

Figure 1.8: A photograph of the Mayan wall paintings at Bonampak in Mexico that 

are twelve centuries old. Adapted from Ref. [242]. 

 

A variety of new applications in the field of materials science are linked to 

functional hybrid materials. The combination of inorganic and organic or bioactive 

component at nano-scale, give rise to single material with extraordinary applications 

in many fields, including electronics, biology, energy storage and conversion, 

environmental applications (adsorbent, resins, membranes and catalyst), catalysis, 

mechanics, protective coatings, optics, etc. [242]. For example, the organic-inorganic 
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hybrids having outstanding laser efficiencies and photostability [244], rapid 

photochromic response [245] and pH sensing properties [246] have been reported in 

recent years. 

1.4.1 Applications in Environmental Remediation 

At present, the environmental pollution especially the water pollution is a matter of 

great concern. Water is a precious natural resource and its quality availability is 

necessary for the existence of normal life on this planet. Water pollution is the 

contamination of water bodies like lakes, rivers, oceans, aquifers, and groundwater. It 

occurs by the direct or indirect discharge of pollutants into water bodies without 

sufficient pretreatment. Water pollution is the second most obligatory environmental 

interest after air pollution. 

 The hazardous materials of both organic and inorganic nature, when released 

from natural and human sources into the environment lead to severe environmental 

issues. Among the pollutants of inorganic origin heavy metal ions are more important 

due to their non-biodegradable nature and high toxicity. These ions may include Pd
2+

, 

Hg
2+

, Zn
2+

, Cd
2+

, Ni
2+

, Cu
2+

 etc., while the dyes are the most common organic 

pollutant used in food, paint, paper and pulp, cosmetics, textile, and pharmaceutical 

industries. Dyes are also highly toxic and persist for longtime due to recalcitrant 

nature, high chemical oxygen demand, and low biodegradability [247]. In addition 

due to non-biodegradable, mutagenic, teratogenetic, and carcinogenic nature of dyes, 

they create serious health hazards to human and aquatic organisms [248]. 

 The toxic metal ions and dyes present in water resources enter the food chain 

and accumulate in the humans. Different strategies have been developed to remove 

these contaminants/pollutants from wastewater including; precipitation, reverse 

osmosis, ion exchange, adsorption and biosorption [22, 249], biodegradation [250], 

ultrafiltration [251], coagulation and sedimentation [252]. Adsorption has several 

advantages over alternative techniques, such as high removal efficiency, low cost, and 

easy recyclability/reusability of adsorbents.  

 A wide variety of adsorbents have been developed for the removal of heavy 

metal ions from aqueous media [30]. These materials include carbon-based materials, 

biomass, clays, silica based materials, zeolites, and polymers etc. [31-34]. However, 
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these above mentioned materials have some limitations such as high manufacturing 

cost, slow adsorption and swelling in aqueous solutions, poor selectivity and 

weaknesses in regard to their isolation, regeneration, and reuse. These issues and 

limitations may be addressed by combining the polymers with inorganic substances 

[37]. In the organic inorganic hybrid composites, both the components are selected in 

such a way that the resultant hybrid offers high adsorption efficiency, high selectivity, 

better mechanical properties, thermal stability, improved regeneration, and reusability 

[47]. 

 Organic inorganic hybrids in various forms ranging from core–shell 

nanocomposites, fibers, membranes, to mesoporous hybrids have been investigated as 

heavy metal ions adsorbent [253]. The incorporation of organic moieties results in the 

reinforcement of interactions between the adsorbent and adsorbate, moreover, ion 

selectivity may also be enhanced by properly choosing the organic moiety [38]. 

1.4.2 Literature Review 

Man had, very early in his history, shaped matter and his first achievement of 

organomineral hybrid materials, are often associated with frescoes or objects 

developed by chance, no doubt, but also thanks to the creativity of artists and artisans. 

As discussed above, Maya blue is a remarkable example of hybrids developed in 

ancient times The science of hybrid materials starts much later and for the most part 

between the 17th century and today [254]. 

 Kuroda et al. [255] was first to describe the synthesis of mesoporous silica 

materials in 1990. Since then, huge number of silica-based materials have been 

fabricated and used for different applications. Descalzo and coworkers developed a 

sensor for adenosine triphosphate based on mesoporous silica[256]. They used amino-

functionalized silica for the fabrication of hybrid material. Rodman and coworkers a 

mesoporous silica based optical sensor for the quantitative estimation of Cu(II) ions in 

aqueous media [257]. Mercier et al. [258] fabricated a thiol-functionalized silica 

based adsorbent for Hg(II) ions with high adsorption efficiency. Walcarius et al. [259] 

prepared a silica based adsorbent for selective adsorption of Hg(II) and Cu(II) ions by 

amino-functionalization. A malonamide-functionalized silica based hybrid material 

for heterogeneous extraction of 
241

Am and 
152

Eu is reported by Trens and coworkers 
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[260]. Zhang et al. [261] synthesize a silica based adsorbent for selective adsorption 

of mercury using bridged tetrasulfide units as precursor. Silva et al. [262] reported the 

silica-based adsorbent for biodiesel purification. 

 Fouladian and Behbahani prepared 1-(2-pyridylazo)-2-naphthol modified 

silica composite for recovery and removal of lead and cadmium metal ions from 

water, soil and food samples [263]. The resulting hybrid adsorbent showed good 

reusability of up to 10 cycles and higher adsorption capacity, i.e., 210-254 mg/g. It 

was also suitable for trace metals because of its higher preconcentration factor and 

sensitivity. Mirzajani and co-workers prepared silica gel adsorbent by introducing 

PEG mono(1-methyl imidazolium bromide) onto its surface for the removal of iron 

from vegetable and water samples [264]. The adsorbent showed good selectivity for 

Fe(III) and can be regenerated for four times. Sharma and coworkers introduced silica 

gel based adsorbent by its functionalization with diacetylmonoxime for the removal of 

Cu(II) ions from fly ash soil [265]. The adsorbent exhibited adsorption capacity and 

high preconcentration factor.  

 Wang and coworkers developed a granular hybrid adsorbent for the removal 

of acidic and basic pollutants and food additives in soft drinks by the immobilization 

of ampholine onto silica particles [266]. Its adsorption capacity for different additives 

and pollutants was excellent and in the range of 0.61 to 6.54 μg/mg. 

 Organic-inorganic hybrid membranes have also been reported and used in 

different fields as water desalination, removal and recovery of transition and toxic 

metal ions from industrial wastewater and separation of inorganic components from 

organic mixtures, e.g., electromembranes [267, 268]. In addition to 

electromembranes, ion-exchange membranes have also been reported as separator in 

diffusion dialysis, chloralkali process, electrodeionization, and electrodialysis as well 

as in electromembranes reactors [268-272]. 

 In recent years, a variety of organic-inorganic hybrid composites have been 

developed for ion exchange applications, including polypyrrole-Th(IV)phosphate 

[273], polystyrene-Zr(IV)tungstophosphate [274], styrene supported(Zr)phosphate 

[275], polyaniline-Sn(IV)arsenophosphate [276] for selective separation of metal ions 

and adsorption of pesticides. Lee et al. [277] introduced organic-inorganic hybrid as 
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anion-exchange resins for adsorption of perrhenate (ReO
4-

) ions from aqueous 

solution. Xu et al. [278] reported the synthesis of silica based hybrid having mercapto 

groups which are subsequently converted into sulfonic acid groups and investigate its 

application as cation exchange resin. Gula et al. [279] reported the Eichroms 

Diphonix; a silica based resin for ion exchange application with better properties. 

 These hybrid ion exchangers find applications in a different industrial, 

domestic, governmental, and laboratory operations. These hybrid ion exchange 

materials have improved properties, such as stability and can be used for separation, 

preconcentration and filtration processes. Moreover, the hybrid ion exchange 

materials display good ion selectivity and reproducibility indicating their important 

use for environmental applications. In the environment, these materials are commonly 

used in following disciplines: water softening [280, 281], catalysis [282], 

hydrometallurgy [276], effluent treatment [283], ion-selective electrodes [284] 

separation and preconcentration of metal ions [285], nuclear separations [286], redox 

system [287], ion exchange fibers [288]. 

 Besides the use for the removal of toxic heavy metal ions from waste water, 

organic inorganic hybrid composites have also been used as adsorbents for organic 

molecules. Their use as adsorbent for organic dyes and antibiotics has advantages; as 

the inorganic component act as catalyst and degrade the organic dye by catalytic 

process in addition to adsorption. Casarin and co-workers prepared poly(methacrylic 

acid)/SiO2/Al2O3 hybrid by the combination of free radical polymerization and sol–

gel process for herbicide (imazethapyr) adsorption [289]. The hybrid showed 

adsorption capacity of 4.50 mg/g for imazethapyr and adsorption of imazethapyr 

adsorbent was exothermic and spontaneous. 

 Mesoporous silica based hybrid materials have also been used in the 

fabrication of heterogeneous catalysts [290, 291]. Sharma et al. [292] reported a silica 

based hybrid catalyst for dye degradation developed by immobilization of nickel 

complex on silica surface. Cai et al. [293] reported the synthesis of Silica-

metalloporphyrins: a hybrid catalyst for the aerobic oxidation of cyclohexane. 

 Xiong et al. reported the synthesis of titania-cobalt ferrite polyaniline 

adsorbent for the removal of methyl orange from aqueous solutions and subsequent 
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photodegradation under visible radiations by the TiO2 present in the hybrid adsorbent 

[39]. Moreover, the incorporation magnetoactive particles make their recovery facile 

and simple by application of external magnetic field. Niu et al. reported the 

fabrication of heterogeneous catalyst for the degradation of antibiotic norfloxacin.  

This degradation process was performed in the presence of hydrogen peroxide [40]. 

1.5 Aims and Objectives 

The aims of this work is to fabricate the silica based composites by grafting of 

different monomers onto silica for various (metal ion adsorption, ion exchange, and 

catalytic) environmental applications.  

More specifically, the main goals of the present work, thus, may be summarized as 

follows: 

 The principle objective of this study is to design and develop eco-friendly 

fabrication method for the synthesis of silica based composite materials for 

environmental applications.  

 To develop silica-based hybrid composites with grafted amidoxime 

functionality for metal ion adsorption application by using two different 

methods; emulsion graft polymerization and radiation induced grafting.  

 To systematically investigate the effect of various reaction parameters, i.e., 

absorbed radiation dose, monomer concentration, initiator concentration and 

surfactant concentration on the degree of grafting and properties of the 

resultant hybrid composite material.  

 To explore and optimize conditions for the application of the fabricated 

composite material as efficient heterogeneous catalyst for the rapid reduction 

of dyes.  

 To develop and optimize the experimental conditions for the fabrication of 

silica-based hybrid composite with grafted sulfonated polystyrene chains as an 

efficient ino exchange platform. 
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1.6 Work Plan 

The present study is focused on the fabrication of silica/polymer composites for 

environmental applications and is carried out in various steps. In first step the silica 

particles are functionalized by introducing vinyl groups on their surface by treatment 

with vinyltriethoxysilane (VTES) under suitable experimental conditions. 

 In the second step different monomers (acrylonitrile, styrene) are grafted on to 

these functionalized silica particles by different methods as radiation induced grafting 

and emulsion grafting. The effect of different grafting parameters as absorbed dose, 

monomer concentration, initiator concentration, surfactant concentration, and etc. are 

studied to get highest grafting percentage. 

 In the third step the grafted polymers are modified according to the specific 

application i.e. polyacrylonitrile to polyamidoxime and polystyrene to poly(sulfonated 

styrene) under suitable experimental conditions. These synthesized materials are 

characterized by different characterization tools as FTIR, SEM, XRD, TGA, EDX, 

BET, and etc. These materials then tested for different applications and compared 

with other reported materials. 

 



Chapter 2  
Instrumental Techniques 

Throughout this research project several characterization tools were employed to 

probe the chemical and physical properties of various samples. These analytical 

techniques include Fourier transform infra-red (FTIR) spectroscopy, 

thermogravimetric analysis (TGA), X-ray diffraction (XRD), nitrogen adsorption 

analysis, scanning electron microscopy (SEM), and UV-Vis Spectroscopy. Each 

technique will be introduced in the following pages. In addition, gamma irradiator 

irradiation tool will also be briefly described.   

2.1 Fourier Transform Infra-red Spectroscopy  

Fourier transform infra-red (FTIR) Spectroscopy is an instrumental technique used to 

obtain an infrared spectrum of absorption or emission of a material in solid, liquid or 

gaseous form. It is used for the identification of unknown materials, to investigate the 

quality and consistency of materials and quantitative analysis of materials. FTIR 

spectroscopy is preferred as compared to dispersive methods of infrared spectrometric 

analysis because: 

 It is a nondestructive technique. 

 No need of external calibration. 

 Highly sensitive. 

 Optical throughput is high. 

 Easy operating and fast processing. 

