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Abstract 

This work concerns with the synthesis, characterization and applications of hydrogels 

and polymer beads. Hydrogels of micron dimension and of different chemical 

compositions were prepared. Poly(methacrylic acid) (p(MAc)), poly(methacrylic acid-co-

acrylonitrile) (p(MAc-co-AN)), poly(sulfobetain methacrylate) (p(SBMA)) microgels 

were prepared. Modification of nitrile groups to amidoxime groups was accomplished by 

treating with hydroxylamine hydrochloride. The prepared hydrogels were used as 

microreactors for the synthesis of monometallic Cu, Co, and Ni nanoparticles as well as 

bimetallic Co-Fe nanoparticles. The catalytic applications of the hydrogel metal 

nanoparticles composites were investigated for the reduction of nitro compounds such as 

4-nitrophenol (4-NP), 2-nitrophenol (2-NP) and 4-nitroaniline (4-NA). Catalytic activities 

of the prepared composites were also studied for the reduction of cation and anionic dyes 

such as eosine Y (EY), methyl orange (MO), and methylene blue (MB). Simultaneous 

reductions of two or three compounds like 4-NP, EY and MB were also carried out in the 

presence of the prepared catalysts. The bare (p(MAc-co-AN) microgels and their 

magnetic composites were also used as adsorbents for the removal of heavy metal ions 

such as Cd (II) and Cr (III), industrial dyes like MB and rhodamine 6 G (R6G) and a 

widely used herbicide paraquat (PQ) from aqueous medium. Tremendous increase in the 

adsorption capacity was observed after the conversion of nitrile to amidoximes. The 

magnetic microgels were found to retain their magnetic characteristics even after 

adsorption of pollutants. The poly(acrylonitrile) (p(AN)) beads were prepared and the 

nitrile groups were converted to amidoximes. The adsorption ability of the p(AN) beads 

was investigated by using them as adsorbents for the removal of Cd (II), MB, R6G and 

PQ from aqueous medium. Another type of modifiable poly (vinylbenzyl chloride) 

(p(VBC)) beads were prepared and the reactive vinyl chloride groups were treated with 3, 

3ʹ-iminodipropionitrile (IDPN) to introduce two nitrile groups on each reactive site. The 

nitrile groups were then converted to amidoxime groups. These amidoximated beads 

were then applied as adsorbents for the removal of anionic dyes such as MO and EY as 

well as for the removal of toxic dichromate and arsenate from aqueous medium. Three 

adsorption isotherms; Langmuir, Freundlich, and Temkin adsorption isotherms were 

applied on the adsorption data to find the nature of adsorption. The pseudo first order and 
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pseudo second order kinetics was also applied to investigate the kinetics of the adsorption 

experiments. The catalytic and adsorption results of this work are much better as 

compared to the previously reported work. To sum up, the microgels that can be 

employed for the synthesis of inherently magnetic, highly stable and reusable nano 

catalysts have been prepared. The most important outcome from this work is that the 

prepared microgel composite catalysts can be used for individual and simultaneous 

degradation of nitrophenols and cationic/anionic dyes pairs or in the triple combinations 

that may exist in the contaminated aquatic environments. In addition, polymer beads 

which can be easily modified and complete adsorption task within 45 minutes and can be 

easily removed from the adsorption medium are reported.  
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Chapter 1 

Introduction 

This chapter describes the fundamental aspects of polymer hydrogels and beads. The 

responsive behavior of hydrogels with respect to external stimuli is elaborated with the 

help of recent research progress in this field. The applications of hydrogel-metal 

nanoparticle composites and polymer beads in the fields of catalysis and adsorption are 

illustrated with the help of recent literature. 

1.1 Polymer gel 

 Polymer gel may be considered as a colloidal system in which polymeric 

network (solid) acts as a continuous phase and a suitable solvent (liquid) is a dispersed 

phase. The two phases are mixed so homogenously that their properties can neither be 

considered as those of pure liquids or pure solids. Therefore, polymer gels are treated as 

intermediates between solids and liquids. Polymer gel may also be described as a three-

dimensional cross-linked polymeric network that is able to swell by retaining a large 

amount of the solvent (tens to hundreds of times that of the polymer itself) [1, 2]. If 

polymeric network is swollen in water then resulting polymer gel is called hydrogel [3]. 

In three dimensional cross-linked network of polymer gel, polymer chains may be held 

together by chain entanglement or weak forces of attraction (Physical gels) [4-7]. 

Polymer chains may also be held together by chemical bonds (chemical gels) [8, 9]. 

Chemical gels are more stable than physical gels under a variety of conditions. Hydrogels 

possess natural characteristics such as flexibility, elasticity, and softness. These 

characteristics make hydrogels versatile engineering material for designing many 

advanced materials [10-13].  

1.2 Types of hydrogels gels 

Based on response to external stimuli, hydrogels can be classified into following 

classes 

i. Stimuli non-responsive hydrogels                          

ii. Stimuli responsive hydrogels 
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iii. Stimuli non-responsive hydrogels 

 The hydrogels which swell on water absorption only but don’t undergo any 

volume phase transition in response to external stimuli are known as non-responsive 

hydrogels. Stimuli non-responsive hydrogels of acrylamide, chitosan, cellulose, and 

agarose has been studied.    

iv. Stimuli responsive hydrogels 

 The hydrogels which response to external stimuli such as temperature [14-17], 

pH [18], electric field [19], magnetic field [20, 21], and ionic strength [22, 23], etc. are 

known as stimuli responsive hydrogels. The response to external stimuli is exhibited by 

hydrogels in the form of reversible swelling/de-swelling.    

pH responsive hydrogels 

 The hydrogels which undergo volume phase transition in response to changes in 

pH of the surrounding medium are named as pH responsive hydrogels. The pH 

responsive hydrogels can be prepared by polymerizing monomers having acidic or basic 

functional groups. Acrylic acid (AAc) [24], meth acrylic acid (MAc) [25], and 4-vinyl 

pyridine (4-VP) [26] are some examples of the monomers that generate pH sensitive 

hydrogels. The pH responsive behavior originates from the protonation or deprotonation 

ability of the functional groups attached to these monomers. The protonation or 

deprotonation of functional groups produces similar charges on the polymer chains inside 

the hydrogels network and as a result electrostatic repulsion is created which pushes the 

polymer chains apart from each other and hydrogel network expands and also absorb 

water. The volume phase transition of hydrogels containing acid and basic functional 

groups in response to variations in pH of the medium around hydrogels is represented 

diagrammatically in Figure 1.1. The pH responsive behavior offers another superb utility 

of hydrogels, which is their use as reactor for the synthesis of metal nanoparticles of 

controlled shape and size. After protonation or deprotonation, the hydrogels can be 

loaded with metal ions due to attractive forces between metal ions and charges on 

polymer chains in hydrogels network. Once the metal ions are loaded in hydrogels, then 
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they can be reduced to metal atoms by using a suitable reducing agent such as sodium 

borohydride (NaBH4) and subsequent aggregation of metal atoms in each mesh produce 

metal nanoparticles. The hydrogels can be advantageous for the synthesis of 

nanoparticles by providing an easy way of control over the size and shape of metal 

nanoparticles. The size of metal nanoparticles can be controlled by changing the loaded 

amount of metal ions, mesh size, and functional groups on polymer chains in hydrogel 

network. 

 

 

Figure 1.1 Schematic representation of volume phase transition of hydrogels containing 

basic (a) and acidic (b) functional groups in response to variations in pH of the medium. 

 

On the basis of morphology and particle size, polymer gels can be classified into the 

following three classes 

(i) Nanogels              (ii) Microgels                          (iii) Macrogels 

Although, no clear correlation between the actual size of the polymer gel particles and the 

nomenclature has been established that can be considered as universal and additionally, 

the terms microgels and nanogels are mostly used interchangeable in the literature. 

However, depending upon the latest literature we have presented a suitable correlation 

between the actual size of the polymer gel particles and their nomenclature. 
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(ii) Nanogels 

 The hydrogels consisting of particles with diameters ranging from 1 to 1000 nm 

can be classified as nanogels [27]. Nanogels are mostly prepared by either physical self-

assembly of interactive polymers or by chemical cross-linking of preformed polymers 

[28]. The preparation of nanogels by physical self-assembly of polymers is carried out by 

controlled aggregation of hydrophilic polymers capable of bonding with each other. 

Various types of non-covalent attractive forces, such as hydrophilic–hydrophilic, 

hydrophobic–hydrophobic, ionic interactions and/or hydrogen bonding create physical 

cross-linking in nanogel network [29]. The nanogels are usually prepared in aqueous 

medium and under mild conditions. In chemical cross-linking method for the synthesis of 

nanogels, a cross-linker is used which creates cross-linking between polymer chains of 

nonogels in order to prevent the dissolution of hydrophilic polymer chains in aqueous 

media.   

(ii) Microgels 

 Hydrogels having particles size up to several microns can be considered as 

microgels [30-34]. Microgels are easy to handle as compared to nanogels. Different 

methods such as precipitation polymerization [35], emulsion polymerization [36], inverse 

suspension polymerization [37] can be used to prepare microgels of different 

compositions. Like nanogels, microgels also swell by absorbing large amounts of solvent 

that is usually water. Depending upon bond nature between polymer chains, microgels 

may be physically or chemically cross-linked. Microgels with a wide range of properties 

and applications can be prepared by combining monomers having different functional 

groups [38].   

(iii) Macrogels 

 Hydrogels having particles size in millimeters or above are considered as 

macrogels [39-41]. Macrogels may also be dimensionless which are also known as bulk 

gels.  Macrogels can also absorb large amount of water but at very low absorption rate 

due their large dimensions. Macrogels are mostly prepared by redox [42, 43] or photo 

polymerization techniques [44, 45]. Macrogels are advantageous over nano and microgels 

in terms of ease of handling and ease of synthesis but in application point of view nano 
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and microgels are more superior due to their ability of high surface and quick actions. 

Moreover, as compared to nano and microgels, due to have large dimensions the 

macrogels show very slow response to external stimuli.      

According to the chemical composition of the microgels, they can be classified into 

following classes 

 (i) Homopolymer hydrogels                 (ii) Co-polymer hydrogels  

            (iii)     Interpenetrating polymer hydrogel 

(i) Homopolymer hydrogels 

Homo means “same” so homopolymeric hydrogels are those which are formed 

from polymerization of identical monomer [46, 47]. These types of hydrogel respond to 

only one external stimulus. For example, poly N-isopropylacrylamide (p(NIPAM)) is an 

example homopolymer hydrogels and it respond to temperature only.  

(ii) Co-polymer hydrogels 

 Co-polymeric hydrogels are those which are prepared from polymerization of 

two or more different monomers with at least one hydrophilic component, arranged in 

random, block or alternating configuration along the chain of the polymer network [48]. 

The copolymer hydrogels are generally covalently or ionically cross-linked structures 

which are not water soluble [49, 50]. A wide range of important co-polymer hydrogels 

prepared by combination of different suitable monomers have been studied for their 

physical, chemical and pharmaceutical applications [51].  

(iii) Interpenetrating polymer network (IPN) hydrogels 

 Interpenetrating polymeric network (IPN) hydrogels is an important class of 

hydrogels. IPNs hydrogels consist of cross-linked polymers, at least one of them being 

synthesized and/or cross-linked within the immediate presence of the other, without any 

covalent bonds between them, which cannot be separated unless chemical bonds are 

broken [52-54]. The IPN is generally prepared using sequential and simultaneous 

polymerization methods [55]. There is no chemical bonding between the two components 

thus each component may retain its own properties. It is possible to synthesize the gel 

with desired properties using various proportions of components [56]. IPN hydrogels 
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containing pH sensitive and temperature sensitive components can response to both of 

these external stimuli.  

1.3 Nature of water in hydrogel 

 The state and characteristics of water in polymer hydrogels have been 

comprehensively studied [57, 58]. In hydrogels water molecules exist in two or more 

different states [59]. The following two are the most commonly studied states of water in 

hydrogels 

 a) Bound or non-freezing water           b) Free or freezing water 

Water molecules present in the vicinity of the polymer chains interact with the polymer 

chains and therefore they behave different as compared to those water molecules which 

are present in “bulk” (away from polymer chains). This interaction of water molecules 

restricts their free movement. So in hydrogel network water exists in two different states, 

the water which is restricted to move freely due to strong association with the polymeric 

network and water which is free to move. The water which may be bound to the polymer 

by hydrogen bonding is often named as “bound” or “non-freezing” (Wnf) and the water 

that is not associated with polymeric network, is known as “free or freezing” water (Wf). 

The presence of another type of water molecules that is not identical to the bulk neither to 

the bound water molecules has also been reported [60, 61]. The bound water molecules 

have been studied using various techniques such as drying, sorption and desorption 

isotherms, calorimetric methods, dilatometric studies and by measuring the water proton 

NMR spin-lattice (T1) and spin-spin (T2) relaxation times [61]. By using these techniques 

number of states of water inside the polymeric network can be determined.   

1.4 Nanoparticles 

 “A nanoparticle (or nanocluster or nanocrystal) is a microscopic particle with at 

least one dimension less than 100 nm.” 

 Nanoparticle research has taken tremendous attention of scientists because of 

their effective use in electronic, biomedical and optical fields. Properties of nanoparticles 

are largely different from bulk materials properties and it makes nanoparticle very useful. 

Bulk materials have constant physical properties regardless of their sizes. However, in 
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case of nanoparticles properties are mostly function of their size. For example, bulk 

copper with size greater than 50 nm can undergo bending but copper nanoparticles 

having size less than 50 nm are not ductile and malleable like bulk copper. Similarly, 

quantum confinement in semiconductors, surface plasmon resonance (SPR) in metal 

nanoparticles and supperparamagnetism in magnetic materials are size dependent 

properties. Nanoparticles have very high surface area to volume ratio which induces 

unique properties in nanoparticles. 

1.5 Metal Nanoparticles  

 The existence of metal nanoparticles was first recognized by Faraday in 1857 

[62] and a quantitative explanation of their color was given by Mie in 1908 [63]. Metal 

nanoparticles possess unique physical and chemical properties which make them as 

promising materials in various fields such as optoelectronics [64] sensors [65], catalysis 

and medicine. In order to synthesize adequate nanoparticles, the control over the size, 

shape and the structure of metal nanoparticles is very important because of the strong 

correlation between these parameters and optical, electrical, medicinal, and catalytic 

properties. For example, the antibacterial activity of metal nanoparticles such as silver 

colloids mainly depends on their size [66]. Smaller are the silver nuclei, higher will be 

the antibacterial activity. The size and shape of metal nanoparticles also determine the 

spectral position and width of plasmon band absorption which is a unique feature, 

manifested by collective oscillations of electrons with electromagnetic field [67] in 

conduction bands of metals. Moreover, the catalytic activity of these nanoparticles also 

depends upon their size, shape and physico-chemical environment [68]. Also, they have 

very versatile and rich surface composition, surface properties, which can be used for 

functional applications such as catalysis, chromatography, separation, and sensing. The 

nanoparticles of both the Nobel metal and transitions metals can be prepared and used as 

catalysts. However, the highly expensive Nobel metals are economically not suitable for 

industrial applications. Therefore, transition metals can be considered as a proper 

alternate of noble metals. No doubt, the nanoparticles of transition metals are not as 

efficient as the metal nanoparticles of Nobel metals are, but their efficiency is not too 

much low and also cost effective. The nanoparticles of Copper (Cu), Cobalt (Co) nickel 
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(Ni), Iron (Fe) are mostly used as very active and efficient catalysts. The magnetic nature 

Co nanoparticles also offer an additional advantage of magnetic response that can be 

utilized to tune the progress of catalytic reaction by applying external magnetic field. 