 

 The photons of infrared light have enough energy to produce vibrational 

excitations in molecules. The vibrational frequencies of the molecules are 

characteristic of their atomic makeup and bonding structure. When the infrared 

radiation passes through the sample, a part of the radiation beam is absorbed that 

generates vibrational transitions in the sample molecule. The vibration frequencies of 

various bonds of the sample are observed as peaks in absorption spectra. The energy 
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difference between the vibrational levels is equal to the energy absorbed and is given 

by equation, [294]; 

2 1 h
hc

E E E     


  (1) 

Where ‗h‘ is Plank‘s constant, ‗λ‘ is the wavelength and ‗c‘ speed of light. Vibration 

may occur in stretching and bending modes. FTIR instrument takes less time and 

shows better quality infrared spectra of the samples. 

 
Figure 2.1: Schematic diagram for FTIR spectrometer. 

 

 The instrumental setup of the FTIR spectrometer is depicted in Figure 2.1. The 

energy from the source passes through an interferometer and then passed through the 

sample. During the scanning of interferometer, information at every wavelength is 

collected by the detector. FTIR instrument gives the vibrational spectrum having 

unique reflections of the molecular structure of the sample compound. FTIR 
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technique can be used for the identification of unknown samples, for the analysis of 

composition of sample, and also to quantify the sample components [295].  

2.2 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) is an analytical technique in which mass of the 

sample monitored as a function of temperature or time as the sample specimen is 

subjected to a controlled temperature program in a controlled atmosphere. The 

program may be isothermal or nonisothermal. The nonisothermal program is 

commonly used in which the temperature changes linearly with time and the heating 

rate (β) is constant [296].  

dT
dt

        (2)
 

 The temperature range of commercial instruments is commonly up to 1000 °C 

or more that is sufficient for the analysis of polymers and polymer composites. A 

particular gas is purged which flows through the balance and creates the required 

atmosphere as inert, oxidizing or reducing. The gases for inert atmosphere are 

nitrogen, argon, or helium and for oxidizing atmosphere air or oxygen while for 

reducing atmosphere the forming gas (hydrogen in nitrogen) is commonly used. The 

moisture content of the gas used for purging varied from dry to saturated. The major 

part of TGA instrument is thermobalance, which measures the mass of sample 

specimen as a function of time and temperature [297] and is shown by a block 

diagram in Figure 2.2. 

 During the thermal analysis, the weight of samples may increase or decrease 

due to thermal events, as decomposition, oxidation or reactions taking place at 

specific temperatures. 
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Figure 2.2: A block diagram showing TGA instrumental setup. 

 

 

Figure 2.3: A representative TGA thermogram [73]. 
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 This technique is used to obtain qualitative and quantitative information of the 

sample from a thermogram as shown in Figure 2.3. Thermogram is a graph of weight 

of sample versus temperature. Thermogram may show stable regions and regions with 

weight changes and this weight change is related to the specific component of the 

sample undergoing thermal events and the size of the weight change gives 

quantitative information i.e., organic content of a sample [297, 298]. 

2.3 X-Ray Diffraction 

Diffraction of X-rays occurs when they interact with electrons of atoms. Depending 

on the arrangement of atoms in a sample, the interference of two diffracted rays can 

be constructive or destructive. Figure 2.4 shows a schematic representation of atomic 

planes of a crystal with X-ray diffraction. The scattering ray a travels a distance AB 

longer than ray c before scattering. After scattering a travels a distance BC longer 

than c. The difference (δ) in path length between a and c is AB + BC. If δ = nλ, where 

λ is the wavelength of X-ray, then at the exit wave front a and c are in phase, which is 

described by Bragg‘s Law:  

sinhkld n        (3) 

Where dhkl is the inter-planer spacing and ‗θ‘ is the Bragg angle, which is half of the 

angle between incident and diffracted rays.  

As a guide, the diffractograms of perfect crystalline, semicrystalline, and amorphous 

sample are given in Figure 2.5. From the XRD patterns of a sample the degree of 

crystallinity can be deduced. The area of the peaks provides information about the 

crystallinity of the sample. In addition, the information about unit cell, size of the 

crystalline phase, structure, texture, and chemical analysis of solid samples can be 

obtained from the XRD analysis [299, 300].  
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Figure 2.4: Incident X-rays on three parallel equidistant atomic planes [300]. 

 

  

 

Figure 2.5: X-Ray diffraction patterns for perfect crystalline, imperfect crystalline 

and amorphous materials. 

 

2.4 Nitrogen Adsorption Analysis  

The physisorption of gas on porous surfaces of solid substrates is useful in the 

characterization of porous materials. A gas, usually nitrogen, is allowed to adsorb 
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onto porous surface and the adsorption isotherm; plot of relative pressure versus 

volume of gas adsorbed, is measured. The adsorption isotherm is used in the 

estimation of types and size of the pores, total surface area, single point surface area, 

and pore volume.  

  

Figure 2.6: Different types of physisorption isotherms [301]. 

 

 As indicated by International Union of Pure and Applied Chemistry (IUPAC), 

these adsorption isotherms are characterized into six different types as shown in 

Figure 2.6. Type I isotherm is observed for microporous solids. These solids have 

comparatively smaller external surfaces. Type II is observed for a non-porous or 

macroporous material and presents unrestricted monolayer-multilayer adsorption. 

Non-porous or macroporous substrate having weak interaction between adsorbent and 

adsorbate gives the type III isotherm. Type IV isotherm is observed in mesoporous 

materials. Type V isotherm is obtained from the adsorption on porous surface with 

weak interactions between the adsorbent and adsorbate while the type VI isotherm 

results from stepwise multilayer adsorption on non-porous materials. 
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 The Brunauer-Emmett-Teller (BET) isotherm is used for the estimation of 

total surface area. The pore volume is calculated for the porous solids from the data at 

relative pressure (P/P°) close to 1. In recent years Barrett-Joyner-Halenda (BJH) 

method is employed for the estimation of pore size of mesoporous and macroporous 

solids. This method is based on Kelvin equation with correction factor for multilayer 

adsorption [302-305].   

2.5 UV-Vis Spectroscopy  

Ultraviolet-visible spectroscopy involves the interaction of ultraviolet or visible light 

with a molecule causing the electronic transitions and the absorption spectrum is 

measured. The spectrum ranges from  = 200 nm to 800 nm, where the quantitative 

absorption is defined by Lambert-Beer‘s law that is based on a beam of light passing 

through a solution of known thickness b and concentration c of the adsorbing species 

depicted by the transmittance T:  

T = P/P
○

     (4) 

Where P
○
 is the intensity of the incident beam and P is the intensity of the beam after 

passing through the solution. The absorbance A of the solution is then defined as;  

A = - log10T =log (P
○
 /P)    (5) 

Absorbance is directly proportional to the path length b and concentration c of the 

solution, which can be described by Lambert-Beer‘s law:  

A= εbc      (6) 

 Where ε is a proportionality constant called ―molar absorptivity‖ with unit of Lmol
-

1
cm

-1
. The linear relationship in Beer‘s law only holds for dilute solutions. At higher 

solution concentration (>0.01M), the distance between the neighboring species 

reduces leading to interactions that change the ability to absorb at a given wavelength, 

which causes deviation from the linear relationship between absorbance and 

concentration.   
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2.6 Scanning Electron Microscopy  

Electron microscopy is an important technique for imaging sample surfaces at 

resolutions in the micro- and nanometer range. Analogous to optical microscopy, 

which uses optical lenses to focus light, electron microscopy uses electromagnetic 

lenses and directs an electron beam to obtain an image. Since electron waves have 

much shorter wavelengths than electromagnetic radiations, higher magnifications and 

greater resolving power can be achieved via the electron microscopy than optical 

microscopy.  

 The SEM scans the surface of a solid sample in a raster pattern with a high 

energy electron beam. Five types of signals are generated from surfaces in this 

process; (1) Backscattered electrons (BSE) are generated by elastic collisions with 

surface atoms., (2) Secondary electrons (SE) are emitted from the surface atoms, 

which are excited by inelastic collisions with primary electron beams. (3) X-ray 

photons are created. (4) Auger electrons are generated, where primary ions provide 

the energy needed to create the initial hole in an atom. (5) Other photons of various 

energies are produced. These signals can be detected to obtain different types of 

information about the ample structure and morphology. For example, BSE can be 

used to produce topographic images with atomic number contrast, as well as to 

determine the crystallographic structure of specimens. X-ray photons can be collected 

by an X-ray detector for energy-dispersive X-ray spectroscopy (EDX). In some cases, 

special sample preparation is required. For example, a few nanometers of gold 

normally sputtered onto non-conductive samples in order to reduce charging and 

improve image contrast. If cross-sectional profiles are needed, freeze-fracturing or 

freeze-and-break methods can be very useful [306-310]. 

2.7 Gamma Irradiator 

Ionizing radiation, such as X-rays and gamma rays can modify physical, chemical, 

and biological properties of the irradiated materials. These days these radiations are 

used for various applications such as sterilization of health care products, 

pharmaceutical products, food and agriculture commodities (for different purposes, 

e.g., disinfection, sprout inhibition, sterilization, shelf life extension, and pest control), 

and materials modifications (polymerization and grafting, polymer crosslinking and 
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gemstone colorization) [311, 312]. Processing by γ-radiations has many advantages as 

compared to other methods such as: 

 Irradiated product can be used immediately. 

 Only a small rise in temperature during processing takes place. 

 Penetrability is very high. 

 Precise and reproducible processing. 

 Easy and control processing. 

 

 During the radiation processing, the sample specimen is deliberately irradiated 

for the preservation, modification of its characteristics. The process is accomplished 

by placing the sample in the vicinity of radiation source for a required time whereby 

the sample is exposed to the radiations emitted from the radiation source. A part of the 

radiation energy is absorbed by the sample; which is depending upon the mass and 

composition of the sample and time of irradiation. Radioactive nucleoid, such as 

cobalt-60, emits γ-radiations and the irradiated sample does not become radioactive, 

and thus it can be handled easily. 

Cobalt-60 and cesium-137 are the common γ-radiation sources used for 

radiation processing due to the high energy and relatively longer half-life (5.27 years 

for Co-60 and 30.1 years for Cs-137). However, Cs-137 has limited uses, for example, 

for irradiation of blood samples and insect sterilization, and etc. Currently, most of the 

radiation processing is carried out by using Co-60 as γ-radiation source. The 

radionuclide Co-60 is the common source of γ-radiation used radiation processing of 

industrial and medical products. The production of Co-60 starts with cobalt metal, 

which comprises 100 % of stable Co-59 isotope. The Cobalt slugs or welded in 

Zircoalloy capsules are placed in nuclear power reactor, where Co-59 atoms absorb 

neutrons and is converted into Co-60 atoms. The Co-60 atoms decay by emitting β-

particles and give rise to a stable Ni-60 isotope. Ni-60 thus produced due to in excited 

state emits two photons having energy 1.17 MeV and 1.33 MeV and attains its stable 

state as shown in scheme 2.1. These photons are responsible for radiation processing 

in Co-60 γ-irradiators. A variety of irradiators are available for radiation processing 

ranging from a small research purpose irradiator to very large ones for hundreds of 

tons of product throughput per day. 
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Scheme  2.1: Decay scheme for Co 60. 

 

Generally, γ-irradiators are broadly classified into two groups:  

 Self-contained irradiators  

 Panoramic irradiators 

 

 

Figure 2.7: Digital photograph of Co-60 gamma irradiation chamber.  
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  The former type of irradiators is designed for research and other applications 

that need lower dose and small throughputs. These are usually dry-storage irradiators 

with activity limited to about 25 kCi with radiation source (Co-60 or Cs-137) within a 

protective shield. The advantages of this type of irradiators include easy installation 

and operation, high dose rate and almost uniform irradiation that are suitable for 

research purpose. The Panoramic irradiator is designed for pilot-scale or full 

commercial-scale processing and the source comprises of Co-60 pencils arranged in a 

plane and can be moved in radiation room. Several containers (100-200) can be 

irradiated at a time in this type of irradiators. 

A part of the present study was carried out by using the gamma irradiation 

facility offered by Nuclear Institute of Food and Agriculture (NIFA), Peshawar. A 

self-shielding Cobalt-60 gamma irradiator chamber (24 kCi) was used to irradiate the 

samples under inert atmosphere using nitrogen gas as shown in Figure 2.7. 

 



 

Chapter 3  
Materials and Methods 

3.1 Materials 

Silica having particle size 35-70 micron, pore diameter 25 nm and a specific area 250 

m2/g was purchased from Amicon Corporation, U.S.A. Vinyltriethoxysilane (VTES), 

isopropanol, acrylonitrile (AN), methylene blue (MB), hydroxylamine hydrochloride 

and copper sulfate were purchased from Sigma Aldrich. Dimethyl formamide (DMF) 

was purchased from Lab-Scan, hydroxylamine from Panreac, Tween 80 from Riedel-

de Haen, sodium carbonate from Honeywell and potassium persulphate (KPS) from 

Merck were used in the present study. All the chemicals were of reagent grade and 

used without any further treatment. 

3.2 Methods 

3.2.1 Functionalization of Silica  

Silica (10 g) was dispersed in 1 L of water in a flask. This reaction mixture was 

mechanically agitated for 24 hrs. at room temperature to activate the surface of silica 

prior to silanization. The resulting solid was separated by filtration and dried in oven. 