Additionally, due to the magnetic behavior the catalysts containing Co nanoparticles can 

also be separated from the reaction mixture by applying external magnetic field. 

1.6 Techniques for the synthesis of nanoparticles 

There are two main techniques for the preparation of metallic nanoparticles; which 

are the top down and bottom up techniques.   

1.6.1 Top down technique 

The top down approach involves the conversion of the bulk metals into small 

pieces by mechanical means such as cutting, grinding and etching and the resulting 

particles are subsequently stabilized by colloidal protecting agents [69, 70]. By using top-

down technique particles of 10 to 100 nm can be produced. However, there are a few 

drawbacks of this method, for example a narrow particle size distribution cannot be 

obtained by this technique. Another problem is the defectiveness of the surface structure. 

Physical properties and surface chemistry of the nanoparticles is significantly affected by 

defects on the surface structure. This may happen due to increase in surface to volume 

ratio. In spite of the above mentioned problems, the top-down technique is the method of 

choice for the synthesis of highly complex structures.  

1.6.2 Bottom up technique 

In this technique the metal nanoparticles are prepared by aggregation of ultra nano 

species such as atoms, nanoclusters, or molecules. Different chemical process can be 

utilized for the preparation of metal nanoparticles by this method. For examples the wet 

chemical synthesis of metal nanoparticles involves the chemical reduction of metal salts, 

electrochemical pathways, or the controlled decomposition of metastable organometallic 

compounds in solution. The growth of primarily formed nanoclusters can be controlled 

and their aggregation can be prevented using a variety of stabilizers. These stabilizers can 



9 
 

be polymers, surfactants, and legends. At present, nanoparticles are mostly prepared by 

bottom-up technique. By bottom-up approach nanostructures with fewer defects on their 

surface and more homogeneous chemical compositions can be prepared. The size of 

nanoparticles can be tuned by changing the concentration or amount of metal precursor, 

reducing agent and stabilizer [71]. An illustration of the top-down approach vs. the 

bottom-up approach is shown in Figure 1.2.   

 

Figure 1.2 The top-down approach vs. the bottom up approach. 

 

1.7 Hydrogels-metal nanoparticles composites 

 Polymer hydrogels of different dimensions can be employed as reactors for 

synthesize of different metal nanoparticles, quantum dots and magnetic ferrites. The 

hydrogels-metal nanoparticles composites possess properties of both the hydrogels and 

metal nanoparticles. The hydrogels not only act as reactors but also prevent the 

aggregation of nanoparticles by three dimensional cross-linked networks. Additional, by 

controlling the mesh size, amount of loaded metal ions and metal ion precursor, the size 
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of metal nanoparticle can be controlled. The magnetic nanoparticles also induce magnetic 

character in the composites and it provides advantage of their magnetic separation from 

the reaction medium when they are used as adsorbents or catalysts.        

1.8 Synthesis of hydrogels-metal nanoparticle composites 

There are four common methods used for the preparation of hydrogels-metal 

nanoparticle composites. 

 Mixing of hydrogels and nanoparticles suspension 

 This method for the preparation of hydrogels nanoparticles hybrids requires that the 

NP must be small enough to penetrate the hydrogel network and they should have ability 

to adhere to hydrogel. Adhesion is usually driven by electrostatic forces of attraction, 

however in case of charge stabilized hydrogels there is a tendency of destabilization of 

the hydrogels network due to adsorption of oppositely charged particles. Another 

drawback of this method is that cross-linking of polymeric network does not allow NPs to 

penetrate easily as it is manifested by lack of results showing good penetration of NPs 

into hydrogels. This approach has been adopted for loading silver and gold NPs in 

hydrogels and for synthesis of magnetic microgels [72-74]  

 Growing NPs inside the hydrogels 

This method was introduced by Kumacheva’s group [75]. Following this 

approach firstly acidic moieties such as carboxylic group in hydrogels network are 

ionized by increasing pH of the medium. Then microgels suspension is mixed with 

aqueous solution of precursor cations and precursor cations are allowed to enter inside 

the hydrogel network. By using a suitable reducing agent precursor cations are then 

reduced into atoms which aggregate with each other to form nanoparticles. The facile 

transport of small particles into the gel structure offers the possibility of high NPs 

loading. Silver and gold loaded gels and magnetic microgels have been prepared by this 

approach [76-78]. 
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 Growing microgels in the presence of preformed NPs acting as seed 

In this approach for the preparation of hybrid microgels system, NPs are first 

synthesized and polymerization is initiated in aqueous dispersion of NPs. NPs act as 

nucleation centers for the formation of microgel particles. Microgels loaded with gold 

NPs have been prepared by this method [79]. Kondo et al. have reported magnetic 

microgels, they prepared polystyrene particles loaded with magnetic particles and in the 

second step, grafted PNIPAM onto the latex surface [80]. Silica-coated magnetic NPs 

have also been coated with NIPAM to prepare core shell microgels [81]. 

 Layer by layer and core-shell assembly 

Deeher has promoted the generation of multilayer films on macroscopic surfaces by 

exposing them sequentially to solution of cationic and anionic polyelectrolytes with 

interstate washing. Microgel can replace one of the polyelectrolyte to give microgels 

layers on a surface. On the other hand same sequential adsorption approach can be used 

to coat microgels with nanoparticles. For example Sauzedde and coworkers described an 

elegant procedure in which anionic iron oxide particles having diameter of 10 nm were 

adsorbed onto core-shell (cationic polystyrene core NIPAM shell) microgels. In the 

second step, a carboxylated p(NIPAM) encapsulated shell is coated to encapsulate iron 

oxide giving an overall content of up to 23 wt % iron oxide [82].  

1.9 Hydrogel–metal nanoparticle composites in catalysis 

As most of the metal nanoparticles possess catalytic properties so the hydrogel-

metal nanoparticles composites can also act as catalysts. Therefore, hydrogel-metal 

nanoparticles composites are used as soft and flexible reactors for various organic 

reactions especially for the reactions which are carried out in aqueous medium. For 

example, the reduction of nitro compounds such as nitrophenols and nitrobenzene, 

organic dyes like methylene blue (MB), methyl orange (MO), eosine Y (EY)  and the 

hydrolysis of metal hydrides such as NaBH4 or ammonia boranes for the generation of 

hydrogen can be carried out within these soft catalyst systems. Therefore, hydrogel-metal 

nanoparticles composites can be assumed as reasonable catalysts systems. The catalytic 
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activity of some of the metal nanoparticles can be enhanced by the addition of co-

catalysts. Some of the functional groups such as –SO3H and –NH2 in hydrogels network 

can play the role of co-catalysts, therefore, by using hydrogel-metal nanoparticles 

composites as catalysts, the co-catalysts can be provided by hydrogels. Additionally, the 

hydrogels can prevent the aggregation and oxidation of nanoparticles for long time and 

hence the shelf life of the catalysts can be increased. Hydrogels are also very useful for 

the catalytic applications of nanoparticles of toxic metals such as Pd because hydrogels 

act as shelters against the toxicity of metal nanoparticles [83]. Another big advantage of 

hydrogel-metal nanoparticles composite catalysts is their reusability and easy separation 

from the reaction system by very easy and cheap process such as filtration. Therefore, 

hydrogel-metal nanoparticles composites are also very superior catalysts in terms of their 

storage capability, catalytic activity, and their ability to embed nanoparticles of toxic 

metals by overcoming their toxic effects. The hydrogels containing metal nanoparticles 

such as Cu, Co, Ni, Fe, Ag, Au, Pd, and so on have widely used as catalysts for the 

reduction of nitrophenols to aminophenols. The reduction reaction takes place within the 

boundary of hydrogels. The reactants enter in the hydrogels network, converted into the 

products by catalytic reaction and escapes out from the hydrogels due to the development 

of concentration gradient. The progress of reduction of 4-NP to 4-AP is illustrated in 

Figure 1.3.     

 

Figure 1.3 Schematic representation for the reduction of 4-NP to 4-AP in hydrogel-metal 

nanoparticles composite catalysts.  
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The progress of reduction reaction can be monitored by UV-Vis spectroscopy. The 

decrease in peak intensity at 400 nm indicates the reduction of 4-NP while the appearance 

of another peak around 300 nm indicates the formation of 4-AP. A typical UV-Vis 

spectra is for the representing the reduction of 4-NP to 4-AP is shown in Figure 1.4.   

 

 

 

 

 

 

  

 

Figure 1.4 Typical UV-Vis spectra is for the representing the reduction of 4-Np to 4-AP. 

 

For catalytic applications, the size of hydrogels and the extent of cross-linking 

density of the network are very important parameters because they control the diffusion 

of reactants into the hydrogels network. The reactants diffuse slowly in macrogels than in 

micro and nanogels. So by controlling the dimensions of hydrogels, the activity of 

catalysts and hence the rates of reaction controlled. When hydrogel-metal nanoparticles 

composite are used as catalysts then reaction takes place not only at the surface of 

hydrogels but also takes place inside the network of hydrogels, therefore, it is very 

important that the nanoparticles must be homogeneously distributed within the hydrogels 

framework. The homogenous distribution of metal nanoparticles can be easily achieved 

by their in situ synthesis in hydrogels. The functional groups in hydrogels that are 

responsible for the loading metal ions and subsequently for the formation of nanoparticles 
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are distributed homogeneously everywhere in the hydrogels so homogenous distribution 

of metal nanoparticles is achieved.        

1.10 Hydrogel /hydrogel–metal nanoparticle composites as adsorbents 

Because of the hydrophilic nature of hydrogels and diversity of the functional 

groups (–OH, –COOH, –NH2, –CONH2, –SO3H) existing in their networks, hydrogels 

are considered as very suitable materials for the removal of various toxic pollutants from 

water [84-86]. Due to the presence of hydrophilic functional groups, hydrogels can 

imbibe large amounts of water and swell to a very large extent in aqueous environments 

making them an excellent material to work well in the removal of various toxic species 

from waste water. Due to the highly hydrophilic nature and porous network structure of 

hydrogels, the solutes can diffuse through their structure easily and therefore, the 

hydrogels have attracted special attention for treatment of water. Generally, the poor 

mechanical properties and the low kinetics properties hinder their practical application in 

water treatment. However, the mechanical properties can be improved by variation in the 

composition or by making composites of hydrogels with some inorganic materials such 

as metal nanoparticles. Hydrogels have several advantages over the other conventional 

materials for the water treatment. For example, the hydrogels prepared from natural 

material are very cheap and can lower the cost of removal of pollutants from water. The 

incorporation of magnetic nanoparticles such as Co or Fe3O4 in the hydrogels results in 

formation of magnetic hydrogels that can be easily removed from the water after 

completing their adsorption task [88-90]. In addition, the incorporation of magnetic 

nanoparticles also increases the mechanical strength of hydrogels and hence also 

improves their tolerance against vigorous stirring making the hydrogels as reusable 

adsorbents. Parasuraman and Serpe [91] have reported the removal of orange (II) dye 

from water by poly (N-isopropylacrylamide) p(NIPAM), and p(NIPAM-co-acrylic acid) 

p(NIPAM-co-AAc) microgels. These colloidal microgels can be used as effective 

adsorbents for the removal of azo dye from water and after completion of adsorption task 

the microgels were easily separated from water by centrifugation as demonstrated in 

Figure 1.5. By exploiting the thermoresponsive nature of these microgels, the authors 



15 
 

found that the percent absorption of orange can be improved significantly by heating and 

cooling the microgels for a single cycle when compared with room temperature studies.  

Similarly, p(NIPAM) based hydrogels have also been used been used for removal of 

many other dyes like Nile red, brilliant green, brilliant cresyl blue, water [92, 93].  

 

 

Figure 1.5 Schematic representation of the removal of dyes from water by microgels.    

 

Except dyes, the other hazardous impurities such as nitro compounds, herbicides 

and heavy metal ions can also be removed from water by using hydrogels. The removal 

of nitro organic compounds such as 4-nitrophenol (4-NP), 2-nitrophenol (2-NP), phenol 

(Ph) and nitrobenzene (NB) and PQ (a herbicide) from aqueous medium has been carried 

out by Sahiner at al. [94, 95]. The adsorption applications of hydrogels have been further 

expanded for the removal heavy of toxic radioactive elements such as Uranium (U) and 

thorium (Th) and heavy metal ions like Cu, Co, Ni, As, Cr, etc. by Sahiner’s group [96-

98]. The magnetic nanoparticles can be fabricated within hydrogels to prepare magnetic 

field responsive hydrogels. Such types of magnetic hydrogels have been utilized for the 

removal of heavy metal ions from aqueous medium. The magnetic nanoparticles retain 

their magnetic properties after fabrication in hydrogels and also after the adsorption of 

pollutants within the microgels network. This inherent magnetic behavior of the magnetic 

hydrogels even after the adsorption provides the advantage of their easy separation from 

the medium by application of external magnetic field. As shown in Figure 1.5 the 

removal of toxic metal ions from water by applying magnetic hydrogels and retention of 
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magnetic properties by hydrogels and after completing the adsorption task the removal of 

such magnetic hydrogels from water by applying external magnetic field has been proven 

by Sahiner et al. [96, 98].   

 

   

Figure 1.6 Removal of toxic metal ions from aqueous medium with magnetic hydrogels.   

1.11 Polymers beads as adsorbents 

Polymer beads can be described as the polymeric particles of definite shape and 

size but unlike hydrogels they cannot swell to large extent. Polymer beads are mostly 

prepared by suspension polymerization technique. Depending upon the synthetic 

procedure, beads of different sizes and porosity can be prepared. Chemical modification 

of the functional groups in the polymer beads can also be carried by using suitable 

reagents. The polymerization conversion and particle size distribution can be controlled 
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by changing the reaction parameters such as water/monomer mass ratio, concentration of 

initiator, polymerization temperature and agitation rate [99]. The porous polymer beads 

are considered as very useful chelating resins for removal of the toxic impurities present 

in water and, therefore, are receiving great attention for the treatment of waste water. The 

ability of the polymer beads to adsorb various pollutants from water can be enhanced by 

the introduction of highly chelating functional groups such as amino groups (-NH2), 

hydroxyl groups (-OH), carboxylate (-COOH) and sulfonic groups (-SO3H) by means of 

appropriate chemical modification [100]. The spherical poly(vinylbenzyl chloride) 

(p(VBC)), synthetic polymers, have been used to prepare highly-efficient adsorbents by 

chemical modifications for the removal of metal ions or organic pollutants from 

wastewater [101, 102]. Different approaches have been adopted for the preparation of 

p(VBC) beads based adsorbents, these include amination of p(VBC) beads and 

subsequent alkaline ion exchange to produce polyvinyl benzyl trimethylammonium 

hydroxide (PVBTAH)-zeolitic imidazolate framework (ZIF-8) [103], grafting of primary 

amine [104,105], amino methane sulfonic acid [106], proline [107], aminocarboxylic acid 

[108], quaternization with  ethyl peprazine [109] and  N,Ndimethylethanolamine 

(DMEA) [110] on p(VBC) beads. In a recent study, Gu et al. have prepared p(VBC) 

beads and the terminal alkyl chlorine groupson the p(VBC) beads were used as anchor 

sites for the grafting of poly(dimethylaminopropyl methacrylamide) (p(DMAPMA)) 

brushes via surface-initiated atom transfer radical polymerization (ATRP). In the post 

modification the pendent tertiary amino groups of the PDMAPMA chains were converted 

into quaternary ammonium ions by N-alkylation reaction to produce anionic adsorption 

functionalities. The so-prepared beads were used as adsorbents for the removal of phenol 

from water. And it was observed that the adsorption equilibrium was established much 

faster than on the most of other such types of adsorbents like activated carbon and 

polymeric adsorbents [111]. Like p(VBC), the p(AN) beads have also modifiable nature 

because the nitrile groups can be readily modified to functional groups having ability to 

form complexes with heavy metal ions and dyes present in waste water. Riqueza et al. 

have reported the modification of the pendent nitrile groups of p(AN) to hydrazine and 

carboxyl groups by treating with hydrazine and sodium hydroxide [112]. Modification of 

nitrile groups of p(AN) beads to amidoxime, amidrazone and oxazoline groups by 
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treatment with hydroxylamine, hydrazine and ethanolamine, respectively, have also  been 

reported by Maria at al. [113] and all the three modified forms of p(AN) were found to 

have very good adsorption capacity for heavy metal ions from aqueous medium. The 

synthesis of porous poly (acrylonitrile-co-methacrylate) (p(AN-co-MA)) and 

modification of nitriles to amidoxime groups have also been reported by Liu et al. [114]. 

The adsorption capacity of the modified and unmodified forms of the prepared copolymer 

beads was evaluated by using those beads for the removal of toxic heavy metal ions from 

water.             

1.12 Aims and objectives of the present work 

 To synthesize micron sized hydrogels of various compositions and to use the 

prepared microgels for in situ synthesis of magnetic and non-magnetic metal 

nanoparticles to design hydrogel-metal nanoparticle composites  

 To characterize the synthesized hydrogels and hydrogels-metal nanoparticle 

composites  

  To evaluate the catalytic properties of the hydrogels-metal nanoparticle 

composites for the individual and simultaneous reduction of aromatic nitro 

compounds and organic dyes  

 To investigate the reusability of the prepared hydrogels-metal nanoparticle 

composite catalysts 

 To investigate the adsorption capacity the hydrogels and their composites for the 

removal of a variety of pollutants such as heavy metal ions, organic dyes and 

herbicides    

 To synthesize polymer beads of different compositions and their suitable 

modifications 

 To evaluate the adsorption capacity of polymer beads for the removal of heavy 

metal ions, organic dyes and herbicides  
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Chapter 2 

Characterization Techniques 

In this this chapter brief introduction including the basic principle and 

instrumentation of the techniques used in this research work is given.   

2.1 Fourier transformation infra-red (FT-IR) spectroscopy 

FT-IR spectroscopy is well-known technique for the analysis of materials in 

laboratory from more than last seventy years. The FT-IR spectrum represents fingerprint 

of a sample with absorption peaks corresponding to the vibrational frequencies of bonds 

present between atoms constituting that sample. Since different materials are composed 

of different atoms or different combination of atoms and have different types of bonds 

between those atoms, therefore, no two compounds can produce exactly same FT-IR 

spectra. In this way FT-IR is a very useful technique for the qualitative analysis of 

different materials [1, 2]. In addition, the size of peak also indicates the amount of 

material corresponding to that peak.  

Construction and working 

The FT-IR consists of a radiation source, an interferometer, a detector and a 

computer having a program to convert the obtained into spectrum. A beam of light 

consisting of infrared radiations is produced from a light source (usually a glowing black 

body). This beam of light is passed through an aperture to control the energy of radiations 

in that beam. The radiations are then allowed to enter in an optical device known as 

interferometer. In the interferometer, the radiation beam is received by a beam splitter 

which divides the beam into two optical beams. In interferometers there are two mirrors, 

one is fixed and the other is moving. When the beam splitter splits the beam into two 

parts then one of the beams reflects off of a flat mirror that is fixed and the other beam 

reflects off of a flat mirror that is moving. After reflecting from their respective mirrors, 

the two beams recombine at splitter again. The beam which reflects from fixed mirror 

always covers the same distance but the distance covered by the other beam constantly 
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changed due to movement of its mirror. The recombination of beams is known as 

interfering and the resulting signal is called interferogram and it has information about 

radiations every frequency coming from the source. Such a collection of information 

about radiations every frequency coming from the source is referred as “encoding of 

radiation”. The encoded radiations are then allowed to fall on the sample in sample 

compartment where the beam of radiations is transmitted through or reflected off of the 

surface of sample, depending on the type of analysis being carried out. Here, the sample 

absorbs radiations of specific frequency which are uniquely characteristics of that sample. 

The beam finally reaches the detector which detects the radiations after their interaction 

with sample. The detected signals are digitized and sent to computer where Fourier 

transformation takes place and final spectrum is produced which is used for 

interpretation. Since a relative scale is needed for the absorption intensity, a background 

spectrum is also measured. This is done with no sample in the sample compartment. This 

is compared to the measurement with the sample in the beam to determine percent 

transmittance. In this way all the instrumental characteristics are removed and all the 

feature of resultant spectrum belongs strictly to the sample. A single background 

measurement can be used for many sample measurements.                

Analytical capabilities of FT-IR spectroscopy  

1. In FT-IR, the entire IR region is divided into two groups; the group frequency 

region and the fingerprint region. The IR region in the range of 4000-1500 cm
-1 

is 

known as
 
group frequency region while 1500-400 cm

-1 
is

 
finger print region. The 

peaks corresponding to different functional groups are observed in group 

frequency region and functional groups can be determined from their 

corresponding absorption peaks. Each atom of the molecule is connected to the 

other atom or atoms by a specific bond and each bond absorb different IR 

radiation of different wavelength, so characteristic absorption peaks are observed. 

This region of IR spectrum is called as finger print region of the molecule.  

2. The large numbers of absorption bands are observed in the IR spectra of organic 

molecules but the probability of producing identical spectra by any two 
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compounds is almost zero. So if two samples have identical IR spectra then both 

of them must be of the same substances.  

3. By FT-IR spectroscopy the progress of some chemical reactions can also be 

determined. It can be done by examining the small portion of the reaction mixture 

withdrawn from time to time. From the rate of disappearance of a characteristic 

absorption band of the reactant group and/or the rate of appearance of the 

characteristic absorption band of the product group due to formation of product is 

observed. This rate determination gives information about the progress of 

reaction. 

4. The quantity of the substance can be determined either in pure form or as a 

mixture of two or more compounds. In this, characteristic peak corresponding to 

the sample is chosen and log I0/It of peaks for standard and test sample is 

compared. This is called base line technique to determine the quantity of the 

substance. The qualitative analysis can also be done by using a suitable software 

algorithm.  A wide variety of software algorithms are available now for 

qualitative analysis.  

2.2 Scanning electron microscopy (SEM) 

SEM is mostly used for the determination of particle size and morphology of the 

surface of microgel particles [3, 4]. SEM is basically a type of electron microscope and it 

produces image of the sample by a focused beam of electrons. In SEM, the electron beam 

is scanned in raster scan pattern, that is, the rectangular pattern of image capture and 

reconstruction on display screen. The instrument used to perform SEM is known as 

scanning electron microscope and it can distinguish gaps of less than 10 nm between the 

two points and therefore can produce a high resolution image. 

Components and working of SEM 

Electron beams is produced from electron gun. The electron gun is fitted with a 

tungsten filament which also acts as cathode. Tungsten is used due to its low cost, highest 

melting point and lowest vapor pressure among all metals. The tungsten filament is 

heated by applying a voltage, when it gets hot enough then electrons are emitted in the 
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form of a beam. This electron beam is then accelerated by a strong electric field present 

between electrons stemming from the filament and the anode plate. The accelerated 

electron beam is then directed to pass through one or two condenser lenses. In this way, 

electron beam is focused to a spot of 0.4 to 5 nm. The focused electron beam is finally 

passed through a pair of deflection coils. The coils deflect the beam in x and y axis so 

that it scans in a raster fashion over a rectangular area of the sample surface. The 

electrons that fall on the sample are known as primary electrons. The interaction of 

primary electrons with the sample results in an exchange of energy between the primary 

electrons and sample. Such an interaction of primary electrons with the sample causes the 

production of different type of signals including  secondary electrons (SE), back-scattered 

electrons (BSE), diffracted backscattered electrons (EBSD),  characteristic X-rays, visible 

light (cathodoluminescence-CL), specimen current and transmitted electrons. Among 

these various types of signal, secondary electrons are used to produce the image of the 

surface of sample. 

2.3 Transmission electron microscopy (TEM) 

As mentioned above the SEM provides information about the external surface of 

the material. TEM is used for the analysis of internal structure of material [5]. Similar to 

SEM, TEM is also a type of electron microscopy and it is one of the electron microscopic 

techniques in which electron beam is incident on ultra-thin object (10
-9

 m) [6] and 

transmitted electrons interact to form an image is called Transmission electron 

microscopy, and instrument used for this technique is called Transmission electron 

microscope. For hydrogel-metal nanoparticle composites, TEM is mostly used to 

visualize the metal nanoparticles entrapped in hydrogels. 

Construction and working 

In TEM, electron beam is produced in electron gun from heated tungsten filament 

which acts as cathode. The electron beam is accelerated towards the anode by electric 

field that is created between cathode and anode in electron gun. After emitting from 

electron gun, the electron beam passes through condenser lens system in order to control 

the intensity and angular aperture of the beam. A single lens may be used to direct the 

https://en.wikipedia.org/wiki/Raster_scan
https://en.wikipedia.org/wiki/Secondary_electrons
https://en.wikipedia.org/wiki/Backscatter
https://en.wikipedia.org/wiki/Backscatter
http://serc.carleton.edu/research_education/geochemsheets/ebsd.html
https://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
https://en.wikipedia.org/wiki/Cathodoluminescence
http://www.britannica.com/technology/lens-optics
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beam onto the object, but, more commonly, a double condenser is used. In case of double 

condenser the first lens is strong and produces a reduced image of the source, which is 

then imaged by the second lens onto the object. Condenser lens system changes the 

electron beam to fine electron beam and focus it onto the thin specimen. The diffracted 

and diffused rays pass through diffraction lens, intermediate lens and projector lens. The 

projector lens projects rays on fluorescent screen which is connected to image recording 

system. The role of recording system is only the formation of contrast image. Diffraction 

patterns and bright or dark field modes are basic principles which govern formation of 

contrast image in conventional TEM. Image is viewed from the fluorescent screen 

through eye piece.  

Resolution of TEM 

The resolution of a microscope is the finest detail that can be viewed in an image. 

It can be estimated by Abb’s theory for optics during the image formation. The maximum 

resolution that can be obtained by a microscope depends upon the wavelength of photons 

that are used to probe the sample. The resolution is also explained by the minimum 

distance that can be distinguished between two points in an image. And the minimum 

separation (R) that be visualized by any microscope is given by the following formula.  

                                                      R = λ/2n Sinθ                                             2.1 

Where, n is the refractive index of medium which is 1 in vacuum of electron microscope, 

λ is the wavelength of light. The above formula suggests that the resolution can be 

improved by using shorter wavelength light and media with larger indices of refraction. 

Like all matters, electrons have both the wave and particle nature and according to de 

Broglie wavelength of the electrons is related to their momentum by the following 

relation 

                                                                λ = h/ mv                                          2.2 

Where m is relativistic mass, v is velocity electron beam and h is Plank’s constant. 

Kinetic energy (E) of object of mass m is given by  

                                                            E = 1/2mv
2                                       

     2.3 
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or 

                                                            v = (2E/m)
1/2                                                                    

2.4 

by using the value of v in equation 2.2, we get the following relation for λ 

                                                             λ = h/(2Em)
1/2                                                                        

2.5 

As in TEM the velocity of electron approaches to velocity of light (c), so an addition 

correction must be carried out to account the relativistic effect. This correction can be 

using the rest mass of electron instead of relativistic mass. The relativistic mass (m) of 

electrons is related to rest mass (mo) by following relationship. 

                                                  m = mo (1 + E/2 moc
2
)                                          2.6 

By putting the value m in equation 2.5, we get the following relationship for the 

calculation of wavelength 

                                                  λ = h/[2E mo (1 + E/2 moc
2
)]

1/2
                            2.7 

The equation 2.7 demonstrates that the required wavelength of electron beam can be 

controlled by controlling their kinetic energy (E). 

 

2.4 Thermogravimetric analysis (TGA) 

Thermal stability of hydrogel and polymer beads is investigated by TGA. This 

thermal stability defines the working temperature domain of the prepared hydrogels and 

polymer beads. Thermograms of the samples provide information about the structural 

breakdown in response to the environmental temperature and in this way working 

temperature range of the prepared sample of hydrogels or polymer beads can be defined. 

In TGA, mass of the substance is monitored as a function of increasing temperature or as 

a function of time (with constant temperature and /or constant mass loss). TGA analysis 

also provides useful information about the life time and decomposition kinetics of the 

samples [7, 8]. 
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Instrumentation  

TGA consists of a sample holder usually named as sample pan that is supported 

by a precision balance. That pan resides in a furnace and the temperature in furnace is 

increased or in some cases decreased during the experiment. The mass of the sample is 

monitored during the experiment. The sample environment is purged with an inert gas 

such as nitrogen (N2) in order to prevent the undesired reactions such as oxidation, etc. 

This gas flows over the sample and exits from the instrument through an exhaust. TGA 

instrument continuously measures the weight as the temperature increases towards the 

desired limit. With the increase in temperature different components of the sample are 

degraded and the weight percentage of each resulting mass change is measured. The 

results are obtained by plotting temperature on the X-axis and mass loss on the Y-axis. 

The data can be adjusted using curve smoothing and first derivatives are often also 

plotted to determine points of inflection for more in-depth interpretations. The 

temperature calibrated TGA instruments can be done with melting point standards or 

Curie point of ferromagnetic materials such as Fe or Ni. The ferromagnetic material is 

placed in the sample pan and the sample pan is placed in a magnetic field. The standard is 

heated and at the Curie point the material becomes paramagnetic which nullifies the 

apparent weight change effect of the magnetic field. There are three ways by which a 

material can lose mass during heating. These three ways include chemical reactions, the 

release of adsorbed species, and decomposition. All of these indicate that the material is 

no longer thermally stable. It is important to link thermal stability to the gas used for 

purging the sample atmosphere in TGA instrument. PBO, for example, which completely 

decomposes when heated in air, retains ~60% mass when heated in N2 [9]. Thus, PBO is 

thermally stable in nitrogen up to 630 °C, whereas in air, PBO has almost completely 

decomposed at that temperature. 

2.5 Atomic absorption spectrometry (AAS) 

AAS was used for the determination of amounts of metal ions or metal 

nanoparticles entrapped in hydrogels. For the measurement of amount of metal 

nanoparticles, they were first dissolved into corresponding metal ions by treating with 

concentrated hydrochloric (HCl) acid. 
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AAS is an analytical technique that is used for the quantitative determination of 

chemical elements. This technique makes use radiations of specific wavelengths absorbed 

by an element. The absorbed radiations correspond to the energies needed to promote 

electrons from one energy level to another, higher, energy level. The AAS requires 

standards having known amounts of analyte to establish the relation between the 

measured absorbance and the analyte concentration and relies therefore on the Beer-

Lambert Law. Atomic absorption is so sensitive that it can measure down to parts per 

billion of a gram (μg dm
–3

) in a sample. The removal of toxic metals from water is 

commonly studied by AAS [10-12].  

2.6 Ultra violet –visible (UV-Vis) spectroscopy 

UV-Vis spectroscopy was used to monitor the catalytic reduction of nitro aromatic 

compounds and organic dyes. The adsorption of organic dyes and herbicide was also 

monitored by UV-Vis spectroscopy. Spectroscopy is the study of interaction of 

electromagnetic radiations (EMR) with matter. If UV-Vis region of EMR interacts then 

this study is called UV-Vis spectroscopy. The molecules which contain π-electrons or 

non-bonding electrons (n-electrons) can absorb the energy in the form of UV or visible 

light. The energy is actually absorbed by electrons and they are excited to higher energy 

orbitals.
 