This oven dried solid was grounded and modified according to the following method. 

Silica (5 g) was taken in a glass reactor and isopropanol (150 ml) was added to it. This 

suspension was stirred at room temperature for 30 minutes and followed by drop wise 

addition of VTES (52 mmol) into it. The mixture was stirred for 4 h at 60 °C. The 

resulting mixture was separated by filtration, washed with methanol and dried in 

vacuum oven. The yielding product was named as modified silica (MS). The reaction 

between silica and VTES is shown in Reaction Scheme 3.1. 

3.2.2 Radiation Grafting of Acrylonitrile on Silica Surface  

The grafting reaction was carried out under nitrogen atmosphere using polyethylene 

bottles. Modified silica (2 g) and appropriate amount of AN monomer were taken in 

polyethylene bottle and purged with nitrogen gas for 15-20 minutes. After this step, 
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the bottles were sealed and irradiated by gamma radiation from Co 60 irradiator at 

Nuclear Institute for Food and Agriculture, Peshawar at a dose rate 4.7 kGy h
-1

. 

Scheme 3.1: The possible reactions occurred during functionalization, radiation 

induced grafting of acrylonitrile and subsequent amidoximation steps. 

 

  

After irradiation, the product was washed with DMF to remove homopolymer. This 

product was dried in vacuum oven at 50 °C and was named AN-g-S. The grafting was 

estimated gravimetrically using the following equation: 

Weight after grafting - Initial weight
Grafting (%)= ×100

Initial weight
             (1) 

3.2.3 Chemical modification of Acrylonitrile-grafted-Silica 

The nitrile group (CN) of acrylonitrile was converted into amidoxime group by 

treating it with hydroxylamine solution in (1:1 v/v, water: methanol), was stirred in a 

flask for 4 hours at 70 °C. The resulting suspension was filtered and washed 

repeatedly with alcoholic water (2% methanol). Finally, the product was dried in oven 

at 100 °C and notated as amidoxime-grafted-silica (AO-g-S). The possible chemical 
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reactions during modification of silica and synthesis of AO-g-S are given in reaction 

Scheme 3.1. 

3.2.4 Method of Preparation of Catalyst 

Amidoxime functionalized silica was prepared by the procedure reported in previous 

sections. Briefly, silica was first modified with VTES, and then the modified silica 

was grafted with acrylonitrile by radiation induced grafting in an inert atmosphere by 

employing Co-60 irradiator, at Nuclear Institute for Food and Agriculture, Peshawar 

at a dose rate 4.7 kGy/h. The nitrile (-CN) groups of the grafted acrylonitrile were 

converted into amidoxime by treating with hydroxylamine solution. Amidoxime 

functionalized silica (AFS) was loaded with copper by shaking appropriate amount of 

oven dried AFS in 100 mL of copper sulfate solution having pH 5 and 500 ppm 

concentration. The continuous shaking was carried at a rate of 200 rpm for 2 hrs. 

After shaking, the copper loaded AFS was separated from the reaction medium by 

filtration, washed with distilled water several times to remove the loosely bonded 

copper and dried in oven at 60 °C. The oven dried sample was named as AFS-Cu. 

3.2.5 Radiation Grafting of Styrene onto Silica 

The mutual irradiation technique was employed to graft styrene onto modified silica 

in an inert atmosphere of nitrogen. The grafting reaction was carried in polyethylene 

bottles. Typically, 2 g of MS and appropriate amount of monomer (St) were taken in 

polyethylene bottles and purged with nitrogen gas for 15-20 min. Then, the bottles 

were then sealed and irradiated by γ radiation generated from an accelerator (EPS-

750, Nissin Electric Co. Ltd., Japan) at a dose rate of 4.75 k G/h. The homopolymer 

and unreacted monomer were removed by washing with methanol and Soxhlet 

extraction with THF. Finally, the product, named as silica-grafted-styrene (S-g-St) 

was recovered after drying under vacuum at 50 ºC. Detailed and systematic 

investigations were carried out to ascertain the effect of various experimental 

parameters, such as absorbed dose, concentration of monomer and solvent on the 

grafting efficiency. The grafting percent was calculated gravimetrically using 

Equation 1. 
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3.2.6 Sulfonation of Silica-g-Styrene 

Sulfonation of the synthesized S-g-St was carried out with H2SO4 (98 %) as 

sulfonating agent. Typically, an appropriate amount of S-g-St and H2SO4, in a ratio 

1:5 (w/v), were taken in a flask and stirred at 98 °C in oil bath. The reaction slurry 

was then pelted slowly into 20 times excess volume of ice cold water along the side 

wall of the container. The final product was then filtered and washed several times 

with deionized water to get rid of the acid. The product was then washed with dilute 

HCl and followed by washing with deionized water. The final product (S-g-SSt) was 

recovered after drying in vacuum oven at 100 °C. 

Scheme 3.2: The schematic presentation of various reactions from silica modification 

to sulfonation during the synthesis of silica-g-poly(sulfonated styrene) (S-g-SSt). 

 

3.2.7 Emulsion Grafting of Acrylonitrile onto Silica 

In a typical experiment, MS (1 g), Tween 80 (1 mL) and water as the dispersion 

medium with a total volume 100 mL were taken in a three a neck flask fitted with a 

condenser. The reaction mixture was stirred at room temperature under inert 

atmosphere, followed by the addition of acrylonitrile 5 mL and potassium persulfate 

0.10 g. After achieving a homogeneous dispersion, the temperature was raised to 70 
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°C and stirring continued for 6 hrs. The product was filtered and washed extensively 

with water and acetone. Homopolymer (PAN) and unreacted monomer were removed 

by soxhlet extraction with DMF for 6 hrs. Soxhlet extracted samples were dried in 

oven and named as S-g-AN. The Grafting (%) was estimated by using the equation 1. 

 

Scheme 3.3: Schematic illustration of different steps involved during emulsion 

grafting of acrylonitrile and subsequent amidoximation. 

 

 

3.3 Instrumentation for Characterizations and Irradiation of 

Samples 

3.3.1 Fourier Transform Infra-red Spectroscopy 

The FTIR spectra of samples were recorded on Nicolet 6700 FTIR spectrophotometer 

from Thermo Electron Corporation, USA using attenuated reflectance mode. The 

vacuum dried samples were analyzed at a constant spectral resolution of 6 cm
-1

 in the 

range of 4000 to 400 cm
-1

. On average 200 scans were recorded.  
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3.3.2 Scanning Electron Microscopy 

Surface morphologies of the samples were explored by Tescan, MIRA-3 field 

emission scanning electron microscope. The samples were first coated with gold layer 

by sputter coating to provide surface conduction.  

3.3.3 Thermal Analysis 

Thermal analysis of silica and its modified forms were carried out using TGA from 

Mettler Toledo Switzerland (Model: TGA/DSC1). The measurements were carried 

out at a heating rate of 10 °C/min from 50 °C to 1400 °C under nitrogen flow of 50 

mL/min. 

3.3.4 Porosity Measurements 

Surface area, nitrogen adsorption-desorption curves, pore volume and pore size 

distributions were obtained by using Micromeritics, ASAP 2020 analyzer. The 

samples were degassed before these measurements. 

3.3.5 X-Ray Diffraction 

XRD studies were executed on Panalytical Xpert Pro X-ray diffractometer. These 

studies were carried out with Cu Kα (1.5418 Å) radiation, a Ni filter, and a 

scintillation counter as a detector at 40 kV and 30 mA and data was recorded over a 

2θ range of  5 to 50°. 

3.3.6 Gamma Irradiator 

Radiation induced grafting was carried out by using the gamma irradiation facility 

offered by Nuclear Institute of Food and Agriculture (NIFA), Peshawar. A self-

shielding Cobalt-60 gamma irradiator chamber (EPS-750, Nissin Electric Co. Ltd., 

Japan) was used to irradiate the samples under inert atmosphere using nitrogen gas 

3.4 Procedures for Application Studies 

3.4.1 Adsorption Experiment 

Batch adsorption tests were performed to assess the adsorption performance of AO-g-

S adsorbent. Approximately 20 mg of AO-g-S and 20 ml of 100 ppm Cu
2+

 ion 

solution at different pH (1-5) was shaken at 25 °C. The pH of the metal solution was 

adjusted by HCl or by NaOH solutions. After adsorption, copper ion concentration in 
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the solution was investigated by using atomic absorption spectrometer. The 

adsorption capacity was computed by using following equation; 

e

(  - )
= t

VC CQ
W

                          (2) 

Where Qe is the adsorption capacity in mg/g, C◦ and Ct are the initial and final 

concentrations; V is the volume of metal solution and W is the weight of adsorbent 

used. 

3.4.2 Catalytic Reductive Degradation of Dye by AFS-Cu 

To investigate the catalytic activity of the synthesized catalyst AFS-Cu, catalytic 

reductive degradation of MB with NaBH4 was carried in the presence of AFS-Cu. In a 

typical reduction experiment, MB aqueous solution (5 mL) was mixed with AFS-Cu 

(20 mg) followed by the addition of freshly prepared solution of NaBH4 (1 mL, 0.1 

M). The progress of dye degradation/reduction was monitored by UV-visible 

spectrometer. A blank experiment without AFS-Cu was also performed. The effect of 

different reaction parameters, such as catalyst dose, pH and time was studied. 

3.4.3 Determination of Ion Exchange Capacity  

The ion exchange capacity (IEC) of the fabricated S-g-SSt was assessed as: an 

appropriate amount of S-g-SSt was plunged into 3 M solution of KCl for 24 hrs. at 25 

°C. The protons liberated in the solution were back titrated with standard KOH (0.5 

M) solution until pH 7 was reached as indicated by the phenolphthalein as an 

indicator. From the volume of KOH used up in titration, the IEC was determined and 

expressed in meq/g. 



 

 

Chapter 4  
Results and Discussions 

4.1 Development of Amidoxime Functionalized Silica by Radiation-

Induced Grafting 

Life without water is not possible on our planet, as it is one of the main constituent of 

all living things. The ever increasing excess of pollutants and toxic metals in water 

resources is a matter of great environmental concern as they gradually accumulated in 

living organisms causing many health issues [313, 314]. The continuous utilization of 

polluted water containing large amount of toxic metals for irrigation and drinking 

purposes generated many water borne diseases. Thus, it is imperative to remove these 

metals from polluted water by using some suitable method. 

 Different methods have been developed for the removal and recovery of heavy 

metals from waste water including adsorption, chemical precipitation, electrochemical 

treatment, ion exchange, membrane separation, etc. [315, 316]. However, adsorption 

process is the most commonly used since ages for the removal and recovery of metals 

from water. Number of novel chelating adsorbents and chelating resins have been 

synthesized and tested for the removal of heavy metals ions [317, 318]. Dierssen et al. 

used 8-hydroxyquinoline resin for the adsorptive removal of trace metals from marine 

lake in Palau Islands [319]. Cegłowski and Schroeder  used Schiff base chelating resin 

for the extraction of heavy metals [320]. But chelating resins containing amidoxime 

group, has exhibited better adsorption ability because of its structure that contain both 

amino and hydroxyl groups [321-323]. Generally, the amidoxime based adsorbents 

were prepared by chemical modifications of nitrile groups present on some suitable 

substrate [324]. High manufacturing cost, slow adsorption and swelling in aqueous 

solutions limited their applications [325]. These issues were addressed by using 

organic-inorganic composite adsorbents that have low cost, high efficiency, fast 

kinetics and less stability issues. These materials are now synthesized through number 
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of ways such as; radiation, chemical or photochemical modifications of materials 

[326, 327]. 

 Radiation grafting is established as a useful technique to prepare functional 

materials without affecting the mechanical and chemical stability of base material. 

The grafting process can be initiated by high energy radiations such as; gamma rays 

and electron beams via mutual or pre-irradiation method [199, 328]. Different types of 

radiation grafted materials such as mesoporous silica, silica gel, polypropylene, starch 

and polyethylene etc. are reported in literature having functional groups on their 

surface [212, 329, 330]. Radiation grafting provided facile, economical and greener 

method for the modification of these materials [331]. In contrast to other methods of 

grafting, radiation grating is fast, occurs in the absence of initiator and generate less 

wastes and hazards [56]. 

 Silica has received significant attention as an adsorbent, due to its non-toxic 

nature, high surface area and tunable porous structure, facile modification of physical 

and chemical properties through surface functionalization [57, 58, 332-334]. It 

provides an optimal podium for preparation of a variety of functionalized materials 

for different applications including removal of metal ions from waste water [335-

339]. However, direct attachment of the functional groups to its silica surface is 

difficult due to inertness of the surface. Therefore, silica was first silanized and then 

used for the grafting purpose [340]. 

 In view of above mentioned overview, a silica based adsorbent having 

amidoxime groups on the surface of particles was prepared by using gamma radiation 

grafting method in a solvent free system.  Mutual irradiation is a simpler one step 

grafting process, as monomer and the substrate (silica) are irradiated simultaneously. 