The lower is the energy gap between the orbital, more easily the electrons are 

excited that means lower energy radiations can excite the electrons. UV-Vis spectroscopy 

can be used to for the qualitative and quantitative measurements of substances which can 

absorb light in UV-Vis region. A substance absorbs radiation of specific wavelength 

depending upon the energy gaps between electronic levels. From the absorption 

wavelength the specimen material can be detected. On the other hand the concentration of 

absorbing substance can be calculated from extent of absorption at a particular 

wavelength. UV-Vis spectroscopy is widely used for the monitoring of degradation of 

nitro aromatic compounds and toxic organic dyes in aqueous medium [13-16]. For 

example nitro compounds such as 4-NP, 2-NP, 4-NA and organic dyes such as MO, EY, 

MB, and R6G absorb UV-Vis region and give strong absorption peaks which can be 

tracked to monitor their concentrations.  

https://en.wikipedia.org/wiki/Beer-Lambert_Law
https://en.wikipedia.org/wiki/Beer-Lambert_Law


38 
 

2.7 References 

1. Odeh, A. O. Oualitative and quantitative ATR-FTIR analysis and its application 

to coal char of different ranks, J. Fuel Chem. Technol. 2015, 43, 129-137. 

2. Célino, A.; Goncalves, O.; Jacquemin, F.; Fréour, S. Qualitative and quantitative 

assessment of water sorption in naturalfibres using ATR-FTIR spectroscopy, 

Carbohyd. Polym. 2014, 101, 163–170. 

3. Echeverria , C.; Soares, P.; Robalo, A.; Pereira, L.; Novo, C. M. M.  Isabel, F.; 

Borges, J. P. One-pot synthesis of dual-stimuli responsive hybrid PNIPAAm-

chitosan microgel, Mater. Design 2015, 86, 745–751. 

4. Saxena, L. S.; Lyon, A. Influence of microgel packing on raspberry-like 

heteroaggregate Assembly, J. Colloid Interf. Sci. 2015, 442, 39–48.  

5. Kvasnytsya, V.; Wirth, R.; Micromorphology and internal structure of 

apographitic impact diamonds: SEM and TEM study, Diam. Relat. Mater. 2013, 

32, 7–16. 

6. Liu, A. C. Y.; Paganin, D. M.; Bourgeois, L.; Nakashima, P. N. H. Projected 

Thickness Reconstruction from a Single Defocused Transmission Electron 

Microscope Image of an Amorphous Object, Ultramicroscopy 2011, 111, 959–

968.  

7. Paik, P.; Kar, K. K. Thermal degradation kinetics and estimation of lifetime of 

polyethylene particles: Effects of particle size, Mater. Chem. Phys. 2009, 113, 

953–961. 

8. Paik, P.; Kar, K. K. Kinetics of thermal degradation and estimation of life time for 

polypropylene particles: Effects of particle size, Polym. Degrad. Stabil. 2008, 93, 

24-35. 

9. Tao, Z.; Jin, J.; Yang, S.; Hu, D.; Li, G.; Jiang, J. Synthesis and Characterization 

of Fluorinated PBO with High Thermal Stability and Low Dielectric Constant, J. 

Macromol. Sci, Phys. 2009, 48, 1114–1124. 

10. Zhou, G.; Liu, C.; Tang, Y.; Luo, S.; Zeng, Z.; Liu, Y.; Xu, R.; Chu, L. Sponge-

like polysiloxane-graphene oxide gel as a highly efficient and renewable 

adsorbent for lead and cadmium metals removal from wastewater, Chem. Eng. J. 

2015, 280, 275–282. 

https://en.wikipedia.org/w/index.php?title=Journal_of_Macromolecular_Science,_Part_B&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Journal_of_Macromolecular_Science,_Part_B&action=edit&redlink=1


39 
 

11. Matouq, M.; Jildeh, N.; Qtaishat, M.; Hindiyeh, M.; Al Syouf, M. Q. The 

adsorption kinetics and modeling for heavy metals removal from wastewater by 

Moringa pods, J. Environ. Chem. Eng. 2015, 3, 775–784. 

12. Sharma, G.; Pathania, D.; Naushad, M. Preparation, characterization and 

antimicrobial activity of biopolymer based nanocomposite ion exchanger pectin 

zirconium(IV) selenotungstophosphate: Application for removal of toxic metals, 

J. Ind. Eng. Chem. 2014, 20, 4482–4490. 

13. Avetta, P.; Sangermano, M.; Lopez-Manchado, M.; Calza. P. Use of graphite 

oxide and/or thermally reduced graphite oxide for the removal of dyes from 

water, J. Photoch. Photobio. A. 2015, 312, 88–95.   

14. Acar, E. T.; Ortaboy, S.; Atun, G. Adsorptive removal of thiazine dyes from 

aqueous solutions by oil shale and its oil processing residues: Characterization, 

equilibrium, kinetics and modeling studies, Chem. Eng. J. 2015, 276, 340–348.   

15. Sahiner, N.; Ozay, H.; Ozay, O.; Aktas. N. A soft hydrogel reactor for cobalt 

nanoparticle preparation and use in the reduction of nitrophenols, Appl. Catal. B 

Environ. 2010, 101, 137–143. 

16. Butun, S.; Sahiner, N. A versatile hydrogel template for metal nano particle 

preparation and their use in catalysis, Polymer 2011, 52, 4834-4840. 

  



40 
 

Chapter 3 

Highly versatile p(MAc)-M (M:Cu, Co, Ni) microgels composite catalyst 

for individual and simultaneous catalytic reduction of nitro compounds 

and dyes 

This chapter describes synthesis and characterization of poly(methacrylic acid) 

(p(MAc)) microgels and their use as micro reactors for the synthesis Cu, Co and Ni 

nanoparticles. Investigation of catalytic activity of the prepared p(MAc)-M composites 

for the individual and simultaneous catalytic reduction of nitro compounds and dyes is 

also a part of this chapter. 

3.1 Introduction 

From the last few decades, metal nanoparticles have been used for many purposes 

including catalysis [1], biomedicine [2], bio/imaging [3], sensors [4–6] electronics and so 

on. The large surface area and high surface energy enable nanoparticles to become 

excellent catalytic materials and some of them have been reported as superb catalysts for 

many chemical reactions such as CO oxidation [7], carbon nanotube nucleation [8], 

alcohol dehydrogenation [9] and formic acid electro-oxidation [10]. However, because of 

the high surface energy and the presence of van der Waal forces, the nano-sized particles 

can aggregate readily leading to decrease in their surface area causing a significant 

decrease for catalytic activity [11,12]. Nevertheless, metal nanoparticles should be 

stabilized and prevented from aggregation by using suitable stabilizing systems such as 

hydrogels [13–16], dendrimers [17,18], block copolymer micelles [19] and latex particles 

[20,21]. Among the various types of carrier systems hydrogels are becoming more 

popular carriers not only for in situ metal nanoparticle preparation capability but also 

because of their ability to swell to a large extent by absorbing huge amount of water and 

thereby providing an excellent medium for the aquatic catalytic reactions. These carrier 

systems also facilitate easy recycling of nano catalysts without leaching or loss of metal 

nanoparticles. The presence of metal-binding functional groups in the hydrogel networks, 

such as –SO3H, –OH, –COOH, –SH, and –NH2 enable them to uptake high amounts of 

metal ions from aqueous medium, and fix them in the hydrogels matrices due to 
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electrostatic and dipole-ion attractions and then readily reduced in situ under mild 

conditions by using a suitable reducing agent. Therefore, it is pertinent to use hydrogels 

as effective reactors for in situ synthesis of metal nanoparticles to prevent their 

aggregation and store them for longer times. Many polymeric hydrogel networks have 

been reported as soft reactors for in situ preparation of metal nanoparticles and their use 

as catalyst for degradation of aromatic pollutants and dyes [22-25]. Most of research in 

the literature focused on Au, Ag and Pd nanoparticles preparation and their use in the 

catalytic reduction of 4-NP to 4-aminophenol [26-28]. Similarly Au, Ag, and Pt 

nanoparticles fabricated in microgels and their use as catalysts have been reported by 

different research groups [29-31]. Although these noble metals show high catalytic 

activity, but their high cost and rather difficult and time consuming recovery from the 

reaction medium hinders their use at industrial scale. Therefore, there is a great need for 

cost effective and at least analogous to noble catalysts in terms of catalytic performance 

with additional advantages such as readily removal ability from the reaction medium, on 

demand to control the reaction and for their reusability. To overcome the separation, 

recovery and economical problems, magnetically recyclable catalysts, and nanoparticles 

of cheap metals embedded in micron or macro size hydrogel particles which can be easily 

recycled with centrifugation or filtration have been synthesized by our research group 

[32-34]. 

However, instead of using magnetic iron oxides, to use inherently magnetic 

nanoparticles with a good catalytic performance is of great significance to explore the 

effect of chemical atmosphere on the stability, and the catalytic activity of the metal 

nanoparticles. In this context, herein p(MAc) microgels  were prepared and used as micro 

reactors for the synthesis of Ni, Co, and Cu nanoparticles by in situ reduction of these 

ions, and then used as catalysts for the degradation of  aromatic dyes, EY and  MO, and 

also in the reduction of 2-NP, 4-NP and 4-NA to their amino forms. More interestingly, 

until now, there have been no reports on simultaneous degradation of pollutants from 

same industrial effluent e,g., an organic dye and nitro aromatic reduction at the same 

time, although there are many reports on the individual degradation of organic dyes and 

nitro aromatic pollutants [12, 25, 32-34]. Here, the simultaneous degradation of organic 

dyes and nitro compounds from the same reaction medium is reported. According to best 
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of our knowledge this is for the first time that micron sized P(MAc) microgel particles 

have been employed as micro reactors for the fabrication of common transition metal 

nanoparticles and their catalytic efficiency for two reactions taking place at the same time 

in a medium has been investigated. Since industrial waste may contain many pollutants 

resulting from various processes so their simultaneous removal or degradation by only 

one operating system such as p(MAc)–Cu can be very useful to overcome the economic 

problems. Degradation of more than one pollutant at the same time is advantageous in 

terms of saving time which is usually required to remove or degrade pollutants one by 

one from industrial waste.   

3.2 Experimental 

3.2.1 Materials 

Methacrylic acid (MAc, 99%, Aldrich) as monomer, N,N–

methylenebisacrylamide (MBA 99%, Acros) as the crosslinking agent, ammonium 

persulfate (APS 98%, Aldrich) as initiator, N,N,N′,N′-tetramethylethylenediamine 

(TEMED, Merck ) as an accelerator and cyclohexane (99.8%, Sigma Aldrich) used as 

solvent. All these chemicals were used as received. Sodium hydroxide (NaOH, 98%, 

Aldrich) was used to neutralize p(MAc) microgels and cobalt (II) chloride hexahydrate 

(CoCl2.6H2O, 99% Sigma Aldrich), copper(II) chloride (CuCl2, 99% Aldrich) and nickel 

(II) chloride hexahydrate (NiCl2.6H2O, 97%, Riedel-de Haën) were used as metal ion 

sources while sodium borohydride (NaBH4, 98% Aldrich) was used as reducing agent for 

metal nanoparticle preparation. Organic nitro compounds, 2-nitrophenol (2-NP, 99% 

Acros), 4-nitrophenol (4-NP, 99% Acros), 4-nitroaniline (4-NA, 99% Sigma) were used 

in the reduction. Eosin Y (EY, 90%, Sigma Aldrich) and methyl orange (MO containing 

acid orange 52, Fluka analytical) were used as organic dyes. Double distilled water 

(DDW) was used throughout the experiments. 

3.2.2 Synthesis of p(MAc) microgels 

P(MAc) microgels were prepared by inverse suspension polymerization with 

some modifications in earlier reported method [35]. Briefly, in a 100 mL round bottom 

flask, 50 mL cyclohexane containing 160 µL span 80 was added. This mixture was 
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homogenized by stirring and purged with N2 for 15 minutes to remove oxygen. The 

initiator, 0.054g of APS (2mol% of MAc, dissolved in 1ml distilled water), and 0.0091g 

MBA (0.5 mol% of MAc) and 1mL MAc were mixed in a vial, and added into reaction 

flask containing cyclohexane and span 80 mixture. This new reaction mixture was stirred 

continuously and purged with N2 for further 10 minutes. Then the reaction was initiated 

by the addition of 250 µL TEMED and allowed to proceed for 5 hours at 40 °C in an oil 

bath. Then, the prepared microgel particles were collected by decantation of cyclohexane. 

The microgel particles were washed with ethanol and then with DDW by centrifugation 

at 10 000 rpm at 20 ºC for 10 minutes followed by removal of the supernatant solution 

and re-dispersing in distilled water and re-centrifugation at least five times for cleaning 

purpose. After cleaning microgels were neutralized by treating with equivalent amount of 

NaOH and washed again with DDW two times, and then precipitated in water-ethanol 

mixture. Finally P(MAc) microgels particles were dried in freeze dryer (Christ Alpha 1-2 

LD plus). These microgel were used for characterization and as microreactor for the 

synthesis of metal nanoparticles, and then catalysis for reduction of nitro compound and 

dyes. 

3.2.3 In situ synthesis of metal nanoparticles in p(MAc) microgels 

For in situ synthesis of metal nanoparticles within p(MAc) micro network, first 

metal ions were loaded into microgel network by dispersing 0.1g of the dried neutralized 

dried p(MAc) microgel in 50 mL, 500 ppm aqueous solution of metal chlorides (M (II): 

Co (II), Cu (II), Ni (II)) for overnight at room temperature under continuous stirring (500 

rpm). M (II) ions loaded microgels were separated from this mixture by centrifugation 

(2000 rpm), and washed with DDW to remove unbound metal ions. Then, metal ions 

laden microgels were treated with 50 mL, 0.1M NaBH4 to reduced metal ions within 

microgel network. The reduction was allowed to proceed until no more H2 gas was 

evolved. Finally, the prepared p(MAc)-M microgel composites were filtered (with 

plankton cloth filter paper having pore size 2 µm), washed with DDW and used for 

characterization and as catalysts. The amounts of metal nanoparticles entrapped in 

microgels were calculated by atomic absorption spectroscopic (AAS) measurements after 
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dissolution of metal nanoparticles entrapped within p(MAc) microgel by treating with 

5M HCl aqueous solution. 

3.2.4 Catalytic tests 

Catalytic activity of the synthesized microgel nanoparticle composites (p(MAc)-

M) were investigated by using them as catalyst for the reduction of 2-NP, 4-NP and 4-

NA, as well as some dyes. Nitro compound solutions of 0.01 M 2-NP, 0.01 M 4-NP and 

0.0025 M 4-NA in 50 mL were prepared and to this solution 0.756 g NaBH4 was added 

and stirred in a temperature control oil bath at 750 rpm at 30 
o
C. To this mixture, certain 

amount of composite microgel containing specific amount of metal nanoparticles (e.g., 

0.092 mmol of M(II)  as determined by AAS) was added as a catalyst to initiate the 

reduction. During the reduction, about 0.1 mL samples were withdrawn from the reaction 

mixture at certain time intervals, and diluted to certain ratios with DDW i.e., 80 times 

dilution for 4-NP, 30 times for 2-NP and 20 times for 4-NA. Then, their absorption 

spectra were recorded by UV-Visible spectrophotometer (UV-Vis, T80+, PG 

Instruments). Reduction rate constants for nitro compounds were calculated by measuring 

the decrease in intensities of their absorption peaks at 400 nm, 414 nm, and 380 nm for 4-

NP, 2-NP and 4-NA respectively. For each nitro compounds, a calibration curve is 

formed at the mentioned wavelengths for determination of the concentration of the 

reactants. The effect of temperature on reduction rates was studied by conducting the 

reactions at four different temperatures, 30 ºC, 40 ºC, 50 ºC and 60 ºC. In this manuscript, 

every measurement was carried out at least three times, and average values are given as 

the mean value with standard deviations.  