The irradiation process generates free radicals in the reaction, which led to the 

formation of new bonds on the substrate surface. This process is faster than the pre-

irradiation method [221]. Amidoxime functionality was chosen because of its high 

adsorption capacity and selectivity towards some metal ions [341]. The prepared 

adsorbent was tested for the removal of Cu
2+

 ions from aqueous solutions to evaluate 

its feasibility in water treatment. 
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4.1.1 Grafting of Acrylonitrile on Silica Surface 

The effects of different reaction conditions as absorbed radiation dose and silica to 

monomer ratios on grafting was investigated. 

4.1.1.1 Effect of Absorbed Dose  

Silica and monomer (AN) mixture was irradiated at different doses ranging from 2.5- 

20 kGy to investigate the effect of dose on grafting and the results are expressed in 

Figure 3.1. This figure demonstrates that the grafting of AN increase with increasing 

radiation dose, though the rate of increase slows down as dose increases beyond 15 

kGy. In direct grafting method, the number of grafted chains and their length are 

influenced by gamma dose. The increase in grafting with dose may be attributed to 

the increased number of free radicals formed on both modified silica and AN 

monomer [199].  

 

Figure 4.1: Effect of absorbed dose and monomer concentration on the grafting of 

acrylonitrile (AN) on modified silica (MS). 
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4.1.1.2 Effect of Monomer Concentration 

Different ratios of silica and monomer (w/v) in the reaction mixture were tested to 

investigate the effect of monomer concentration on grafting (%). According to Figure 

3.1, the product of grafted material was increased with increase in monomer 

concentration and reached its maximum value (748 %) at 1:12 silica to monomer ratio 

at 20 kGy. A sharp increase in grafting was observed with increase in monomer ratio 

that was due to greater availability of monomer to react with the active sites [342]. 

The extent of grafting depends upon the amount of monomer in the reaction mixture 

which significantly increased the grafting yield when higher concentrations of 

monomer added. Above 1:10 ratio, the increase in grafting was small that might be 

due to increase in homopolymerization process [343].  

4.1.2 Structural Analysis  

The FTIR spectra of silica and its different modified forms are depicted in 

Figure 4.2. The IR spectrum of silica shows main peaks at 1050 cm
-1 

and 800 cm
-1 

arising from siloxane groups [322]. The ―MS‖ spectrum has a new absorption peak at 

1652 cm
-1 

arising from vinyl (C=C) groups. The presence of vinyl groups shows the 

successful grafting of VTES on silica surface. In addition, the intensity of peaks 

arising from siloxane groups is also increased due to addition of Si-O-C linkages in 

the same region [342]. 

AN-g-S shows new peak at 2243 cm
-1

, 2938 cm
-1 

and 2854 cm
-1

.
 
The former 

peak was assigned to C≡N group while later two are characteristic of the asymmetric 

and symmetric –CH2 groups validating the successful grafting of AN monomer on 

MS. In IR spectrum of AO-g-S, the peak at 2243 cm
-1 

is vanished and two new bands 

appeared at 1642 cm
-1 

and 920
 
cm

-1 
due to C=N and N-O groups respectively, 

indicating the conversion of C≡N groups to amidoximes [322]. AO-g-S also exhibits a 

broad band at 3000-3700 cm
-1

 which was assigned to OH and NH groups. After 

copper adsorption the peak at 1642 cm
-1

 is reduced and the disappearance of peak at 

920
 
cm

-1
 indicate that amidoxime group are involved in metal adsorption.  
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Figure 4.2: FTIR spectra of silica (S), modified silica MS, acrylonitrile-grafted-silica 

(AN-g-S), amidoxime-grafted-silica (AO-g-S) and amidoxime-grafted-silica after 

copper adsorption (AO-g-SCu). 

 

Figure 4.3 presents the SEM images of S, MS, AN-g-S and AO-g-S. This 

figure shows that silica particles having smooth surface that are converted into rough 

one after silanization. After radiation grafting of acrylonitrile, the surface becomes 

rougher and scraggy that is might be due to uneven grafting of acrylonitrile on the 

surface of the silica particles. The roughness of AN-g-S is decreased when this 

material is converted into amidoxime form. This is might be due to the H-bonding 

occurred between amidoxime groups and hence stiffened the molecular structure 

[344].  

However, the overall morphology of the particles is almost unchanged, which 

means that the silica particles have maintained their structure during the chemical 

reactions. The representative EDX of AN-g-S showed the presence of nitrogen along 

with other elements that support the grafting of AN monomer onto MS. 
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Figure 4.3: SEM micrographs of silica (a), modified silica (b), acrylonitrile-grafted-

silica (c), amidoxime-grafted-silica (d) and EDX of acrylonitrile-grafted-silica (e). 

 

 

Figure 4.4: TGA thermograms silica (S), modified silica (MS), acrylonitrile-grafted-

silica (AN-g-S), amidoxime-grafted-silica (AO-g-S). 

 



 

 Results and Discussions 

62 

 

The thermal stability analysis of S, MS, AN-g-S and AO-g-S was carried out 

by using TGA in inert atmosphere and the results are portrayed in Figure 4.4. The 

data for silica indicated 2% mass loss at 1400 °C that might be due to loss of water 

resulting from the condensation of some silanol groups to form siloxane linkage 

[340]. MS showed mass loss in two stages; the first stage was up to 120 °C that might 

be due to loss of physically absorbed water while the second stage showed a major 

mass loss of 6 %, which was assigned to decomposition of grafted vinyl groups on 

MS. The decomposition at high temperature demonstrates that organic groups were 

chemically bound to silica surface.  

Thermogram of AN-g-S also shows decomposition in two stages; the first 

stage was in the temperature range of 50–200 °C, with mass loss of 2 %. This loss 

was due to the removal of solvent present in the sample. The second stage (350-730 

°C) was due to loss of grafted PAN chains. The overall mass loss of 55 % was 

observed at 1400 °C. AO-g-S showed decomposition in three stages; the first stage 

was started around 50 °C showed 5 % mass loss assigned to physically adsorbed 

water. Higher water content confirm the hydrophilic nature of AO-g-S. It was then 

followed by 19 % and 40 % mass loss from 180-300 °C and 300-750 °C, respectively, 

which was related to decomposition of amidoxime groups [345]. The overall mass 

loss of the sample was 64 % at the 1400 °C. These results verified the presence of 

main groups in the samples and showing that the samples have good thermal stability. 

Figure 4.5 displays the N2 adsorption-desorption isotherms of silica and the 

inset shows pore size distribution and Figure 4.6 presents the N2 adsorption-

desorption isotherms of acrylonitrile-grafted-silica (AN-g-S) and the inset show pore 

size distribution and the corresponding parameters are presented in Table 4.1. Both 

samples show a distinct hysteresis loop which was gradually closed at relative partial 

pressure 0.5 with capillary condensation occurred at relative partial pressure 0.95. The 

relatively sharp increase in the isotherm at high relative partial pressure showed that 

the uniform pore structure of mesoporous silica. The results showed that both samples 

follow the type IV isotherm indicating the mesoporous structure. Moreover, the 

results indicated that the mesoporous nature of silica preserved even after grafting. 

Adsorption of N2, in silica at low pressure, indicated the presence micropores in it. 
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Figure 4.5: Nitrogen adsorption-desorption isotherm of silica and inset of figure 

shows pore size distribution curve of the corresponding sample. 

 

 

Figure 4.6: Nitrogen adsorption-desorption isotherm of acrylonitrile-grafted-silica 

and inset of figure show pore size distribution curve. 

 



 

 Results and Discussions 

64 

 

 The pore size distributions of the samples were computed from desorption 

branch by using BJH method and showed in the insets of Figures 4.5 and 4.6. This 

figure displays broader pore size distributions. However, the ratio of large pore size 

(macropore) was very low. 

Table 4.1: Surface and porosity characteristics of raw and grafted silica. 

Sample BET 

Surface 

area  (m²/g) 

Micropore 

Area(Smic) 

External 

Surface 

Area 

(Smes+mac) 

Cumulative 

pore volume 

(cm³/g) 

Cumulative 

pore Area 

(m
2
/g) 

S 243.93 25.17 218.76 2.73 308.93 

AN-g-S 65.78 - 65.78 1.65 249.52 

 

Brunauer Emmett Teller (BET) calculation showed that the surface area and 

cumulative pore volume was decreased after grafting showing that the grafting occurs 

at the surface as well as in the lining of the pores. The t-plot method revealed that 

micropore surface area (Smic) and external (mesopore and macropre) surface area 

(Smes+mac) of silica were 25.172 and 218.76 m²/g, respectively. The ratios of micro 

and mesopore surface area to the total surface area were 10 % and 90 %, respectively. 

While after grafting no microporous fraction was observed which was might be due to 

completely filling up of the micropores with grafted monomer.  

X-ray diffraction (XRD) patterns of S, MS, AN-g-S and AO-g-S are displayed 

in Figure 4.7. XRD of silica exhibits a single broad diffused band centered at 2θ =22°. 

This broad band indicates the amorphous nature of silica. It can also be seen from 

Figure that no appreciable change occurs during modification process as MS show 

pattern similar to silica. AN-g-S show a peak centered at 2θ = 17 ° in addition to 

diffused band, which arise due to (100) reflection of grafted PAN chains [346-348]. 

The disappearance this peak in AO-g-S patterns indicate the conversion of PAN 

chains to amidoximes. 
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Figure 4.7: XRD patterns of silica (S), modified silica (MS), acrylonitrile-grafted-

silica (AN-g-S) and amidoxime-grafted-silica (AO-g-S). 

 

4.1.3 Adsorption Tests 

4.1.3.1 Copper Ion Adsorption Performance 

The results of copper ion adsorption after 2 h contact time at different pH values are 

expressed in Figure 4.8. 

 The results show that the adsorption capacity increases as the pH of solution 

increases and reaches a maximum value of 172 mg/g at pH 5. No adsorption was 

observed above pH 5 that might be due to precipitation of copper. The effect can be 

explained on the basis of interaction mechanism of amidoxime group (AO) with 

metals as shown in Scheme 4.1. 
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Figure 4.8: Effect of pH on adsorption capacity of amidoxime-grafted-silica (AO-g-

S) for Cu
2+

 ion from aqueous solution. 

 

Scheme 4.1: The possible interaction mechanism of amidoxime group (AO) with 

metal ions. 
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 The amidoxime group exhibits amphiprotic property and at lower pH the 

amino group of amidoximes of AO-g-S will be highly protonized and cationic 

character.  While at higher pH, the hydroxyl (OH) group of oxime will dissociate, and 

showing anionic character.  Hence at low pH, the amino groups of amidoximes will 

lose the complex ability towards metal ions and resulting low adsorption capacity at 

lower pH. On the other hand, as the pH increases, the degree of protonation decreases 

and as a result the coordination and chelating ability increases. The adsorption 

capacity of AO-g-S is compared with other adsorbents reported in literature and 

results are expressed in the Table 4.2. 

Table 4.2: Comparison of adsorption capacities of various amidoxime based 

adsorbents reported in literature. 

Resin/ Adsorbent Adsorption 

capacity 

(mmol/g) 

Reference 

8-hydroxyquinoline chelating resin 

Porous resin with Schiff base chelating groups 

Poly(amidoxime)/SiO2 

Amidoxime-based polyethylene nonwoven fabric 

Amidoxime-g-silica adsorbent 

0.023 

1.4 

1.57 

1.25 

2.72 

[319] 

[320] 

[349] 

[350] 

Present study 

 

 These results showed that grafting of acrylonitrile monomer on to modified 

silica via mutual radiation grafting is an efficient method and affords high grafting   

(748 %). Moreover, resulting hybrid adsorbent (AO-g-S), exhibited high adsorption 

capacity for Cu
2+

, i.e., ion 172 mg/g. The fabricated hybrid material, thus, could find 

application in wastewater treatment such as removal of heavy metal ions, dyes, and 

other pollutants. 
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4.2 Fabrication and Characterization of Amidoxime Functionalized 

Silica Decorated by Copper: A Catalytic Assembly for Rapid 

Reduction of Dyes 

The environmental pollution especially the water pollution is a matter of great 

concern. With rapid urbanization and industrialization, the water pollution has 

become a serious problem to human health and aquatic ecology. The production of 

commercial products by industries, such as textile, pharmaceutical, petroleum, paper 

and pulp etc. releases large volumes of contaminated water containing both organic 

and inorganic compounds [351]. The main organic compounds of the contaminated 

water are dyes which are widely used by number of industries. There unwanted 

entrance in over environment cause health issues and also disturb the aquatic 

ecosystem. Wastewater released from these industries is hard to be treated due to high 

toxicity, persistent and recalcitrant nature of dyes, high chemical oxygen demand and 

low biodegradability [247]. 

Textile industry is the major source of dyes, about 50 % of natural fiber based 

textiles are dyed and approximately 10,000 different dyes and pigments are used for 

this purpose now-a-days. More than 15 % of these dyes is wasted during the dying 

process and discharged through industrial effluent [352]. The non-biodegradable, 

mutagenic, teratogenetic and carcinogenic nature of these dyes created serious health 

hazards to human and aquatic organisms [248]. Therefore, it is necessary to pretreat 

the dye containing effluent before discharging into the water bodies. 

Methylene blue (MB) is one of the most commonly used dyes in textile, wood, 

printing, and leather industries. It is also used as dye for histological tissue sections 

and photosensitizers on semiconductors etc. [353]. MB is toxic and may cause 

irritation, allergic problems, also disturb breathing system, vomiting, diarrhea and 

nausea if inhaled or ingested [354, 355]. A variety of biological, chemical, and 

physiochemical methods have been employed for the removal of dyes from waste 

water. These includes; biosorption [356, 357], biodegradation [358], adsorption [359], 

ultrafiltration [360], nanofiltration [361], coagulation and sedimentation [252, 362], 

Fenton process [363], sonolysis [364], ozonation [365] etc. Recent reports showed 

that some of these conventional methods are not suitable for the dye removal due to 

high cost, time consuming processing and stability issues [352]. Although, some of 
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these methods are versatile and useful, but they all produces secondary waste 

products, which need to be processed further due to stable and complex aromatic 

structure of dyes [366]. Thus, there is a scope to develop an efficient method which is 

relatively cost effective, versatile and with no secondary waste product, i.e., sludge. 

In recent years, multistep processes have been developed for the degradation 

of dyes. Reductive degradation of dyes by metallic catalysts have got much attention 

due to high efficiency and greener root of degradation, i.e., end products are 

biodegradable [29]. Suvith and Philip used gold and silver nanoparticles for the 

degradation of MB [367]. Dobrucka reported the catalytic reduction of MB and 

crystal violet with platinum nanoparticles [368]. Li et al. used Pd/Fe3O4-PEI-RGO 

nanohybrids for catalytic degradation of MB [369]. Ai and Jiang reported the alginate 

hydrogel capped silver nanoparticle assisted catalytic reduction of 4-nitrophenol by 

NaBH4 [370]. The most of reported work related to the catalytic reductive degradation 

of dyes was carried out with precious and noble metals (e.g., Au, Ag, Pt and Pd). High 

cost and less availability of these metals make them less feasible for these 

applications [371]. Moreover, these nanoparticles are unstable, prone to agglomerate 

and cannot be easily separated from the reaction medium [372]. To overcome these 

problems, a variety of solid supports, such as graphene, titanium oxide, eggshell, and 

iron oxide have been used for the development of catalysts [373]. 

The present study was focused to develop a stable, cost effective and efficient 

catalyst for the reduction of dyes which can easily be separated from reaction medium 

by simple filtration. Amidoxime functionalized silica (AFS) was used as support to 

develop the copper loaded catalyst in this study. MB was chosen as model dye and its 

heterogeneous degradation was executed with NaBH4 in the presence of developed 

hybrid catalyst. The effect of different operational parameters as pH, catalyst dose and 

time was also investigated. 

4.2.1 Structural Characterization  

SEM micrographs of AFS and AFS-Cu are displayed in Figure 4.9 (A) and (B), 

respectively. SEM image of AFS shows that the particles are of irregular shape and 

rough surface, which might be due to the result of grafting. The copper loaded 

particles show some agglomerations and changed morphology as shown in Figure 4.9 
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(B). However, no major change in overall morphology of the particles was observed 

during copper loading. 

 EDX analysis of AFS shows the presence of N, O and Si as shown in Figure 

4.9 (a). This correlates the amidoxime functional groups present on silica particles. 

AFS-Cu shows a high weight (%) of copper in addition of these elements as shown in 

Figure 4.9 (b), which confirms the copper loading. 

 

Figure 4.9: SEM images of amidoxime functionalized silica (AFS) (A), copper 

loaded amidoxime functionalized silica (AFS-Cu) (B) and EDX of AFS (a), AFS-Cu 

(b). 

 

The XRD studies were used to explore the crystal structure of AFS and AFS-

Cu and the results are depicted in Figure 4.10. XRD of AFS shows a single broad 

band centered at 2θ=22° that is attributed to the amorphous nature of silica bearing 

amidoxime groups. XRD diffractogram of AFS-Cu showed intense peaks at 2θ values 

of 38.86°, 44.97°, 52.28° and 77.03°. The peaks at 44.97°, 52.28° and 77.03° 

correspond to the miller indices (111), (200) and (220) of face centered cubic 
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structure of Cu crystals, respectively. Different reports in literature have reported 

similar results [374-379]. The peak at 38.86° indicates that a small amount of copper 

was also present in the form of oxide. 

 

Figure 4.10: XRD patterns of amidoxime functionalized silica (AFS) and copper 

loaded amidoxime functionalized silica (AFS-Cu). 

 

Figure 4.11 shows the FTIR spectra of AFS, AFS-Cu and AFS-Cu 

(regenerated after third cycle). AFS shows a broad band at 1000–1150 cm
-1

 arising 

from Si–O–Si– stretch and a small peak at 1256 cm
-1

 was –Si–CH2 stretch. Moreover, 

the peaks at 3000-3400 cm
-1 

can be assigned to –OH, at 2800-3000 cm
-1

 to -CH, at 

1640 cm
-1

 to -C=N and at 920 cm
-1 

to >N–O stretch, the characteristic functionalities 

present in amidoxime functional groups [380]. The AFS-Cu spectrum shows all these 

peaks with reduced intensity, indicating that these functionalities are involved in 

binding with copper. The FTIR spectrum of the regenerated catalyst after third cycle 
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shows almost similar spectrum as that of fresh AFS-Cu and no appreciable change 

was observed indicating that the catalyst retains its structural stability during use. 

 

Figure 4.11: FTIR spectra of amidoxime functionalized silica (AFS), copper loaded 

amidoxime functionalized silica (AFS-Cu) catalyst and AFS-Cu (regenerated) 

catalyst. 

 

4.2.2 Catalytic Reductive Degradation of Dye by AFS-Cu 

The catalytic activity of AFS-Cu catalyst was monitored using MB as a model dye. 

The progress in catalytic reduction was examined by decrease in absorbance at 664 

nm using UV-Visible spectroscopy. The spectra of MB with NaBH4 in the absence 

and presence of catalyst are depicted in Figure 4.12 and 4.13, respectively. As 

expected, the reduction process in the absence of catalyst was very slow with little 

degradation up to 180 min (Figure 4.12). 
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Figure 4.12: Reductive degradation of methylene blue by NaBH4 at room temperature 

in the absence of AFS-Cu catalyst. 

 

 

Figure 4.13: Reductive degradation of methylene blue by NaBH4 at room temperature 

in the in the presence of AFS-Cu catalyst. 
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Figure 4.13 depicts the spectra of reduction of MB in the presence of AFS-Cu 

catalyst. These results clearly demonstrate that AFS-Cu catalyst is necessary for the 

fast reduction of MB in this reaction. The catalyst serve as an electron mediator 

between BH4
¯ 

and MB, electron transfer takes place via Cu present on the catalyst 

[373]. The reduction process typically proceeded in two stages: (i) BH4¯ diffusion and 

adsorption of dye on the catalyst surface (ii) transfer of electron from BH4¯ to the dye 

mediated by the catalyst. The dye then will be reduced on catalyst surface and desorb 

from the surface to continue the reaction as shown in Figure 4.14. 

 

Figure 4.14: Proposed mechanism for methylene blue degradation by AFS-Cu 

catalyst. 

 

4.2.2.1 Effect of Catalyst Loading on Reduction of Methylene Blue 

It has been reported that the amount of catalyst also influences the rate of reduction 

[380]. To investigate this effect, varying amount of catalyst ranging from 5-50 mg 

was used and the obtained results are displayed in Figure 4.15. 
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Figure 4.15: Effect of catalyst dose on methylene blue degradation (MB: 5 mL, 5 

ppm and NaBH4: 1 mL, 0.1 M, time: 4 min) at room temperature. 

 

These results indicate that a rapid increase in degradation could be achieved 

when the catalyst amount is increased from 5 mg to 20 mg, however, above this 

concentration, very little change in degradation could be observed. This behavior 

might be due to the fact that once the catalyst amount reached certain point (20 mg in 

this study), the adsorption of dye on catalyst surface reached an optimum value. Thus, 

20 mg of the catalyst was used for further investigations as discussed below. 

4.2.2.2 Effect of pH on Catalytic Reduction of Methylene Blue 

The pH of the dye solution is also an influential factor that significantly affects the 

degradation process. The effect of pH on MB degradation was studied at a pH range 

of 2-7 and results were shown in Figure 4.16. 
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Figure 4.16: Effect of pH on methylene blue degradation (AFS-Cu: 20 mg; MB: 5 

mL, 5 ppm and NaBH4: 1 mL, 0.1 M, time: 4 min) at room temperature. 

 

 The results show that the change in pH from acidic to neutral, results an 

increase in degradation rate. This might be due to protonation of the catalyst and dye 

at lower pH, which leads to a strong repulsion between them. As a result less 

degradation was observed at lower pH. On the other hand, the increase in pH leads to 

the deprotonation of dye and as a result the degradation rate increases. Mosleh et al. 

have also reported similar results during the photocatalytic degradation of dyes by 

CuO/Cu2O/Cu nanoparticles [374]. Therefore, the optimum value of pH was adjusted 

at 7. 

4.2.2.3 Kinetic Study of Catalytic Reduction of Methylene Blue 

The kinetics of catalytic reductive reaction of MB by NaBH4 in the presence of AFS-

Cu was monitored at different time intervals. The plot of At/Ao (Ao and At represents 

the initial absorbance and absorbance at time t of MB, respectively) versus reaction 

time shows a profile of exponential nature, which also indicated the reduction reaction 
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follows the pseudo-first-order kinetics as shown in Figure 4.17. The rate constant (k) 

of the reaction was calculated by using the following equation. 

t t

o o

ln( ) = ln( ) = - 
C A

kt
C A

 

 Where Co is the initial concentration and Ct is concentration of MB at time t, 

respectively. 

 

Figure 4.17: Time-dependent change in methylene blue solution (At/Ao) in the 

presence of NaBH4 and AFS-Cu catalyst. 

 

 Figure 4.18 depicts the plot of ln(At/Ao) vs. reaction time (t) and the slope 

determines the rate constant for the reaction. The plot presents a good linear 

relationship with correlation coefficient (R
2
) of 0.9949 and the calculated rate 

constant was calculated 0.6224 min
-1

. 



 

 Results and Discussions 

78 

 

 

Figure 4.18: A linear relationship of ln(At/Ao) as a function of time for the catalytic 

reduction of methylene blue. 

 

4.2.2.4 Recovery and Reusability of Catalyst 

The easy recovery of the catalyst (AFS-Cu) from the reaction mixture by simple 

filtration is an important feature that makes it suitable for industrial applications. The 

micron size particles can be easily recovered by filtration and reused after simple 

washing with deionized water and drying in oven at 50 °C. Figure 4.19 depicts the 

comparison of catalytic reduction results of methylene blue by AFS-Cu up to three 

cycles. This data demonstrate that the recovered catalyst could be used for three times 

with only a slight decrease in catalytic activity. After 3
rd

 cycle, the recovered catalyst 

was regenerated by washing with alcoholic water (10%) and then with excess of 

deionized water. The regenerated catalyst, as depicted in Figure 4.19, regains it 

catalytic activity almost equal to the fresh catalyst. These results indicate that AFS-Cu 

can serve as promising catalyst for the degradation of dyes (MB). 
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Figure 4.19: Comparative results of methylene blue degradation for 1
st
 to 3

rd
 cycle 

without regeneration and regenerated AFS-Cu catalyst. 

 

Table 4.3: Comparison of results for catalytic degradation of methylene blue with a 

variety of catalysts reported in literature. 

Catalyst Time  

(min) 

Reference 

AFS-Cu 

AgNPs on silica spheres 

Porous  Cu microspheres 

Biosynthesized Ag nanoparticles 

SiNWAs-Cu 

CrO(OH) nanoparticles 

CuNFs 

4 

7.5 

8 

8 

10 

30 

85 

Present study 

[381] 

[382] 

[383] 

[384] 

[385] 

[386] 
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 Table 4.3 shows the comparative degradation time of the designed AFS-Cu 

under current study with those reported in literature. It is evident that AFS-Cu exhibits 

higher catalytic activity as compared with those reported catalytic systems designed 

for the degradation of methylene blue. 

 In summary, these results demonstrate that AFS-Cu is an efficient and 

economic catalyst for the degradation of dyes as copper is less expensive as compared 

to the other metals (Ag, Au and Pd) used in most of the earlier studies. The catalyst 

has an excellent stability and can be used for 3 cycles without any loss in activity. 

Moreover, this catalyst can be easily recovered by simple filtration and regenerated by 

washing with alcoholic water. The obtained results show that AFS-Cu catalyst has 

advantages over other catalyst in terms of cost, stability, recovery and reusability etc. 
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4.3 Surface Modification of Mesoporous Silica by Radiation 

Induced Graft Polymerization of Styrene and Subsequent 

Sulfonation for Ion-Exchange Applications 

 

In recent years, polymeric composite materials, comprising of inorganic particles and 

organic polymers, have received much attention from the researchers both in 

academia and industry due to their excellent properties, including thermal resistance, 

mechanical stability, optical, catalytic, magnetic, electric properties, and etc. [387-

390]. The grafting of polymers onto the surface of inorganic micro- or nanoparticles 

results hybrid materials with unique properties that have been exploited for potential 

applications in various fields, including drug delivery, water treatment, cosmetics, 

electronic devices, environment, chemical analysis, to name a few [391, 392]. 