Catalytic properties of prepared composites were also are studied by using them 

as catalyst in the degradation of EY and MO dyes. In a typical experiment, 0.075 g of 

NaBH4 was added in 100 mL aqueous solution of dye (EY 4x10
-5 

M and MO 4x10
-4 

M). 

P(MAc)-M composite (M: 0.092 mmol) was added as a catalyst to initiate this reaction. 

From the reaction mixtures, 0.5 ml samples were withdrawn at specific interval of times, 

and diluted 10 times for EY, and 8 times for MO with DDW, and their absorption spectra 

were recorded by UV-Visible spectrophotometer. P(MAc)-Cu composites were also 

employed as catalysts for the simultaneous degradation of EY and 4-NP. For this 
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reaction, 50 mL of 0.002 M solution of 4-NP and 50 mL of 16x10
-5 

M solution of EY 

were mixed to prepare a 100 mL solution containing both 4-NP and EY. And, 0.15 g of 

NaBH4 was added as reducing agent, and progress of reaction was monitored in the 

presence p(MAc)-Cu composite catalyst containing  0.092 mmol Cu. During reaction, 0.5 

mL of samples were withdrawn from reaction mixture, diluted 11 fold by addition of 

DWW, and their absorption spectra were recorded by UV-Visible spectrophotometer. 

The reusability of catalysts was studied by using the same catalysts for four times in the 

reduction of 4-NP. After every run the catalyst was separated from reaction mixture by 

filtration, washed with DDW and used again.  

3.3 Results and discussion 

3.3.1 Synthesis of p(MAc) microgels, and their use for  in situ metal nanoparticles 

preparation 

P(MAc) microgels were synthesized by inverse suspension polymerization as 

described in experimental part. Monomer, initiator and cross-linking agent react to form 

spherical micron size microgel particles. Initiator starts the polymerization by reacting 

with monomers and form oligomers as unstable colloidal precursors, these colloidal 

precursor particles may tend to aggregate or grow to form a longer chain until they 

become stable particle.  Figure 3.1(a) illustrates the schema of in situ metal nanoparticle 

preparation within p(MAc) microgels, whereas in (b) the SEM images of p(MAc) 

microgel where the particle sizes are about 200 µm,  and the digital camera images of the 

different metal ion absorbed microgels e.g., blue for p(MAc)-Cu, pink for p(MAc)-Co, 

and  light green for p(MAc)-Ni is clearly seen, and their reduction to corresponding metal 

nanoparticle, black colored as p(MAc) is also given in Figure 3.1(b).  As p(MAc) 

microgels contain many carboxyl groups (-COOH) that readily deprotonate to form 

negatively charged groups (COO
-
) and these groups can be utilized to load positively 

charged metal ions into microgel network from aqueous solution of Cu, Co, and Ni salts 

due to electrostatic attraction. By applying this approach, metal nanoparticles were 

synthesized by in situ reduction of metal ions within microgels matrices. Digital camera 

images of metal ion absorbed p(MAc) microgels and p(MAc)-M composites were 

illustrated in Figure 3.1(b).  As illustrated each metal ions give its unique color to the 
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p(MAc) microgels and turn in black color upon reduction with NaBH4 as an indication of 

the formation of nanoparticles. Metal nanoparticles prepared inside the microgels 

network were visualized by TEM.  The TEM images of the Cu, Ni and Co nanoparticles 

prepared within p(MAc) microgel are given in Figure 3.2 (a), (b) and (c), respectively. It 

is obvious from the images that depending upon the nature of metal sources the prepared 

metal nanoparticles are spherical in shape and almost homogenously distributed within 

the polymeric matrices as there is no aggregation. To determine the thermal properties 

and the amount of metal nanoparticles entrapped inside the microgels network, thermal 

gravimetric analysis (TGA) were performed. Thermograms of pure and composite 

microgels are given in Figure 3.2 (d), which shows the bare and composite microgels 

degradation heating up to 700 ºC. It is noteworthy mentioning here, that bare p(MAc) 

have two distinct degradation temperature at about 241 and 442 
o
C with 24 and 94 wt% 

lost, respectively. On the other hand, p(MAc)-M composites depending on the metal 

nanoparticles have higher degradation temperature and lesser amount of weight losses 

even up to heating 800 
o
C, e.g., p(MAc)-Cu with 39 wt% loss, p(MAc)-Ni with 48 wt% 

loss, and p(MAc)-Co  with 56 wt% loss was observed.  
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Figure 3.1 (a) The schematic representation of in situ metal nanoparticle preparation 

within p(MAc) microgel as p(MAc)-M, and (b)  SEM images of P(MAc) Microgel 

particles, and the digital camera visualization of different metal absorption with p(MAc) 

microgel and their reduction to the corresponding metal nano particles as p(AMc)-M (M: 

Co, Ni, Cu). 

M(II) solutions

M: Cu, Ni, Co

Metal 

ions

Metal 

nanoparticle

Reducing  agent

(a)

200µm

Composite

Cu2+ Co2+ Ni2+

(b)



48 
 

 

Figure 3.2  TEM Images of metal nanoparticles containing P(MAc) microgels (a) 

P(MAc)-Ni (b) P(MAc)-Cu and (c) P(MAc)-Co and (d) Thermogrames of bare and 

composite microgels. 

However, it is obvious that an increase in thermal stability was observed in case 

of all composites due to entrapment and entanglements of complexed nanoparticles with 

the polymer chains. Although, the TGA result give some information about the thermal 

stability of the particle, the exact amount of metal nanoparticles present in the microgels 

network cannot be estimated by TGA measurements due to formation of some metal 

oxides as abundant existence of -COO groups within microgels network that cause the 

oxidation of metal nano particles as well as the formation boronic metal nanoparticles 

during reduction period since NaBH4 was used as reducing agents. Therefore, to calculate 

the exact amounts of metal nanoparticles present in p(MAc)-M composites and metal ion 

absorption capacity  atomic absorption spectroscopic (AAS) technique was used. The 
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amount of metal ions absorbed by the microgels was calculated by measuring 

concentration of metal ions in their aqueous solution before and after their interaction 

with microgels. Concentration of metal ions was measured by AAS. It was observed that 

195 mg of Co
2+

, 190mg of Cu
2+

 and140mg of Ni
2+

 was absorbed per gram of microgel. 

Since these metal ions were absorbed from their 50ml, 500ppm solution so 76 weight % 

of Cu
2+

, 66 weight % of Ni
2+

 and 78 weight % of Co
2+

 was absorbed from 50ml, 500ppm 

aqueous solutions of metal salts.  These results show that this microgel system can absorb 

Cu more efficiently but it is less efficient towards Co absorption. It also shows that ability 

a functional group to absorb different metal ions is different no matter that metal ions 

have same charges on them. So absorption capacity of a functional group not only 

depends on the charge of metal ion but also depends on their nature as well. In order to 

calculate the percent conversion of absorbed metal ions to metal nanoparticles, the 

prepared p(MAc)-M composites were washed with DDW and treated with 5 M HCl 

solution(30 ml) to dissolve metal nanoparticles into ionic forms and to determine their 

amounts by AAS. And it was found that p(MAc)-M composite microgels contain 181.2 

mg Co, 173.5 mg of Cu and 125.7 mg of Ni per gram of composite microgel. The results 

show that out of total loaded amount 93% of Co
2+

, 91% of Cu
2+

 and 90% of Ni
2+

 was 

converted to metal nanoparticles. This decrease in the amount of metals ions in the 

conversion may be attributed due to loss of metal ions or nanoparticles during washing of 

metal ions loaded or composite microgels. It is worth mentioning that the amount of 

metal ions absorbed by p(MAc) microgels is very high as compared to previous reports 

[36, 37]. The high metal ion absorption capacity of these microgels is due to presence of 

large number of ˗COO
- 

groups generated by neutralization by NaOH treatment of 

p(MAc) microgel before loading with M(II) ions, which interact with the large amount of 

metal ions in comparison to its non-ionized forms (-COOH). And thus, the amounts of 

metal nanoparticles generated within these microgels are higher than the earlier studies 

[36, 37]. This also demonstrates an important advantage of this microgel system that by 

using small amount of microgels greater number of metal nanoparticles can be generated 

within polymeric matrix proving the economical feasibility and more favorable nature of 

charges in polymeric micronetworks. Moreover p(MAc)-Co nano composites were found 

to show inherently magnetic behavior as shown in Figure 3.3.  
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Figure 3.3 P(MAc)-Co composites (1) in the absence and (2) presence of externally 

applied magnetic field. 

Upon applying an external magnetic field on p(MAc)-Co composite suspended in 

water as illustrated in Figure 3.3 as (1), the microgel composites were attracted to the 

direction of magnet as shown in Figure 3.3 as (2). This inherently magnetic responsive 

behavior for  catalysts make them unique and offer great opportunity  in recovery of 

catalysts from the reaction medium upon performing their task, e.g., completion of 

catalytic reactions. 

3.3.2 Catalytic activity of p(MAc)-M composites 

Catalytic activity of the prepared p(MAc)-M composites was investigated by 

employing these microgel composites as catalysts for degradation of organic dyes such as 

EY and MO, and in the reduction of 2-NP, 4-NP and 4-NA and then  most importantly 

for simultaneous reduction of nitrophenol and dye in the same reaction medium. Nitro 

compound reactions were selected due to their importance in the environments, and in the 

number of manufacturing of various pharmacology products and various aromatic 

products in dye and pigment industries [38, 39]. For example in pharmaceutical industries 

some important antipyretic and analgesic medicines such as paracetamol, acetanilide and 

phenacetin are prepared from 4-aminophenol which can be obtained by catalytic 

(1) (2)
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reduction of 4-NP [40, 41].  While the products obtained by reduction of 2-NP and 4-NA 

are extensively used in industries for the synthesis of various dyes and pigments. 

However, these nitro compounds are considered as very toxic pollutants and as they are 

discharged from many industries as waste materials. Therefore, their elimination by any 

means i.e., reduction is also important to covert these toxic pollutants into useful 

compounds. The reduction of each of 2-NP, 4-NP and 4-NA produce only their 

corresponding amines and the progress of reaction can be readily monitored by UV-

Visible spectroscopy by measuring absorption maxima at suitable wavelengths. Although 

thermodynamic studies suggest that the reduction of these nitro compounds are feasible 

in the presence of aqueous solution of NaBH4, the presence of large potential difference 

between electron donor and accepter creates a large kinetic barrier that suppresses the 

feasibility of these reduction even in the presence of excess amounts of reducing agent 

[42, 43]. Fortunately, the presence of a catalyst helps to overcome this energy barrier and 

makes these reactions feasible under mild conditions such as room temperature. Herein, 

initially the reduction of 4-NP in the presence of only NaBH4  was studied, and it was 

observed that very small amounts of nitro compounds were converted to corresponding 

amino compounds even after long times as shown in Figure 3.4 (a).   

In all the catalytic reduction of nitro aromatic compounds 0.092 mmol of metal 

ions containing p(MAc)-M composites were used as catalyst. Also, all the reduction of 

nitro compound reactions were carried out in the presence of large excess of NaBH4 (40 

fold as compared to nitro compound in moles). The catalysts facilitate electron transfer 

from electron donor BH4
−
 to acceptor nitro compounds and thus accelerating the reaction 

to proceeds [43, 44]. Reduction of nitro compounds was tracked by measuring the 

decrease in their absorbance peak in UV-Vis spectra taken at various intervals of times as 

shown in Figure 3.4(b). The difference in reduction of aromatic nitro compounds in the 

presence of p(MAc)-Cu is tremendous as seen in the corresponding Figures.  
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Figure 3.4 UV-Visible spectra for the reduction of 4-NP (a) in the absence, and (b) in the 

presence of p(MAc)-Cu composites at 30°C. 

 

As the reduction were carried out in the excess of NaBH4, the reaction supposed to 

be pseudo first order reactions. Therefore, pseudo-first-order kinetics with respect to the 

nitro compound concentration was used for evaluation of apparent rate constants (kapp).  

The values of kapp were calculated from the slope of straight line regions of plots of 

ln(Ct/Co) against time and were shown in Figure 3.5(a), and the change in kapp with 

temperatures were shown in Figure 3.5(b) for 4-NP reduction.  
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Figure 3.5 The determination of apparent rate constants (k
app
)
 
for the reduction 4-NP 

catalyzed by p(MAc)-M (Cu, Co, Ni) composites 30°C (a) with time, and  (b) with 

temperature by p(MAc)-Cu. 

 

The values of kapp calculated at 30 ºC for different metal composites and different 

nitro aromatic compounds are given in Table 3.1. As can be seen from Table, the kapp 

values for the reduction of 2-NP, 4-NP and 4-NA are rather small for all p(MAc)-M, and 

there is no trend between or amongst them. As 4-NP is considered comparatively more 
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toxic than the others [45], and also its reduction to 4-AP is an intermediate step in the 

synthesis of some important antipyretic and analgesic medicines such as paracetamol, 

acetanilide and phenacetin, the kinetics of the reduction of this compound was studied in 

detail.  

Table 3.1 Values of kapp for the reduction of nitro compounds and dyes. 

 

kapp  = apparent rate constant  R
2 

= coefficient of determination 

Reaction conditions = 50ml solution [0.01M 4-NP, 0.01M 2-NP, 0.0025M], 100ml 

solution [EY 4x10
-5 

M and MO 4x10
-4 

M]. P(MAc)-M composite (M: 0.092 mmol). 

NaBH4=0.756g, 750rpm, 30°C. 

The effect of metal types on the reduction rate of 4-NP catalyzed by p(MAc)-M 

composites that contains the same amounts of Cu, Co, and Ni nanoparticle as catalysts 

Nitro compound Catalyst kapp ( sec-1) R2

2-NP P(MAc)-Cu 0.0071  0.0009 0.9761

P(MAc)-Co 0.0095  0.002 0.9857

P(MAc)-Ni 0.0197  0.008 0.9972

4-NP P(MAc)-Cu 0.027  0.0020 0.989

P(MAc)-Co 0.014  0.0016 0.982

P(MAc)-Ni 0.0125  0.0002 0.992

4-NA P(MAc)-Cu 0.052  0.01 0.9986

P(MAc)-Co 0.0037  0.0018 0.9891

P(MAc)-Ni 0.035 0.001 0.9912

MO P(MAc)-Cu 0.025  0.01 0.9919

P(MAc)-Co 0.004 0.00003 0.9928

P(MAc)-Ni 0.002 0.0002 0.9894

EY P(MAc)-Cu 0.004 0.00007 0.9276
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was also studied and it was found that p(MAc)-Cu composites reduce 4-NP faster than Ni 

and Co containing composites, therefore p(MAc)-Cu composite was chosen as catalyst 

for the detailed kinetic study. Catalytic performances of p(MAc)-Cu composites for the 

reduction of different nitro compound have shown that 4-NP was reduced faster as 

compared to 2-NP.As p(MAc)-Co microgel composites are inherently magnetic, they can 

be very useful in the reduction of 4-NP, and as shown in Table 3.1, the reduction rate 

constant of 0.013 sec
-1

 was estimated which is almost very close to previously reported 

0.015 sec
-1

 by Goong and Lin when they employed highly expensive magnetic Au-Fe2O3 

composite nanoparticles for the reduction of 4-NP [46]. Additionally, Ni/graphene nano 

composites were developed by Wu et al. in order to get increased catalytic activity as 

compared to bare Ni nanoparticles due to presence of graphene which adsorb hydrogen 

thus provides hydrogenation atmosphere which leads to a 2 fold increase in the catalytic 

activity [47]. The authors reported catalytic activity of Ni/graphene composite for the 

reduction of 4-NP to 4-AP as 0.0117 sec
-1 

by using 3 mg Ni/graphene catalysts, 10 mg 

NaBH4 for the reduction of 2 mL 0.1 mM 4-NP. Herein,  the Ni nanoparticles prepared 

within p(MAc) microgels, and used for the same reaction employing comparatively 

higher concentration of reactants and lower amount of catalyst (33.4 mg of p(MAc)-Ni 

for 50 ml 0.01M 4-NP solution). And the reduction rate of 0.0125 sec
-1

 was attained that 

is greater than reported by Wu et al. Furthermore, as compared to reports by Wu and 

Goong where they used Au-Fe2O3 composite particles and Ni/graphene nano composites 

[46,47], here very high reduction rate, 0.027 sec
-1

, for the same reaction by using 

relatively cheaper Cu nanoparticles fabricated within p(MAc) microgels demonstrates the 

significant advantages and the versatility of the p(MAc)-M catalyst systems. Catalytic 

activity of p(MAc)-Cu composites for the reduction of 4-NP was studied as a function of 

temperature by carrying out the reduction at four different temperatures; 30 °C, 40 °C, 50 

°C and 60 °C keeping the amount of reactant and catalyst constant. Dependence of rate of 

reaction on temperature is shown in Figure 3.5(b) in terms of change in ln(Ct/Co) as 

function of time at different temperatures. With the increase in temperature, the reduction 

rates were also increased linearly. The increase in rate of reduction with temperature can 

be explained by the reason that at higher temperature, the average kinetic energy of 

molecules is increased which in turn increases the rate of diffusion of reactant molecules 
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into microgel particles. Hence, an increase in the collision frequency of reactant and 

catalyst occurs. This increase in diffusion rate and collision number increases the rate of 

conversion of reactants into products. Using well known Arrhenius and Eyring equations, 

activation parameters can be calculated for reduction carried out at different temperatures 

catalyzed by p(MAc)-Cu. The activation energy (Ea) belonging to 4-NP reduction 

catalyzed by p(MAc)-Cu was calculated by plotting ln kapp vs. 1/T., and it was found as 

31.3 kJ mol
-1
. The activation enthalpy (ΔH

#
) and entropy (ΔS

#
) were calculated by 

plotting ln (kapp/T) vs 1/T, and their values were found as ΔH
# 

= 28.63 kJmol
-1

 and ΔS
# 

= 

-181.18 Jmol
-1 

K
-1

. To assess the effect of catalyst amount on the reduction rate of 4-NP 

reduction catalyzed by p(MAc)-Cu microgel composite, different amounts of catalysts  

were used for the same reduction under the same conditions. As illustrated in Figure 

3.6(a), the increase in rate of reduction was observed with the increase in amount of 

catalyst. By increasing the amount of catalyst the total numbers of active sites to carry out 

the reaction in the reaction mixture are increased which increase the rate of formation of 

activated complex and effective collisions and thus the rate of reaction is also increased. 

In order to investigate the effect of amount of reducing agent on the reduction rate, 

different amounts of NaBH4 were used by keeping all other parameters constants. It was 

observed that reduction rate was increased by increasing the amount of NaBH4. By 

increasing the concentration of NaBH4 from 10 folds to 40 folds (as compared to that of 

nitro compound), it was found that the apparent rate constant increases in such a way that 

it follows polynomial of order of third degree as shown in Figure 3.6(b). However, the 

further increase after 40 fold in the amounts of NaBH4 makes the reduction rates 

independent of its concentration that is the reason in this investigation 40 fold excess 

amounts of NaBH4 than nitro compounds were used. This relationship between amount 

of reducing agent and rate of reaction is similar to the previously reported studies where 

it was observed that initially by increasing the amount of NaBH4, reduction rate increased 

linearly but after specific amount of NaBH4 reduction rate become almost independent on 

the amount of NaBH4 [36, 48]. 
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Figure 3.6 The dependence of k
app
 on (a) the amount of catalyst, and (b) amount of  

reducing agent  normalized to NaBH4 concentration catalyzed by p(MAc)-Cu microgel 

for the reduction of 4-NP to 4-AP.  

Catalytic activity of the prepared p(MAc)-M composites was also investigated for 

degradation of organic dyes such as EY and MO. As these dyes degradations in the 

absence of catalyst, and in the presence of NaBH4 takes longer times as shown in Figure 

3.7 (a) and (b), e.g., 45 min for EY and 45 min for MO, respectively, the existence of 
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p(MAc)-Cu catalysts  tremendously  reduced their catalytic reduction time as illustrated 

for EY and MO from Figure 3.7(c), and (d), respectively. For example the degradation of 

both dyes; EY and MO in the presence of excess NaBH4 and p(MAc)-Cu took in very 

shorter times  12 min, and 45 sec, respectively. To investigate the effect of different metal 

nanoparticles on MO degradation, p(MAc)-M (M: Cu, Co, Ni ) were used in MO 

degradation under the same conditions, and the rate constants were calculated by plotting 

ln (Ct/Co) against time and are given in Table 3.1.  

 

 

Figure 3.7 UV-Visible spectra of reduction of (a) Eosin Y, and (b) Methyl Orange in the 

absence of p(MAc)-Cu microgel composites, and the reduction of (c) Eosin Y, and (d) 

Methyl Orange in the presence of p(MAc)-Cu composites catalyst at 30°C.  
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As expected p(MAc)-M composites containing different metal nanoparticles showed 

different catalytic efficiency, and amongst them p(MAc)-Cu catalyst were found to have 

higher catalytic efficiency as compared to Ni and Co nanoparticle containing composites. 

The kapp values for the degradation of MO And EY in the presence of different 

composites were calculated from the linear portion of plots of ln(Ct/Co) vs time and their 

values are given in Table 3.1. It is clear that kapp values of p(MAc)-Cu are much bigger 

than p(MAC)-Co, and p(MAc)-Ni for MO degradations, and EY degradation cannot be 

catalyzed by containing p(MAc)-Co, and p(MAc)-Ni composite, and only be catalyzed 

by p(MAc)-Cu microgel composites.  

Most importantly, the catalytic performances of the prepared p(MAc)-Cu composites 

was also tested for the simultaneous degradation of nitro compounds and dyes. A solution 

that contains 4- NP and EY at the same time were subjected to concurrent degradation in 

the presence of NaBH4 using p(MAc)-Cu microgel composite as catalysts. As 

demonstrated in UV-Vis absorption spectra given in Figure 3.8, both of these pollutants 

were simultaneously degraded. As illustrated in Figure 3.8(a), in the presence of NaBH4 

and in absence of catalyst there is no degradation up to 10 min for 4-NP, whereas  EY is 

completely degraded in 10 minutes. However, upon the addition of p(MAc)-Cu microgel 

composites, both compound degraded simultaneously, e.g., it took 3 min for 4-NP and 20 

sec for EY as given in Figure 3.8(b). It is also evident from separate and simultaneous 

degradation studies that p(MAc)-Cu microgel composite catalyst are more effective in the 

nitro compound reduction as compared to dyes as they can reduce larger amounts of nitro 

compound in comparison to dyes within same time interval. Therefore, the reported 

p(MAc)-M (M:Cu, Ni, Cu and so on) microgel composite system here enable to design 

advanced catalytic system for multi task catalysts that can perform more than two or 

more reactions simultaneously. Since industrial effluents may contain both the nitro 

compounds and dyes or some other contaminants. These pollutants can be concurrently 

degraded by using a single catalyst system revealing the versatility of the reported 

p(MAc)-M catalysts system here. Reusability of the catalyst systems was studied by 

using the same catalyst repeatedly up to four times for the reduction of 4-NP. After every 

use the catalysts were filtered and washed with DDW and used again. The percent 

activity and conversion is illustrated in Figure 3.9. Activity was calculated by taking ratio 
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of reduction rate of every successive reaction to the initial reduction rate. As it is depicted 

from Figure 3.9, 100% conversion of 4-NP was observed after 4
th

 use of both the Cu and 

Co nano catalysts. However, 4.5% loss in the activity of p(MAc)-Cu and 30% loss in the 

activity of p(MAc)-Co catalysts was observed. The decrease in catalytic activity may be 

attributed due to the formation of oxidation layer on the surface of nano catalysts which 

can hinder the interaction between the catalyst and the substrate (phenolate ions). This 

hindrance between the catalyst and substrate decreases the rate of formation of activated 

species and hence rate of reaction or catalytic activity is also decreased. The decrease in 

reduction rate after every successive reaction may also occur due to loss of some metal 

nano catalysts which can come out from microgel matrix and lost in filtration or washing 

process. 
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Figure 3.8 UV-Visible absorption spectra for simultaneous degradation of 4-NP and EY 

in the absence (a) and (b) presence of p(MAc)-Cu catalyst. 
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Figure 3.9 The change in conversion and activity of (a) p(MAc)–Cu, and (b) p(MAc)–Co 

catalyst systems with repetitive usage in 4-NP reduction. [ 30 °C, 0.01 M 4-NP = 100 mL 

for p(MAc)–Cu, and 50 mL for p(MAc)– Co, [NaBH4] = 0.4 M, catalyst = 0.092 mmol 

of Cu or Co, under 500 rpm]. 
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3.4 Conclusions 

Herein, it was demonstrated the synthesis of micron sized p(MAc) microgel 

particles by micro emulsion polymerization, and their successfully use for in situ metal 

nanoparticle preparation such as Cu, Co, and Ni by loading their metal ions into 

microgels from their aqueous solutions. The prepared p(MAc)-M microgel composites 

were demonstrated  excellent catalytic activity for the degradation of organic dyes and 

reduction of nitro compounds. The TEM images of metal nanoparticle within hydrogel 

network and high catalytic performance of the prepared composites also demonstrated 

that p(MAc) polymeric microgel networks prevent the aggregation of metal 

nanoparticles. It was also illustrated here that p(MAc)-M microgel composites  can also 

be employed as effective catalysts for reduction of aromatic nitro compounds, and 

organic aromatic dyes in aqueous solutions, as well as for the simultaneous degradation 

of organic dyes and nitro compounds if they are present together in same waste. 

The main outcome of this report is the followings;  

-P(MAc)-Co microgel composite is inherently magnetic and provide a catalytically 

control of the reaction by an externally applied magnetic field.  

-Amongst the p(MAc)-M (M:Cu, Co, Ni) microgel composite, p(MAc)-Cu microgel 

composite shown superior catalytic performances in the reduction of nitro aromatic 

compounds such as 2-NP, 4-NP and 4-NA and organic aromatic dye degradations such as 

MO, and EY.  

-More importantly, it was shown that p(MAc)-Cu microgel composite system can be used 

for simultaneous reduction of 4-NP and EY opening new avenues for multitask advanced 

catalyst systems.  

Overall, the ability to eliminate multiple organic pollutants such as nitro compound, and 

dyes and absorption of some inorganic pollutants such as metal ions from the same 

industrial effluents in a single step with one versatile absorbent and/or catalyst system 

demonstrates the superiority of present investigation to the similar researches in the 

literature. Therefore, the demands for multi tasks catalyst systems now can be met by 
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designing and using polymeric hydrogel system with various functionality and 

dimensions, and our research is focused on the simultaneous use of microgel-M catalyst 

system for different catalytic application in organic reaction and waste water treatments. 
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Chapter 4 

Betaine Microgel preparation from 2-(methacryloyloxy) ethyl] dimethyl (3-

sulfopropyl) Ammonium Hydroxide and its use as a catalyst system 

In this chapter synthesis of betaine microgel and their composites with Ni 

nanoparticles has been described. Catalytic activity of the prepared composites for the 

reduction of 4-NP, 2-NP and 4-NA is also described in this chapter.   

4.1 Introduction 

Ampholyte hydrogels are three dimensional cross-linked polymeric networks that 

contain both positively and negatively charged groups in their chemical structure. They 

can be prepared either by copolymerizing anionic and cationic monomers forming 

positive and negative charges in different polymer repeating units (polyampholytes) [1-

4], or by polymerization of a zwitterionic monomer to obtain anionic and cationic charges 

in the same repeating units (polybetains) [5,6]. Sulfobetaines are an important class of 

zwitterionic structures that contain a quaternary ammonium and a sulfonate group. Due to 

the presence of these positively and negatively charged groups within the same repeating 

units, sulfobetaine (with neutral monomers) microgels that are prepared from 

sulfobetaine monomers can maintain a constant near net-zero charge irrespective of the 

pH of the medium [7]. The coexistence of a positive and a negative charge on the same 

repeating unit creates a strong electrostatic interaction with water molecules resulting in 

the formation of a hydration layer at the material surface [8-10]. This strong hydration 

layer introduces super low fouling properties in zwitterionic materials. Therefore, 

zwitterionic materials, specifically poly sulfobetaines have gained much attention due to 

their very low biofouling properties [11-17]. It has been reported that poly(sulfobetain 

methacrylate) (p(SBMA)) hydrogels are highly resistant to nonspecific protein adsorption 

and cell adhesion in vitro and in vivo [12-14, 17, 18]. Inhibition of bacterial adhesion by 

self-assembled monolayers of p(SBMA) has been demonstrated by Cheng and coworkers 

[15]. Although the properties of p(SBMA) polymers and their macroscopic and 

copolymeric gels have been studied [19, 20], there is no report on the synthesis and 

applications of zwitterionic hydrogels in micro dimensions such as microgels. Moreover, 
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biological applications such as inhibition of bacterial adhesion and low fouling properties 

of p(SBMA) hydrogels have been studied up to now. However, p(SBMA) hydrogels have 

never been used as templates for the in situ synthesis of metal nanoparticles. Whereas, 

polymer hydrogels can act as templates for the in situ synthesis of metal nanoparticles 

with predetermined dimensions by changing the composition and structure of microgels 