A variety of techniques, such as radiation-induced, emulsion, photochemical, 

plasma-induced techniques, and enzymatic grafting have been employed for the 

grafting depending upon the type of monomer and substrate [114]. In grafting by 

chemical means, the initiator plays a key role, while no initiator is required in 

radiation-induced grafting [114]. Radiation-induced grafting process can be achieved 

by pre-irradiation, peroxidation or mutual irradiation technique [393]. In pre-

irradiation method, the substrate is first irradiated in inert atmosphere to generate free 

radicals on its surface. The irradiated substrate is then reacted with monomer at higher 

temperatures [394, 395]. In peroxidation grafting method, the substrate is radiated in 

air or O2 that leads to the formation of hydroperoxides or peroxides on its surface and 

then treated with monomer at high temperature [396]. In mutual irradiation technique, 

both the substrate and the monomer are irradiated simultaneously to produce free 

radicals and subsequent addition [394]. Radiation-induced grafting can be initiated by 

γ-rays or electron beams (EB) and provides simpler, nondestructive, and economical 

method for the fabrication of functionalized hybrid materials. [397, 398]. 

Among the inorganic particles that have been grafted with polymers, silica has 

got the highest attention in scientific research, due to its easy preparation, non-toxic 

nature, high surface area, tunable porous structure, and facile modification of physical 

and chemical properties through surface functionalization [56-59]. These properties 
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makes it an excellent platform for preparation of a number of functionalized materials 

for different applications, such as ion exchange [279], catalysis [56], pigments [399], 

biomedical [400], thin film and hydrogels [401], electronic devices [402], and thermal 

insulators, and humidity sensors, [333-337]. It has also been successfully modified as 

ion exchange resin for proteins, metals, [403-405]. However, direct attachment of the 

functional groups to the mesoporous silica surface is difficult due to inertness of the 

surface; therefore, silica needs to be silanized first for the grafting purpose for various 

applications[340]. 

In this study, silica was modified with poly(sulfonated styrene) for the 

fabrication of ion exchange resin using γ-ray mutual irradiation grafting. Silica 

particles were first silanized with vinyltriethoxysilane (VTES) to introduce the 

polymerizable vinyl (C=C) groups onto the particle surface, which was followed by 

the radiation-induced grafting of styrene and subsequent sulfonation. Systematic 

investigations have been carried out to evaluate the influence of various experimental 

parameters on the grafting efficiency. Detailed structural characterizations by various 

analytical techniques have been done. Finally, the ion exchange capacity of the 

fabricated resin was also evaluated. 

4.3.1 Effect of Grafting Conditions 

The fabrication of silica-grafted-sulfonated styrene (S-g-SSt) from the modified silica 

(MS) was carried out in two steps. First, the styrene was grafted onto MS by radiation 

grafting, followed by sulfonation with sulphuric acid. Systematic investigations have 

been carried out to elucidate the effect of various experimental parameters, such as 

absorbed radiation dose, diluent (solvent), and concentration of monomer in the 

reaction mixture and to optimize the reaction conditions for the best grafting 

efficiency. 

4.3.1.1 Effect of Absorbed Dose 

Figure 4.20 depicts the grafting (%) (see Equation 1) as a function of the absorbed 

dose for grafting of styrene onto MS at a dose rate of 4.7 kGy h
-1

. The radiation dose 

was varied in the range of 7.5 to 90 kGy. The data demonstrate that the grafting (%) 

initially increases gradually with increase in the absorbed dose up to 70 kGy h. This 

effect might be ascribed to the fact that grafting depends upon the number of free 
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radicals produced in reaction mixture, consequently, more radicals taking part in 

grafting and hence grafting (%) increases [207]. However, beyond 70 kGy radiation 

dose, no further increase in grafting (%) was observed. This is more likely due to 

increase in homopolymerization and increased viscosity of the reaction mixture that 

creates hindrance in the diffusion of monomer. 

 

Figure 4.20: The grafting (%) as a function of the absorbed radiation dose for grafting 

of styrene onto modified silica (MS). Grafting conditions: dose rate, 4.7 kGy h
-1

; MS 

to styrene ratio, 1:5 (w/v). 

 

4.3.1.2 Effect of Solvent 

Figure 4.21 depicts the effect of different solvents (diluents) employed on the grafting 

(%) of styrene onto MS at 30 kGy absorbed dose. The monomer to solvent ratio in the 

reaction mixtures was kept 50:50 (v/v). The data suggests that methanol is the best 

grafting medium for styrene in terms of the grafting (%) as compared with the other 

investigated alcohols (ethanol and propanol). The lower grafting (%) in ethanol and 

propanol as compared with the methanol could be ascribed to the gradual decrease of 

swelling property of the alcohols, which decreases with increasing bulkiness of the 

alcohol molecules. A similar trend was also observed by Lenka [406] in the grafting 

of methyl methacrylate on to nylon-6, i.e., the grafting was lower in butanol as 
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compared with methanol. Additionally, in radiation grafting, the fragments of 

methanol, especially the H-atom also aids in grafting by generating grafting sites on 

the substrate [114].  

 

 

Figure 4.21: Bar plot showing the effect of various alcohols in the reaction mixture 

on grafting (%) of styrene onto MS at a dose 30 kGyh. The solvent to monomer ratio 

was 50:50 v/v. 

 

4.3.1.3 Effect of Monomer/Solvent Composition 

As discussed above, methanol was observed to be the best grafting medium, among 

the studied solvents, for grafting of styrene onto MS. Therefore, further experiments 

were carried out to investigate the effect of monomer/solvent (methanol) composition 

on the grafting of styrene on to MS and the results are displayed in Figure 4.22. 

 The data demonstrate that the grafting (%) increases with increasing monomer 

concentration with the maximum grafting (%) was achieved at 50:50 (v/v) of styrene 

and methanol composition in the reaction mixture. This could be attributed to the 

availability of more styrene molecules for reaction with radicals that leads to higher 

grafting (%). However, on further increase in styrene concentration, the grafting (%) 
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decreased that could be due to increasing viscosity of the reaction mixture, which 

controls the diffusion phenomenon. In addition, the homopolymerization may also 

dominate at higher monomer concentration that could lead to decreasing grafting (%) 

[407]. 

 

 

Figure 4.22: Bar plot showing the effect of monomer/methanol composition on 

grafting (%) of styrene onto MS. 

 

4.3.2 Structural Analysis 

The FTIR spectra of as received silica (S), modified silica (MS), silica-grafedt-styrene 

(S-g-St), and, and silica-grafted-sulfonated styrene (S-g-SSt) are depicted in Figure 

4.23. 
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Figure 4.23: FTIR spectrum of as received silica (S), modified silica (MS), silica-

graft-styrene (S-g-St), and silica-graft-sulfonated styrene (S-g-SSt). 

 

The FTIR spectrum of silica (S) shows peaks at 1050 cm
-1 

and 800 cm
-1 

arising from 

siloxane, while a broad band at 3400 cm
-1 

corresponds to silanol stretching. Both these 

groups serve as active sites on silica. After modification with VTES, a new peak 

corresponding to vinyl (C=C) group appeared at 1652 cm
-1 

that clearly indicates the 

successful functionalization of silica with vinyl functionality [322]. The confirmation 

of styrene grafting onto MS could be verified by the appearance of signals at 1453 

cm
-1

 and 1499 cm
-1

 that correspond to C-C vibrations of polystyrene. In addition, the 

peak at 3026 cm
-1

, 2920 cm
-1

, 750 cm
-1

, and 696 cm
-1

 are assigned to the aromatic C-

H vibrations. After sulfonation of the grafted styrene, the FTIR spectrum revealed 

new peaks at 1002 cm
-1

, 1028 cm
-1

, and 829 cm
-1

 that were assigned to the in-plane 

bending vibration of sulfonic acid substituted phenyl rings [408]. In addition, the 

sulfonation also resulted the weakening of aromatic signals at 1499 cm
-1

, 1453 cm
-1

, 

3026 cm
-1

, 696 cm
-1

, and 750 cm
-1

. Moreover, the broad band at 1680 cm
-1

 shows the 

hygroscopic nature of the fabricated sulfonated material [408, 409]. 
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Figure 4.24: Field emission scanning electron microscopy (FESEM) micrograph of 

(a) as received silica (S), (b) silica-grafted-styrene (S-g-St), (c) and silica-grafted-

sulfonated styrene (S-g-SSt). (d) Energy dispersive X-ray spectroscopy (EDX) profile 

of S-g-St. 

 

Figure 4.24 depicts the FESEM micrographs of S, MS, S-g-St and S-g-SSt. 

The SEM image of S shows an irregular shape morphology and smooth surface of the 

microparticles, while after grafting of styrene the surface appears craggy that might be 

due to the uneven grafting on the surface. Moreover, cavities and irregular shaped 

clusters of grafted styrene can also be seen on the surface. After sulfonation, there 

appears a slight smoothness in the surface; however, the overall morphology of the 

particles was not much affected by radiation and sulfonation process. The 

representative EDX profile of the S-g-St, given in Figure 4.24(d), reveal the presence 

of carbon that further confirms the grafting of styrene onto silica particles. 
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Figure 4.25: TGA curves, recorded in N2 atmosphere and at a heating rate of 10 °C 

min
-1 

of silica (S), modified silica (MS), silica-grafted-styrene (S-g-St), and silica-

grafted-sulfonated styrene (S-g-SSt). 

 

The thermogravimetric analysis (TGA) of S, MS, S-g-St and S-g-SSt was 

performed in inert atmosphere and the results are depicted in Figure 4.25. The TGA 

thermogram of the as received silica shows approximately 2 % weight loss at the 

beginning that could assigned to the physically adsorbed water and condensation of 

silanol groups that result in water loss creating siloxane linkage. The thermogram of 

MS reveals weight loss in two stages. The first stage at lower temperature is due to 

the removal of the physically absorbed water while the weight loss (~ 6%) at higher 

temperature (300-1000°C) represents the thermal degradation of the attached organics 

to silica. The decomposition at high temperature demonstrates that the organic groups 

were strongly bound to the silica surface. A significant change in the weight loss 

pattern could be seen in the thermogram of S-g-St with approximately 40 % weight 

loss in the range from 250 °C to 420 °C. The overall mass loss of S-g-St was recorded 

~ 48 % which is in good agreement with the gravimetric estimation of grafting (%), 

where 48.5 (%) grafting was estimated.  
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In comparison to S-g-St, the thermogram of S-g-SSt revealed a significant 

weight loss of ~ 45 % in the temperature from 35 
o
C to 110 

o
C that could be attributed 

to the evaporation of the physically absorbed water. The higher amount mass loss due 

to water evaporation clearly indicates the hygroscopic nature of the fabricated S-g-

SSt. This further confirms the successful sulfonation of the grafted styrene. The 

weight loss (~ 20 %) occurring in the temperature range of 250 °C to 400 °C is 

assigned to the decomposition of sulfonic groups attached to styrene rings. The third 

stage of decomposition (weight loss of ~ 25 %) occurring in the temperature range of 

400 °C to 650 °C could be assigned to the decomposition of polystyrene skeleton 

[410]. 

 

Figure 4.26: BET N2 adsorption–desorption isotherms of silica (S). The inset shows 

pore size distribution curve of the corresponding sample. 

 

 The BET N2 adsorption-desorption isotherms of S and S-g-SSt and the 

corresponding pore size distributions are given in Figure 4.26 and Figure 4.27, 

respectively. The inset in each figure depicts the respective pore size distribution 
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assessed by the Barret-Joyner-Halenda (BJH) method from the adsorption branch, 

where for S, the sharp peak with an average pore diameter of 21 nm, while for S-g-

SSt, the average pore diameter of 16.6 nm could be calculated. All the investigated 

samples exhibited Langmuir type IV isotherms according to IUPAC nomenclature 

with characteristic hysteresis loop corresponding to mesoporous structure with large 

pores. The as received silica exhibits relatively sharp increase in adsorption in the 

range 0.89-0.98 P/P
○
 indicating the capillary condensation that suggests a uniform 

large pore structure of the mesoporous silica, which is also in good agreement with 

the pore size distribution curve depicted as inset in Figure 4.26. The S-g-SSt shows 

relatively less sharp increase in adsorption; an indication of the less uniform pore size 

structure that can also be verified from the pore size distribution curve shown as inset 

in Figure 4.27. The N2 adsorption–desorption isotherms confirm that the mesoporous 

structure of the silica retained after the grafting and sulfonation processes. 

 

 

Figure 4.27: BET N2 adsorption–desorption isotherms of silica-grafted-sulfonated 

styrene (S-g-SSt) and the inset shows pore size distribution curve of the 

corresponding sample. 
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The BET results showed that the surface area and cumulative pore volume 

decreased with grafting and sulfonation; suggesting that grafting may occur on the 

surface as well as in the lining of the pores while the cumulative pore area increased 

with grafting (see Table 4.4). 