[21].  So the use of zwitterionic microgels as templates for the synthesis of metal 

nanoparticles can provide a new platform as template for the preparation and tuning of 

catalytic properties of metal nanoparticles. In comparison to bulk hydrogels, microgels 

can offer greater surface area that is favorable to metal ion-trapping and then act as a 

microreactor in catalytic applications. Due to the ability of microgels to absorb large 

amounts of water without any structural breakdown, microgels can be used as 

microreactors in the synthesis of different metal nanoparticles within their network and 

the aggregation of the prepared metal nanoparticles can be prevented due to the 

polymeric chains and the functional groups in the microgel networks that can act as 

capping agents [22]. Because of these advantages, microgels are widely used as 

microreactors for the in situ synthesis of metal nanoparticles and then the prepared 

microgel metal nanoparticle composites are used as catalysts for various reactions. The 

use of microgels as microreactors is gaining worldwide interest as this is a very versatile 

technique for the synthesis of various metal nanoparticles of desirable shapes and sizes 

that can be produced by controlling the composition of microgel networks as well as the 

reducing agents. The shape, size, composition, and architecture of microgel particles can 

also be controlled by the polymerization techniques [23]. Additionally, the prepared 

microgel metal nanoparticle composites can be used as catalysts directly, and their 

catalytic properties can be tuned by changing the chemical composition of microgels and 

metal ions. Moreover, the microgel behavior in response to external stimuli, such as 

temperature, pH, magnetic field, etc., provides another important benefit in the design of 

advanced material systems [24, 25]. Previously, the use of cationic, anionic and 

polyampholyte microgels as microreactors in the synthesis of different metal 

nanoparticles have been reported by our research group [25-27]. In the present study, we 

have synthesized a novel zwitterionic microgel consisting of poly 2-(methacryloyloxy) 

ethyl] dimethyl (3-sulfopropyl) ammonium hydroxide (also known as p(SBMA), and 



71 
 

then used this as template for the in situ synthesis of Ni nanoparticles. The catalytic 

properties of the prepared composites were investigated for the reduction of nitro 

aromatic compounds such as 4-nitrophenol (4-NP), 2-nitrophenol (2-NP) and 4-

nitroaniline (4-NA). Comparison of catalytic efficiency of the prepared composite 

catalysts for various nitro compounds was completed. The effect of temperature on the 

catalytic activity was also evaluated to calculate activation energy, and other 

thermodynamic parameters such as activation enthalpy change (ΔH
#
), activation entropy 

change (ΔS
#
) and Gibb’s free energy of activation (ΔG

#
). 

4.2 Experimental 

4.2.1 Materials 

The monomer, 2-(methacryloyloxy) ethyl] dimethyl (3-sulfopropyl) ammonium 

hydroxide (SBMA, 97%, Sigma Aldrich), the crosslinker N,N′ methylenebisacrylamide 

(MBA 99%, Acros), the initiator ammonium persulfate (APS, Aldrich), and the 

accelerator N,N,N′,N′-tetramethylethylenediamine (TEMED, Merck ) were used as 

received. Sorbitane monooleate (SPAN®80, Fluka) was used as a surfactant. Gasoline 

(95 octanes) was used as solvent and procured from a local gas station. Nickel (II) 

chloride hexahydrate (NiCl2.6H2O, 97%, Riedel-de Haën) was used as metal ion source, 

and sodium borohydride (NaBH4, 98% Aldrich) was used as reducing agent for metal 

nanoparticle preparation. Aromatic nitro compounds of 2-nitrophenol (2-NP, 99% 

Acros), 4-nitrophenol (4-NP, 99% Acros) and 4-nitroaniline (4-NA, 99% Sigma) were 

used in the catalytic reduction reactions. Sodium chloride (NaCl, 99.5 %, Merck) was 

used as salt in the catalytic reactions to study the effect of salt concentration. Distilled 

water (DW) with 18.2 MΩ.cm was used throughout the experiments. 

4.2.2 Synthesis of microgel 

P(SBMA) microgels were prepared by inverse suspension polymerization using 

Span 80 as inverse suspension stabilizing agent. In a typical synthesis procedure, 0.5 g 

SBMA was dissolved in 0.5 ml DI in a vial by vortex. Separately, MBA (1 mol% with 

respect to monomer) was dissolved in 0.3 ml DI, and APS (5 mol% with respect to 

monomer) was dissolved in 0.2 ml DI, then these MBA and APS solutions were added to 
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the monomer solution. In another vial, 0.5 ml span 80 was added into 10 ml gasoline and 

stirred for 10 minutes to produce a homogeneous mixture. Then, the surfactant solution 

was poured into the vial containing the monomer, cross-linker and initiator and stirred to 

homogenize at room temperature. After 10 minutes, 50 µl TEMED was added into the 

reaction mixture and the reaction was allowed to proceed for 3.5 hours at room 

temperature at constant stirring of 800 rpm. The prepared microgel was precipitated in an 

excess amount of ethanol and then purified by washing with DI and ethanol five times in 

order to remove the unreacted reactants. Washing was carried out by using several 

centrifugations, and after every washing cycle, microgels were re-dispersed in water and 

centrifuged again. The purified microgel particles were finally lyophilized and used for 

characterization and in situ metal nanoparticle preparation as micro reactors. The 

polymerization of SBMA monomer and cross-linking reactions were confirmed via 

Fourier Transformation Infra-Red (FT-IR) spectroscopy (FT-IR, Thermo scientific, 

Nicolet iS 10). The spectra were recorded by attenuated total reflection (ATR) technique.   

4.2.3 In situ synthesis of Ni nanoparticles 

Ni nanoparticles were prepared by in situ reduction of Ni (II) ions loaded into 

p(SBMA) microgels by adapting the previously reported work [28]. Briefly, Ni (II) ions 

were loaded into microgels by suspending 0.1 g of dried p(SBMA) microgel in 50 ml, 

500 ppm Ni (II) solution at constant stirring of 400 rpm overnight. The metal ion-loaded 

microgels were then separated from the metal ion solution by filtration using a plankton 

cloth filter with pore size of 2 µm. Metal ion-loaded microgels were then washed with 

water to remove physically and/or loosely bound metal ions from microgels. To prepare 

metal nanoparticles, metal ion knitted microgel network was then treated with 50 ml 0.1 

M aqueous solution of NaBH4, and the reaction was allowed to proceed until the 

production of hydrogen gas stopped. After the preparation of Ni nanoparticles, microgel 

nanoparticle composites were filtered, washed with water and used in the catalytic 

reaction as catalysts. The amount of metal nanoparticles entrapped in microgels was 

determined by Atomic Absorption Spectroscopic (Thermo Scientific, ICE 3000 series, 

AAS), after dissolving Ni metal nanoparticles within p(SBMA) microgel composites by 

treating with 30 ml 5M HCl, and the amount of dissolved Ni(II) in the solution was 
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measured with AAS. For thermal stability, TGA analyses of p(SBMA) microgel and 

p(SBMA)-Ni microgel composites were compared using thermogravimetric analyzer 

(Seiko SII TG/DTA 6300). The Ni nanoparticles within p(SBMA)-Ni microgel 

composites were visualized by TEM (JEOL 2010, Japan) in a vacuum with an operating 

voltage of 200 kV. The commercially available formvar coated copper TEM grid (EMS 

FF-200) was used for TEM imaging. The p(SBMA)-Ni sample was dispersed in ethanol 

and one drop of the sample was placed on TEM grid, and the grid was kept in oven 

overnight for drying and then the image was recorded under vacuum at an operating 

voltage of 80 kV. 

4.2.4 Catalytic tests 

Catalytic activity of Ni nanoparticle-containing p(SBMA) was investigated by 

using the composite as catalyst in the reduction of nitro aromatic compounds such as 4-

NP, 2-NP and 4-NA. For the catalytic reactions, a specific amount of p(SBMA)-Ni 

composite containing 0.005 mmol of Ni (II) ions (determined by AAS) were added into 

50 ml, 0.01 M solution of 2-NP or 0.01M solution of 4-NP or 0.0025 M solution of 4-

NA. Into this reaction mixture, 0.756 g of NaBH4 was added as a reducing agent. During 

the reaction, 0.1 ml samples were withdrawn at certain time intervals and diluted with DI 

(150 times for 4-NP, 50 times for 2-NP and 20 times for 4-NA). Then the absorption 

spectra of the samples were recorded by UV-Vis spectrophotometer (UV-Vis, T80+, PG 

Instruments). The progress of the reaction was monitored by measuring the decrease in 

the peak of absorption maxima at 414 nm, 400 nm and 380 nm for 2-NP, 4-NP and 4-NA, 

respectively via the calibration curves that were prepared at these wavelengths. The effect 

of the amount of catalyst was studied by using different amounts of p(SBMA)-Ni 

composites while keeping all other reaction parameters the same. The effect of 

temperature was investigated by conducting the reaction at four different temperatures; 

30 ºC, 40 ºC, 50 ºC and 60 ºC. For reusability experiments, at the end of every reaction, 

p(SBMA)-Ni composites were separated from the reaction mixture by filtration, washed 

with DI and re-applied as catalysts again for the same reaction under the same conditions. 

The catalytic activity of the p(SBMA)-Ni composites was also evaluated in the presence 



74 
 

of different concentrations (0 M, 0.1 M, M 0.3 M, 0.7 M, and 1.0 M)   of NaCl  salt in the 

reaction mixture. 

4.3 Results and discussions 

4.3.1 The synthesis and characterization of p(SBMA) microgels  

Inverse suspension polymerization was employed for the preparation of p(SBMA) 

microgels using Span 80 as stabilizing agent and gasoline as continuous phase. In order 

to obtain fast and high swelling capacity, lightly cross-linked microgels were prepared by 

using only 1 mole% of cross-linker (MBA). The schematic representation of microgel 

preparation with chemical structures is given in Figure 4.1(a). The particle size of the 

prepared microgels was analyzed by optical microscopy and SEM analysis. An optical 

microscopic image of microgels swollen in water and SEM image of the dried particles is 

shown in Figure 4.1 (b) and (c), respectively. It is obvious from the optical microscopic 

image that in DI water-swollen state, the microgel particles had a spherical homogeneous 

shape with diameter of about 50 µm. On the other hand, the SEM image of the dried 

particles suggests that particles are about 10 µm in diameter. The FT-IR spectra of the 

monomer, the cross linker and prepared p(SBMA) microgel are given in Figure 4.2. The 

specific absorption bands for C=C were seen at around 1650 cm
-1

 for the monomer and 

the cross-linker, however, after polymerization, the absorption band in this region was 

not observed as can be seen in FT-IR spectra of p(SBMA). The disappearance of specific 

absorption band of C=C bond in the FT-IR spectrum and the appearance of specific 

absorption band at 1720 cm
-1

, 1482 cm
-1

, 1175 cm
-1

 and 1035 cm
-1 

confirms the presence 

of carbonyl group, quaternary ammonium, S=O asymmetric stretch, and S=O symmetric 

stretch of sulfonate groups of p(SBMA), respectively [27]. Additionally, the formation of 

spherical particles as shown in SEM image and their ability to absorb water without 

structural breakdown of the p(SBMA) microgel particles (as shown in optical microscope 

image) represents that the monomers were polymerized and microgel particles were 

produced. The percent yield of the prepared microgles was found to be 55 ± 5 %.  
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Figure 4.1 (a) Schematic representation of the synthesis of p(SBMA) microgels. (b) 

Optical microscopic, and (c) SEM image of p(SBMA) microgels. 

 

(b) (c)

MBA, APS, 25 °C

Gasoline, Span 80

(a)
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Figure 4.2 FT-IR spectra of the monomer, the cross-linker and p(SBMA) microgels. 

 

4.3.1 Preparation of Ni nanoparticles in p(SBMA) microgels 

The p(SBMA) microgels were used as template for in situ synthesis of Ni 

nanoparticle The schematic representation of the formation of Ni nanoparticles along 

with digital camera images of physical state of microgel is shown in Figure 4.3. As 

shown, in the first step, Ni (II) ions were loaded into microgels due to electrostatic 

attractions between positively charged Ni (II) ions and negatively charged sulfonate (SO3
-

) groups of microgels, and this was followed by the second step to reduce the entrapped 

Ni (II) ions to zero-valent metal nanoparticles. In the digital camera images, image 1 

shows that bare microgels are white colored powders in dried form. However, after 

absorbing Ni (II) ions, a light green color was formed throughout the microgel matrices 

that can be attributed to the entrapment of Ni (II) within p(SBMA) microgels. Digital 

camera image 3 shows a dark coloration of microgel-Ni composite after the in situ 
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generation of Ni metal nanoparticles. Due to the homogeneous presence of Ni 

nanoparticles through the microgel network, a black color was observed in the whole 

microgel network. Another significant change observed upon suspending the microgels in 

Ni (II) Chloride solution was the swelling in microgel network. As the microgel was 

added in Ni (II) Chloride solution, a rapid expansion in the volume of microgel was 

observed that can occur due the anti-polyelectrolyte effect that is, the polymer chains 

expand in aqueous medium in the presence of ionize able salt resulting in increased 

intrinsic viscosity. Such an expansion in polymer chains of zwitterionic polymers takes 

place due the reason that Ni
2+ 

and Cl
-
 ions generated from NiCl2.6H2O in water restrict 

the interaction between quaternary ammonium (
+
NR4) groups and sulfonate (SO3

-
) groups 

of p(SBMA). Due to higher charge density of Ni 
2+ 

and Cl
-
 ions as compared to the 

dipoles of water molecules, the interaction of polymer chains with Ni 
2+ 

and Cl
-
 ions may 

become stronger as compared to their interactions with water molecules. The interaction 

between polymer chains of p(SBMA) with Ni 
2+ 

and Cl
-
 ions may also bring some 

conformational changes that leads to decrease in polarizability of polymer network that 

can result in a decrease in the polymer-water interaction and an increase in polymer-

polymer interaction, therefore; the polymer chains may stick together as can be seen in 

digital camera images 2 and 3 in Figure 4.3. The decrease in the stickiness of microgels 

was also observed during metal ion loading procedure e.g., keeping them in NiCl2.6H2O 

solution for 2 hours. Upon suspending p(SBMA) microgels in Ni (II) solution, first 

swelling and then stickiness of microgels is decreased perhaps due to the reduction in the 

solubility of p(SBMA) network accompanied by a lessening in “anti-polyelectrolyte” 

effect as explained in detail by Mary et al. [29]. The amount of metal nanoparticles 

entrapped inside the microgels was determined by AAS measurements in terms of 

measuring the amount of Ni (II) ions. A specific amount of microgel containing Ni 

nanoparticles was treated with 5M HCl (30 ml) solution to dissolve metal nanoparticles 

into their corresponding metal ions. From AAS measurements it was found that 8 mg Ni 

(II) ions were present per gram of dried microgels. 
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Figure 4.3 Schematic representation of in situ synthesis of Ni nanoparticles within 

p(SBMA) microgels and digital camera images of (1) bare, (2) Ni (II)-loaded and (3) Ni 

nanoparticle-containing microgels.   

Ni nanoparticles prepared in microgels were visualized by TEM measurements. 

The TEM images of the Ni nanoparticles entrapped within microgels are shown in Figure 

4.4 (a). It is apparent from TEM images that Ni nanoparticles with diameters in the range 

of 50 to 80 nm were readily prepared. The absence of any agglomerates is evidence that 

p(SBMA) microgels can act as excellent stabilizers to prevent the aggregation of metal 

nanoparticles within the microgel network. The ability of the prepared novel microgels to 

act as template and stabilizing environment for in situ nanoparticle preparation are a few 

advantages these soft poly betaines provide for valuable media to be used as 

microreactors and then as catalysts. Thermal properties of the microgels and microgel 

metal nanoparticle composites were evaluated by thermal gravimetric analysis (TGA). 

Thermograms of bare and Ni-containing composite microgels are given in Figure 4.4(b) 

which illustrates the degradation of the bare and composite microgels upon heating up to 

900 °C. In bare microgels, degradation started at 100 °C but at this stage the degradation 

amount was very low and only 2% weight loss occurred upon heating to 233 °C. The 

degradation amount was slightly increased upon increasing the temperature from 230 to 

280 °C and another 6% weight loss was observed in this temperature range. Upon further 

Ni (II)

stirring stirring

NaBH4

(1)
(3)(2)

= Ni2+ = Ni nanoparticles
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heating, the degradation amount was increased another 72% weight loss by increasing the 

temperature from 280 to 432 °C. The total weight loss was further increased to 99% by 

heating up to 585 °C. In the case of microgel metal nanoparticle composites, a little 

increase in thermal stability was observed in the initial stage when temperature was 

increased to 270 °C and only 3% weight loss was observed, while in the same 

temperature range about 8% weight loss occurred in bare microgels. The slight increase 

in thermal stability may be attributed to the coordination interaction between polymer 

chains of p(SBMA) microgels and the entrapped Ni metal nanoparticles. A rapid thermal 

degradation in composites was observed by further heating and total weight loss 

increased to 93% when the heating temperature was increased to 538 °C. No more weight 

loss was observed upon further rise in the temperature up to 900 °C. The increased 

thermal stability at initial temperature range and overall lesser weight loss in p(SBMA) 

composite microgels is attributed to the presence of Ni nanoparticles and their interaction 

with the microgel network. 
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Figure 4.4 (a) TEM images of Ni nanoparticles fabricated in p(SBMA) microgel, and (b) 

TGA thermograms of bare and Ni metal nanoparticle-containing p(SBMA) composite 

microgels. 