 

Table 4.4: Surface and porosity characteristics of silica (S) and silica-graft-sulfonated 

styrene (S-g-SSt). 

Sample BET surface 

area   

(m²/g) 

Micropore 

area  

(Smic) 

External 

surface area 

(Smes+mac) 

Cumulative 

pore volume 

(cm³/g) 

Cumulative 

pore area 

(m
2
/g) 

S 243.93 25.172 218.76 2.73 308.93 

S-g-SSt 134.36 4.4648 129.8994 2.630 442.502 

 

The t-plot method revealed that micropore surface area (Smic) and external 

(i.e., mesopore and macropre) surface area (Smes+mac) of ‗S’ were 25.17 m²/g and 

218.76 m²/g, respectively. The ratios of micro and mesopore surface area to the total 

surface area were 10 % and 90 %, respectively. For S-g-SSt, however, the 

microporous fraction was 3.32 % and mesoporous fraction was 96.68 % that could be 

ascribed to the filling up of the micropores with the grafted polymer. 

The X-ray diffraction (XRD) patterns of S, MS, S-g-St and S-g-SSt are 

displayed in Figure 4.28. The XRD profile of S exhibits a single broad amorphous 

halo centered at 2θ =22 °, indicating the amorphous nature of silica. By comparing the 

XRD patterns of S and MS, no appreciable change could be observed after the 

modification process. The grafting of styrene could be verified by a significant 

increase in intensity of the amorphous halo [411]. 
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Figure 4.28: XRD patterns of silica (S), modified silica (MS), silica-grafted-styrene 

(S-g-St), and silica-grafted-sulfonated styrene (S-g-SSt). 

 

4.3.3 Ion Exchange Capacity 

The fabricated S-g-SSt samples, with various grafting (%), were investigated for their 

ion exchange capacities (IECs) and the data are plotted in Figure 4.29. One important 

characteristic of ion exchange resin is its capacity, expressed in terms of 

milliequivalents of exchangeable ion per gram of resin. 

 Exchange capacity can be measured by exchanging potassium ion (K
+
) with 

hydrogen ions attached to the resin in acid form. The hydrogen ion is then titrated 

with standard sodium hydroxide solution. The exchange reaction can be represented 

as: 

R-H
+
  + K

+
(aq) + Cl

-
(aq)       ⇆      R-K

+ 
 + H

+
(aq) + Cl

-
(aq) 

Where, R represents the ion exchange resin. The exchange capacity, in 

milliequivalents/gram of resin, is calculated using the formula: 
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NaOH NaOH

resin

IEC
Mass




V M
 

Where V is the volume and M is the molarity of the sodium hydroxide solution used in 

titration. 

  

 

Figure 4.29: Effect of grafting (%) on the ion exchange capacity of silica -grafted-

sulfonated styrene (S-g-SSt). 

 

It can be clearly seen from the data depicted in Figure 4.29 that ion exchange capacity 

increases with increasing grafting (%) that could ascribed to the higher number of 

sulfonic acid groups in the sample with higher grafting (%) [412]. Thus, the ion 

exchange capacity of the fabricated resin could be easily tuned by changing the 

degree of grafting. The maximum IEC of 2.97 meq/g was calculated for S-g-SSt with 

96 grafting (%) as given in Table 4.5. For comparison purposes, the IECs of various 

reported sulfonated styrene resins/membranes are also included in Table 4.5. It is 
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evident that the fabricated S-g-SSt with 96 grafting (%) offers an efficient platform 

for the ion exchange applications. 

 

Table 4.5: Comparison of ion exchange capacity (IEC) of different sulfonated styrene 

based resins/membranes reported in literature. 

Ion exchange resin/ membrane  IEC 

(meq/g) 

References 

Sulfonated styrene grafted PTFE membrane  

Sulfonated polystyrene grafted polypropylene 

composite electrolyte membranes  

Ion exchange resin/polystyrene sulfonate composite 

membranes 

Sulfonated polystyrene/PTFE composite membranes 

UHMWPE-g-PSSA membranes 

S-g-SSt ion exchange resin 

1. 0 

2.90 

 

2.72 

 

1.24 

2.77 

2.97 

[412] 

[413] 

 

[414] 

 

[415] 

[416] 

Present study 

 

 In summary, these results indicate that mutual radiation grafting technique 

afforded a high degree of styrene grafting onto vinyl functionalized silica and as a 

result a high ion exchange capacity resin could be achieved after sulfonation. The 

grafting (%) of styrene increased with increase in the absorbed dose. The ion 

exchange capacities of samples having different grafting (%) was in the range of 0.43-

2.97 meq/g of the dry resin. The facile fabrication method and high IEC value (2.97 

meq/g) could lead to potential application of the fabricated resin in ion exchange resin 

for waste water treatment and metal recovery. 
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4.4 Fabrication and Characterization of Silica Grafted Amidoxime 

Composite via Aqueous Phase Emulsion Graft Polymerization 

 

As discussed in Chapter 1, in recent years a variety of organic-inorganic hybrid 

composite materials have been synthesized and applied in different fields. These 

hybrid materials exhibit the combined properties of both the inorganic constituent as 

rigidity, high thermal and mechanical stability, and of organic part as surface 

functionality, i.e., desired functional groups, more flexibility, easy processibility, and 

etc. These properties make the composites attractive for a wide range of applications, 

including semiconductors [417], aeronautics, wind-power engineering telecom sector 

[418], automobiles and constructions [419], controlled drug delivery system [420], 

and for environmental applications [421]. In environment, hybrid composites can be 

used in gas sensors for environmental monitoring [421], photocatalytic systems for 

the wastewater treatment [422], ion exchange resin [423], and adsorbents for heavy 

metals [424]. These hybrid materials can be obtained by surface functionalization of 

inorganic oxides, such as silica, alumina, end etc. as building blocks of the 

composites. Among the inorganic oxides, silica has been investigated extensively due 

to its higher effective surface area, low production cost, and facile surface 

modification methods [425]. However, due to the presence of hydroxyl groups on the 

particle surface, it is very difficult to achieve a homogeneous dispersion of the silica 

particles in a polymer matrix. These hydroxyl groups adhere to each other through 

hydrogen bonding that leads to agglomeration [426]. To improve dispersion, the 

surface of the silica particles can be functionalized with various coupling agents; 

methyltriethoxysilane (MTES), phenyltrimethoxysilane (PTMS), 

methyltrimethoxysilane (MTMS), and vinyltriethoxysilane (VTES), as a result the 

silanol groups on the particle surface are replaced with organic moiety, which 

decrease the aggregation of particles [72, 73]. 

 A wide variety of methods have been employed for the fabrication of silica 

based composite materials. Among them, the direct mixing of the silica particles and 

the polymer is the simplest one, that can generally be achieved via melt blending 

[427], solution blending [428, 429] or in situ polymerization [430, 431]. In situ 
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polymerization is very fast and effective method for the fabrication of composite 

materials. In this method, the monomer is directly polymerized on the modified silica 

particles [432]. It is a versatile technique for the preparation of composites with 

controlled morphology. In situ polymerization via a heterophase polymerization in 

aqueous medium has received much attention due to its environmentally benign 

experimental conditions. The heterophase polymerization processes are preferred over 

the bulk polymerizations, due to the easy recovery of the products and lower viscosity 

of the reaction medium. The solution polymerization also leads to a relatively lower 

solution viscosity as compared with the bulk polymerization; however, on industrial 

scale, it is not preferred due to the use of large amounts of the environmentally toxic 

organic solvents and comparatively slower polymerization rates because of the 

dilution of the monomers. These problems are avoided in heterophase emulsion 

polymerization process where the monomers are concentrated in the micelle core and 

water is used as the dispersion medium [433]. Emulsion polymerization is a common 

process used in the industry to produce a number of polymers. A typical emulsion 

polymerization system has four main components: water (the dispersion medium), 

monomer, initiator (water soluble), and surfactant (the emulsifier). The water soluble 

initiator generates the free radicals in the continuous phase where the polymerization 

process starts [434-436]. However, the propagation step is mainly confined to the 

micelle core. The termination of the growing chain in the micelle is afforded when 

another radical enters the micelle core. Lee et al. reported the first composite 

synthesized by emulsion polymerization in 1996 [143]. Since then, a wide variety of 

composites have been reported by emulsion polymerization [325, 437]. 

 By considering the above, in the present study the fabrication and 

characterization of amidoxime-grafted-silica composite particles via emulsion graft 

polymerization has been carried out for potential applications in wastewater 

treatment. The commercially available silica particles were first functionalized with 

vinyltriethoxysilane coupling agent that was subsequently employed for the in situ 

grafting of polyacrylonitrile (PAN) by environment friendly emulsion polymerization 

process using Tween 80 as the surfactant and potassium persulfate (KPS) as the 

water-soluble initiator. Next, the acrylonitrile groups of the silica-grafted PAN were 

transformed into amidoxime functionality. Detailed studies have been carried out to 
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investigate the effect of different experimental parameters; monomer, initiator, and 

surfactant concentration in the feed on the grafting (%). Finally, the obtained 

amidoxime grafted silica composite particles were evaluated as an adsorbent for Cu
+2

 

ions from the simulated wastewater. 

4.4.1 Synthesis of Polymer Composite 

The synthesis of hybrid composite was executed via emulsion polymerization which 

can be discussed on the basis of Harkins, Smith and Ewart theory [174]. In general 

emulsion polymerization was occurred in three stages. In first stage, water soluble 

initiator was introduced and it react with monomer in micelle and this is called as 

interval-I. In the second stage, quick polymerization of monomer in the micelle was 

occurred. At this stage both monomer droplets and polymer particles were present and 

it is considered as interval-II. With time more and more monomer droplets diffused 

into growing particles and a stage came when all the free monomer droplets disappear 

and all the monomer was located in the growing particles. This stage is termed as 

interval-III as depicted in Figure 4.30. 

 

Figure 4.30: Schematic illustration for the mechanism of emulsion polymerization. 
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 The polymerization process followed the free radical mechanism which 

comprises of three general steps named as initiation, propagation and termination. In 

the first step water soluble surfactant KPS decomposed and produced negatively 

charged sulphate radicals. 

S2O8
-
 + Heat → 2 SO4·

- 

These radicals react with vinyl groups of MS and monomer and create active centers. 

These active centers on reaction with monomer units, propagating AN grafted chains 

and homopolymer chains. Finally all these growing chains were terminated. 

4.4.2 Effect of Reaction Parameters on Grafting 

The effect of different reaction parameters as monomer, initiator and surfactant 

concentration on grafting was investigated. 

  

 

Figure 4.31: Effect of monomer concentration (w/v) on grafting (%). 
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4.4.2.1 Effect of Monomer Concentration 

Grafting (%) was significantly affected by monomer concentration in the reaction 

mixture. The effect of monomer concentration on grafting (%) was investigated by 

changing its concentration from 2% (w/v) to 8% (w/v) and the results are depicted in 

Figure 4.31. 

 These results (Figure 4.31) indicate that grafting initially increases with 

increasing monomer concentration and after reaching a maximum decreases with 

further increase in monomer concentration. This shows that at lower concentration, 

the amount of monomer is insufficient as compared to the available active sites for 

polymerization and when the amount of the available monomer is increased in the 

reaction mixture more and more monomer molecules are available for reaction with 

the available active sites and hence the grafting (%) increases. Maximum grafting of 

199 % was achieved at 6% (w/v) monomer concentration indicating that 6% (w/v) is 

the optimum monomer concentration to achieve the maximum grafting. The 

decreasing grafting (%) with monomer concentration above 6% (w/v) could be 

attributed to the increased homopolymerization, which decreases the diffusion of 

monomer and oligomer to the particle surface. Pulat and coworkers reported the 

similar investigations during chemically induced graft copolymerization of acrylic 

acid, acrylamide, crotonic acid, and itaconic acid onto cotton fibers. They have 

reported that the increase in monomer concentration increased the diffusion of the 

monomer molecules into the fiber structure and as a result high grafting is achieved. 

The decrease in grafting yield at higher monomer concentrations can be explained by 

the enhancement of homopolymer formation at that stage [438]. 

4.4.2.2 Effect of Initiator Concentration 

The effect of initiator concentration on grafting was investigated at a constant 

monomer concentration (6 %) and results are depicted in Figure 4.32. 
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Figure 4.32: Effect of initiator concentration on grafting at constant monomer 

concentration. 

 

 It can be seen from the data in Figure 4.32 that grafting (%) was significantly 

lower at 0.05% (w/v) initiator concentration indicating that this concentration is 

insufficient to generate enough free radicals in the reaction mixture. On increasing the 

initiator concentration a sharp increase in grafting (%) was observed up to 0.1%. 

(w/v) above which only a slight increase in grafting (%) could be observed. The 

enhancement in grafting (%) with initiator concentration indicates that the free 

radicals generated by the dissociation of the KPS take part in the polymerization 

process. A maximum grafting of 296 (%) was achieved at 0.15% (w/v) indicating that 

0.15% (w/v) initiator concentration is sufficient with 6% (w/v) monomer 

concentration to produce the maximum grafting (%). On further increase in KPS 

concentration beyond 0.15% (w/v) the extra free radicals remain in the reaction 

medium and hence no more increase in grafting was observed. Similar trend has also 

been reported by Zare and coworkers, where they have studied the effect of monomer 

types and concentrations, temperature, and initiator concentrations on the grafting 
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copolymerization of poly(lactic acid) (PLA) with amide monomers using benzoyl 

peroxide as the initiator [439]. 

4.4.2.3 Effect of Surfactant Concentration 

Surfactants (emulsifiers) are used in emulsion polymerization processes, 

pharmaceutical and cosmetic products. Surfactant play a key role in emulsion 

polymerization during nucleation and growth stages and also affect the particle size, 

size distribution, rate of reaction, polymer molecular weight, and particle morphology. 

The chemical structure and amount of surfactant used have a strong influence on 

viscosity and stability of latex. In the present study tween 80 was used as surfactant 

due to low toxicity and cost effective nature. It is used in food, health and beauty 

products, medicine and laboratory. The effect of surfactant concentration was 

investigated keeping the concentration of monomer (6 %) and initiator (0.15 %) 

constant and varying the surfactant concentration from 0.2 to 1.5 % and results are 

depicted in Figure 4.33. 

 

Figure 4.33: Effect of the surfactant concentration on the grafting (%) at (6%) 

monomer and (0.15%) initiator concentration. 
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 The results (Figure 4.33) reveal an initial increase in grafting (%) with 

increase in surfactant concentration up to 1% (w/v) and then decreases with further 

increase in surfactant concentration. The decrease in grafting (%) beyond 1% (w/v) of 

surfactant concentration in the reaction medium could be due to greater micelle 

population and that both the initiator and monomer concentration act as limiting factor 

under these conditions and as a result the grafting (%) decreases. Taimur and his 

coworkers have made similar observation for the graft polymerization of acrylonitrile 

onto the sepiolite (clay) [182]. Thus, 1.0% (w/v) surfactant concentration was 

determined to be the optimum surfactant concentration with 6% (w/v) and 0.15% 

(w/v) monomer and initiator concentration, respectively, to achieve the best grafting 

(%) results. 

4.4.3 Characterization 

FT-IR spectra of silica and its different modified forms are depicted in Figure 4.34.  

 

Figure 4.34: FTIR spectra of silica (S), modified silica (MS), silica-grafted- 

acrylonitrile (S-g-AN) and silica-grafted-amidoxime (S-g-AO). 
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FTIR spectrum of silica shows absorption bands at 1050, 960 and 800 cm
-1

 arising 

from asymmetric vibration of Si–O, asymmetric vibration of Si–OH, and symmetric 

vibration of Si–O respectively [440]. The spectrum of MS show a new peak at 1652 

cm
-1

 arising from vinyl groups (C=C), in addition to the above mentioned peaks 

present in silica spectrum. The presence of vinyl groups indicates that silica surface 

was successfully functionalized with VTES. Moreover, the increase intensity of peaks 

arising from siloxane groups is due to addition of Si–O–C linkages in the same region 

[342]. 

 The grafting reaction between modified silica and acrylonitrile may also be 

validated by IR spectrum. The appearance of new sharp peak at 2245 cm
-1

 arising 

from C≡N stretch of nitrile groups validating the successful grafting of AN on to MS 

[441]. Moreover, new peaks at 2856, 2938 and 1455 cm
-1

 arising from asymmetric 

and symmetric stretch and bending deformation of –CH2 groups were also present. 

The presence of all these peaks confirmed the grafting reaction. The conversion of 

nitrile groups into amidoxime groups was also confirmed from vanishing of peak at 

2245 cm
-1

 and appearance of new peaks at 1642 and 920 cm
-1

 arising from C=N and 

N–O groups. In addition, S-g-AO also show a broad band at 3000-3500 cm
-1

 which 

was assigned to NH and OH of amidoxime functional groups [442].  

Morphology of silica before and after grafting was analyzed by SEM and results are 

depicted in Figure 4.35. Bare silica particles have irregular morphology and smooth 

surface as shown in figure 4.35 (a). While after grafting with AN, the surface 

becomes rougher and scraggy that is might be due to spotty grafting of AN on the 

surface (see Figure 4.35 b). Moreover organic moieties can be seen on grafted surface. 

EDX spectrum of ‗S‘ shows the presence of Si and O, while spectrum of S-g-AN 

show N along with Si and O. The presence of N in S-g-AN confirms the grafting of 

acrylonitrile on silica surface. 
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Figure 4.35: SEM micrographs of bare silica (a), and silica-grafted-acrylonitrile (b), 

EDX spectra of bare silica (c), and silica-grafted-amidoxime (d). 

 

 The XRD diffractograms of S, MS, S-g-AN and S-g-AO are shown in Figure 

4.36. Silica shows a single broad band centered at 22° 2Ө value indicating the 

amorphous nature of silica. This characteristic band of silica retains its position after 

vinyl functionalization; grafting and amidoximation reactions which indicate that 

silica conserve its structural integrity during these reactions. The figure also shows 

that no change in structure occurs during reaction of silica with VTES, as MS shows 

pattern similar to that of S.  
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Figure 4.36: X-ray diffraction patterns of S, MS, S-g-AN and S-g-AO. 

 

 S-g-AN shows a somehow crystalline peak at 2Ө =17 ° that arises from (100) 

reflection of grafted PAN chains in addition to the diffused band 22 °. The 

disappearance of the crystalline peak at 17 ° in S-g-AO indicates that the grafted 

polyacrylonitrile chains were converted into polyamidoxime chains [73]. 

4.4.4 Adsorption Tests 

4.4.4.1 Copper Ion Adsorption Performance 

For potential application in wastewater treatment, the obtained S-g-AO was 

investigated as adsorbent for copper ions from simulated wastewater and the results of 

the calculated adsorption capacities (mg of the copper/g of the S-g-AO) after 2 hrs 

contact time as a function of pH are plotted in Figure 4.37. 
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Figure 4.37: Effect of pH on adsorption capacity of S-g-AO for Cu
2+

 ion from 

aqueous solution. 

 

 These results showed that as the pH of solution increases the adsorption 

capacity also increases and maximum adsorption of 130 mg/g was achieved at pH 5. 

No adsorption was observed above pH 5 that might be due to precipitation of copper. 

The effect can be explained on the basis of interaction mechanism of amidoxime 

group (AO) with metals (See Scheme 4.) The amidoxime group exhibits amphiprotic 

property and at lower pH the amino group of amidoximes will be highly protonized 

and showing cationic character.  While at higher pH, the hydroxyl (OH) group of 

oxime will dissociate, and showing anionic character.  Hence at low pH, the amino 

groups of amidoximes will lose the complex ability towards metal ions and resulting 

low adsorption capacity at lower pH. On the other hand as the pH increases, the 

degree of protonation decreases and as a result the coordination and chelating ability 

increases. 
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 These results demonstrate that this technique proved to be efficient and give 

high grafting at low monomer concentration. Moreover this study suggests that the 

synthesis root is free from the requirements such as use of high concentrations of 

monomer, costly organic solvents or special equipment. The synthesized composite 

possessed good adsorption capacity for Cu
2+

 ion i.e. 130 mg/g and can be used for 

variety of applications in waste water treatment as adsorbent for heavy metals and 

other toxic pollutants and catalysis etc. 



 

Chapter 5  

Conclusions and Future Perspectives 

This work, as the title implies, is an attempt to develop different methodologies for 

the fabrication of silica-based hybrid materials and to investigate their feasibility for 

various environmental applications. Two different methods, namely radiation-induced 

grafting and emulsion graft polymerization were employed for the fabrications of the 

intended hybrid composites.  

 

Novel amidoxime-based silica adsorbent was fabricated by radiation-induced 

grafting of acrylonitrile onto the silica microparticles in solvent free (dry) 

environment. The silica particles were first modified with vinyltriethoxysilane to 

introduce vinyl groups on the particle surface. Acrylonitrile (AN) was grafted on to 

modified silica (MS) by mutual radiation grafting technique, using Co-60 as the 

radiation source, that was followed by conversion of the nitrile groups of the grafted 

AN to amidoxime functionality. This method was proved to be cost-effective, 

comparatively greener (solvent free), and highly efficient, i.e., high grafting (748 %) 

was achieved at 20 kGy and 1:12 (silica: monomer) ratio (w/v). The grafting (%) was 

strongly dependent on the absorbed radiation dose and monomer concentrations. 

FTIR, SEM, EDX, and TGA analyses confirmed the grafting of AN onto silica 

particles and subsequent transformation of nitrile functionality of AN into amidoxime. 

The fabricated hybrid adsorbent was explored for metal ion adsorption from the 

aqueous medium and was observed to possessed good adsorption capacity for metal 

ions, i.e., 172 mg/g for Cu
2+

. These results indicated that the hybrid can be used for 

adsorption of heavy metal ions, dyes, and other pollutants and has prodigious 

application in waste water treatment. 

 

The metal (Cu) adsorbed hybrid material was explored as catalyst in the 

heterogeneous catalytic reductive degradation of methylene blue (MB) in the presence 

of NaBH4. The effect of different operational parameters was optimized. The catalytic 

reductive degradation reaction followed pseudo first-order kinetics with rate constant 
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0.6224 min
-1

. The results demonstrated that the obtained copper loaded hybrid 

composite is an efficient and economic catalyst for the degradation of dyes as copper 

is less expensive as compared to the other metals (Ag, Au and Pd) used in most of the 

earlier studies. The catalyst has an excellent stability and can be used for 3 cycles 

without any loss in activity. Moreover, this catalyst can be easily recovered by simple 

filtration and regenerated by washing with alcoholic water.  

 

Secondly, polyacrylonitrile-grafted-silica composite was also achieved via 

emulsion graft polymerization with potassium persulfate as initiator and tween 80 as 

surfactant in aqueous medium followed by the transformation of the nitrile groups of 

the grafted PAN chains into polyamidoxime. Systematic investigations were carried 

out to elucidate the effect of monomer, initiator, and surfactant concentration on the 

grafting. The optimized conditions were found to be 6% monomer, 0.15 % initiator, 

and 1 % surfactant concentration that afforded the highest grafting (296 %). This 

technique proved to be efficient technique affording high grafting at lower monomer 

concentration. All the products during various steps of the fabrications were 

thoroughly characterized by various analytical techniques. Amidoxime grafted silica 

composite was tested as an adsorbent for Cu
+2

 from the simulated waste water and a 

maximum adsorption capacity of 130 mg/g was achieved in 2 hrs. These results 

suggest that the developed hybrid material can be used as cost-effective and efficient 

adsorbent in waste water treatment and metal recovery. 

 

Finally, an ion exchange resin was fabricated by mutual radiation grafting of 

styrene onto modified silica (treated with vinyltriethoxysilane) and subsequent 

sulfonation. The effect of grafting conditions, such as absorbed dose, monomer 

concentration, and the type of solvent used was investigated in detail. All the steps, 

during the fabrication, were confirmed by various analytical techniques, including 

FTIR, SEM, TGA, XRD, and BET. The BET nitrogen adsorption-desorption 

isotherms confirmed the grafting of styrene on the surface as well as inside the pores. 

The ion exchange capacity (IEC) of the fabricated composite resin was evaluated by 

ion exchange titrations. The IEC was found to be as high as 2.97 meq/g. The facile 
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fabrication method and high IEC value could lead to potential application of the 

fabricated resin in ion exchange resin for waste water treatment and metal recovery. 

 

 Toward the end, it can be inferred that for grafting of acrylonitrile onto 

modified silica, both the radiation induced graft polymerization and emulsion graft 

polymerization are equally applicable and efficient techniques. Radiation induced 

grafting in a solvent free system provided eco-friendly route by avoiding hazardous 

organic solvents. On the other hand, the emulsion graft polymerization technique 

provided this by usage of water as solvent, which is nontoxic and also allows 

considerable heat dissipation during grafting reactions. Grafting in a solvent free 

system or in aqueous media also reduces the manufacturing cost of resulting 

adsorbent and catalyst. Therefore, both these methods are suitable for the synthesis of 

efficient and cost-effective hybrid adsorbent and catalyst. For grafting of styrene, 

radiation induced grafting method was used and found suitable for the fabrication of 

low cost and efficient ion exchange resin. 

 

 This dissertation describes the different available methodologies for the 

fabrication of silica based organic-inorganic hybrids in detail and their applications in 

environmental remediation. However, many different adaptations, tests, and 

experiments can be carried out in vivid detail. For this purpose, the following ideas 

could be explored: 

 Detailed adsorption and desorption studies along with the applications of 

kinetic models can be carried. 

 Different substrates and monomers can be chosen for grafting depending upon 

their future applications. 

 Electron beam can be explored as irradiation tool in radiation induced grafting. 

 In regard to synthesis via emulsion graft polymerization, a comparative study 

can be performed by using all the four types of surfactants (cationic, anionic, 

zwitterionic and non- ionic). 

 In regard to catalytic applications, effect of temperature on catalysis can be 

studied and various other metals can be loaded. 
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