4.3.2 Catalytic properties of p(SBMA)-Ni composites  

The catalytic properties of the Ni nanoparticles prepared in p(SBMA) microgels 

were investigated by using them as catalysts for the reduction of three different nitro 

aromatic compounds e.g., 4-NP, 2-NP and 4-NA. The progress of reduction of these nitro 

compounds was readily monitored using a UV-Vis spectrophotometer by tracking the 
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decrease in the absorbance values at their absorption maxima i.e. 400, 414, and 480 nm 

for 4-NP, 2-NP and 4-NA, respectively. The reductions of these nitro aromatic 

compounds to their corresponding amines are considered very important reactions in 

synthetic organic chemistry as they are used in pharmaceutical industries for preparation 

of various active agents. However, reduction of these nitro compounds cannot be carried 

out by just using reducing agents (i.e., NaBH4) without assistance of a catalyst. Different 

metal nanoparticles are commonly used as catalysts for the reduction of these reactions. 

Therefore, the catalytic properties of the Ni nanoparticles prepared in microgels were 

evaluated by employing them in the reduction of the above mentioned nitro compounds. 

The reduction was carried in the presence of excess reducing agent (40 fold) and a certain 

amount of p(SBMA)-Ni nanoparticle composites (0.005 mmol of Ni(II), as determined 

by AAS) as catalyst for the reduction of all the above mentioned nitro compounds under 

the same experimental conditions. The UV-Vis spectra representing the reduction of 4-

NP, 2-NP and 4-NA in terms of decrease in their absorption maxima with the passage of 

time are given in Figure 4.5 (a), (b) and (c), respectively. In our previous work [26] it was 

found that by using 40 fold excess amount of NaBH4 compared to nitro compound, the 

reduction rate of nitro compounds becomes independent of the concentration of NaBH4 

and the reaction can be considered as pseudo first order. Therefore, in the present work 

we have also used NaBH4 of 40 times excess compared to nitro compounds and these 

reactions were also assumed to be pseudo first order reactions. So, pseudo first order 

kinetics was applied to calculate the apparent rate constants (kapp). The catalytic 

efficiency of the prepared composites for different nitro compounds was compared by 

measuring kapp and the results are presented in Figure 4.6 as plots of ln(Ct/Co) against 

time; Where Co is the initial concentration of the nitro compound and Ct is the 

concentration at different time intervals during the progress of reaction. The values of kapp 

were found to be 0.1258 min
-1 

for 2-NP, 0.2374 min
-1

 for 4-NP and 0.6744 min
-1

 for 4-

NA. The variations in the values of kapp for the reduction of nitro compounds can also be 

observed from the slope of the plots of ln(Ct/Co) against time.  
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Figure 4.5 UV-Vis spectra for the reduction of (a) 4-NP, (b) 2-NP and (c) 4-NA 

catalyzed by p(SBMA)-Ni microgel composites. Reaction conditions: 50 ml of 0.01 M 4-

NP or 2-NP or 0.0025 M 4-NA, 0.756 g NaBH4, Ni catalyst = 0.005 mmol for 2-NP or 4-

NA and 0.015 mmol for 4-NP, 30 °C, 750 rpm. 
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Figure 4.6 Plots of ln(Ct/Co) as a function of time for the reduction of 4-NP, 2-NP and 4-

NA catalyzed by p(SBMA)-Ni microgel composites. Reaction conditions: 50 ml of 0.01 

M 4-NP or 2-NP or 0.0025 M 4-NA, 0.756 g NaBH4, Ni catalyst = 0.005 mmol, 30 °C, 

750 rpm. 

It can be clearly seen that the slope of the plot for 4-NP is greater than that of 2-

NP which indicates that the prepared catalysts are more effective in the reduction of 4-NP 

than 2-NP. Although, the slope of plot for 4-NA is higher compared to 2-NP and 4-NP 
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reduction of 4-NA demonstrates that the prepared composites can also be used as 

effective catalyst for the reduction of 4-NA. The effect of temperature on the catalytic 

performance of the p(SBMA)-Ni was also studied for the reduction of 4-NP. With the 

increase in temperature, an increase in the rate of reaction was observed as can be seen 

from the increasing slopes of plots of ln(Ct/Co) against time in Figure 4.7(a). The increase 

in kapp with the increase in temperature is presented in Figure 4.7(b). This increase in kapp 

can be attributed to the increase in thermal energy of the reacting species. The increase in 
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increase in temperature of the medium can also increases the thermal motion of polymer 

chains of p(SBMA) microgels.   

 

Figure 4.7 (a) Plots of ln(Ct/Co) as a function of time for the reduction of 4-NP at 

different temperatures catalyzed by p(SBMA)-Ni microgel composites. (b) Increase in 

kapp with the increase in temperature. Reaction conditions: 0.01 M 4-NP = 50 ml, 0.756 g 

NaBH4, catalyst = 0.005 mmol, 30 °C, 750 rpm. 
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Due to this increased thermal motion of the polymer chains, the inter and intra 

polymer chain electrostatic interaction between quaternary ammonium groups (
+
NR4) and 

sulfonate (SO3
-
) groups is decreased and polymer chains pulled apart from each other. As 

the polymer chains move apart from each other, the polymer network expands and it 

becomes easy for the reacting substances to diffuse into the p(SBMA) microgels and 

access to the Ni nanoparticle catalysts. In the swollen state, the more nanoparticles in the 

deeper region within the p(SBMA) microgel particles can be approached better perhaps, 

in comparison to relatively less expanded microgel network. In this way, the increase in 

temperature also contributes in the enhancement of kapp by swelling the polymer network. 

The data obtained from the temperature effect was further utilized to calculate the 

activation parameters of activation energy (Ea), activation enthalpy change (ΔH
#
), 

activation entropy change (ΔS
#
) and Gibb’s free energy change (ΔG

#
). The value of Ea 

was calculated by plotting lnkapp vs 1/T according to the Arrhenius Equation as shown in 

Figure 4.8(a) and it was found to be 35.64 kJ/mol. The values of ΔS
# 

and
 
ΔH

# 
were also 

calculated by plotting ln(kapp/T) vs 1/T according to the Eyring equation as shown in 

Figure 4.8(b). The values of ΔH
# 

were calculated from the slope of the plot of ln(kapp/T) 

vs 1/T and was found to be 33 kJ/mol. The positive value of ΔH
# 

indicates that the 

formation of the activated complex during the reduction of nitro compounds is an 

endothermic process and the rate of formation of activated complex, and hence kapp 

values of the reduction reaction can be increased by increasing the temperature. The 

increase in kapp for the reduction of 4-NP was observed by increasing the temperature also 

indicates that this process is endothermic. The value of ΔS
# 

was calculated from the 

intercept of plot of ln(kapp/T) vs. 1/T and it was found to be -197.53 Jmol
-1

K
-1

. The 

negative value of
 
ΔS

#
 demonstrates that the activated complex was in more ordered form 

compared to reactants and also formation of the activated complex was carried out by an 

association mechanism. The decrease in entropy of the system during the formation of the 

activated complex indicates that reduction of 4-NP is entropically not favorable. 

However, the presence of the catalyst overcomes this opposition against reduction of 4-

NP by providing energy to the reactants. The value of ΔG
#
 was calculated from the 

difference between the ΔH
# 
and TΔS

#
; where T is the temperature of the reaction medium 

in Kelvin. The values of ΔG
# 

were found to be 59.9 kJ.mol
-1

, 61.9 kJ.mol
-1

 and 63.9 



86 
 

kJ.mol
-1

 as calculated at 303K, 313K and 323K, respectively. The positive values of ΔG
# 

at every temperature suggest that reduction of 4-NP is a non-spontaneous process and it 

needs an input energy to proceed which is provided by the addition of the catalyst.  

 

Figure 4.8 (a) Graph of ln(kapp) against 1/T. (b) Graph of ln(kapp/T) against 1/T for the 

reduction of 4-NP catalyzed by p(SBMA)-Ni microgel composites. 
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As it has been reported that sulfobetain hydrogels also undergo volume phase 

transition in response to ionic slats, therefore, the effect of concentration of NaCl salt on 

the reduction rate of 4-NP catalyzed by p(SBMA)-Ni composites was also investigated. 

The dependence of kapp on the concentration of NaCl in the reaction medium is presented 

in Figure 4.9. It is clear that initially the increase in the concentration of salt from 0 to 0.3 

M, an increase in the rate of reaction from 0.423 to 0.561 min
-1

 was observed. However, 

upon further increase of the salt concentration from 0.3 to 1 M, the reduction rate was 

decreased from 0.561 to 0.316 min
-1

. Initially, the increase in reduction rate can be 

attributed due to swelling of microgels network. The diffusion of reactants through 

swollen microgel network become faster and due to faster the diffusion rate of reactants 

towards the Ni nanoparticles is increased leading to an increased in the rate of reaction 

(4-NP reduction) is observed. In the absence of any salt, due to columbic attractive forces 

between ammonium and sulfonate groups the hydrogels network cannot swell as much or 

completely. Therefore, addition of salt screens the columbic attractive forces due to “anti-

polyelectrolyte” effect, and allows the network to swell. Once the columbic interaction 

forces are completely screened by the salt, then the further addition of salt can act as 

retarding or interfering agent against the diffusion of 4- NP into the microgels. Therefore, 

the decrease in reduction rate at higher concentration of the NaCl can occur due to its 

interfering or retarding tendency. The reduction rate may also decrease due to reduction 

in “anti-polyelectrolyte” effect that appears in sulfobetaine microgels with the increase in 

salt concentration. The increase in both the temperature and the salt concentration (up to 

screening the columbic interactions between ammonium and sulfonate groups on the 

microgels network) resulted in an increase in the reduction rate of 4-NP catalyzed by 

p(SBMA)-Ni microgel composites. However, the extent of the reduction rate increase 

was bigger for temperature in 4-NP reduction reaction that salt effect catalyzed by 

p(SBMA)-Ni microgel catalyst system. This is plausible as the salt can only expands the 

microgels network whereas the increase in temperature not only causes swelling of 

microgels network by increasing the thermal motion of polymer chains by breaking their 

columbic interactions but also increases the diffusion rate of reactants by increasing their 

average kinetic energies.  
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Figure 4.9 Change in kapp with the change in concentration of NaCl in reaction medium. 

Reaction conditions: 0.01 M 4-NP = 50 ml, 0.756 g NaBH4, catalyst = 0.015 mmol, 30 

°C, 750 rpm. 

The effect of amount of catalyst on the reduction rate of 4-NP was also evaluated by 

monitoring the reduction in the presence of different amounts of catalysts. Three different 

amounts of catalysts (e.g, 0.005, 0.010 and 0.015 mmoles of Ni) were used and all other 

reaction conditions were kept constant. The kapp was calculated by plotting ln(Ct/Co) as a 

function of time as shown in Figure 4.10(a). The increase in slope of the plots with the 

increase in the amount of catalyst shows that the rate of reaction was increased by 

increasing the amount of catalyst. This variation in reduction rate with change in the 

amount of catalyst provides an additional tool to control the reduction rate of 4-NP. The 

increase in kapp with the increase in temperature is shown in Figure 4.10(b) by plotting 

kapp as a function of temperature. The maximum value of kapp obtained in the present 

study was 0.42 min 
-1

 which was achieved by using Ni nanoparticles prepared from 0.015 

mmoles of Ni (II). 
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Figure 4.10 (a) Plots of ln (Ct/Co) against time with different amounts of p(SBMA)-Ni 

catalyst (b) Increase in kapp with the increase in amount of catalyst. Reaction conditions: 

0.01 M 4-NP = 50 ml, 0.756 g NaBH4, 30 °C, 750 rpm. 
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The values of kapp obtained in the present work are very high compared to previously 

reported works. For example, Chi et al. have used 1 g of Fe3O4@SiO2–Ag core–shell 

nanocomposites for the reduction of 60 ml 0.06 mM 4-NP and the value of kapp was 

measured as 7.67 x 10
-3 

s
-1

 (or 0.46 min
-1

) [30]. Although, this value of kapp is close to the 

present work, it was obtained by using very high amount of catalyst and the concentration 

of 4-NP was also kept very low compared to the present work. Similarly, in another work 

the maximum value kapp was reported as 5.6 x 10
-3

 s
-1

 (or 0.3378 min
-1

) by Zhang et al. 

when they used 0.0185 mmol of silver nanodendrites as catalyst for the reduction of 

1.03×10
−4

 M 3 ml of 4-NP [31]. Furthermore, the reusability of the prepared p(SBMA)-

Ni composites was investigated for the reduction of 4-NP. For this purpose, at the end of 

each reaction the catalysts were separated from the reaction mixture by straightforward 

filtration, and then washed with DI water and were used again for the same reaction 

under the same experimental conditions. The results obtained for reusability are presented 

in Figure 4.11. As can be seen, after the first use catalytic activity was decreased to 37% 

and, after the third cycle it was further decreased to 10%. The catalytic activity was 

calculated comparing initial reduction rate to the reduction rate after every use. The large 

decrease in catalytic activity can be attributed to structural breakdown of the composites 

and loss of Ni nanoparticles from the microgel network. Although reusability results 

demonstrate that Ni nanoparticles were not firmly held by p(SBMA) microgels, the 

preparation of well separated Ni nanoparticles and high reduction rates for nitro 

compounds suggest that the prepared p(SBMA) can be used as micro reactor for the 

synthesis of Ni nanoparticles and p(SBMA) can be sacrificially used once or twice for the 

rapid reduction of 4-NP or some other nitro compounds.    
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Figure 4.11 Change in % activity of catalyst and % conversion of 4-NP with repetitive 

usage for three successive cycles. Reaction conditions: 0.01 M 4-NP = 50 ml, 0.756 g 

NaBH4, catalyst = 0.015 mmol, 30 °C, 750 rpm. 

4.4 Conclusions 

We demonstrated the synthesis of zwitterionic microgels by inverse suspension 

polymerization of a zwitterionic monomer SBMA. The prepared microgels were used as 

template for the synthesis of Ni nanoparticles. The absence of any agglomerates in TEM 

images of the prepared Ni nanoparticles reveal that the synthesized p(SBMA) microgels 

can be used as excellent stabilizers. Furthermore, the prepared p(SBMA)-Ni composites 

were shown to have very high catalytic performance in the reduction of nitro aromatic 

compounds. Mild activation energy was calculated as 35.64 kJ/mol. Also, the reduction 
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very high kapp value of 0.42 min
-1

 as a function of temperature was estimated. The 
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copolymeric zwitterionic hydrogels that can only be obtained by copolymerization of 

cationic and anionic monomers together in micro dimensions. This p(SBMA) microgel 

can also be used for the synthesis of other metal catalysts as well as quantum-dots for 

different environmental and biomedical applications.  
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Chapter 5 

Simultaneously catalytic reduction of multiple organic compounds by modifiable 

p(methacrylic-acid-acrylonitrile)-M (M:Cu, Co) microgel catalyst composites 

In this chapter, preperation and amidoximation poly(methacrylic acid-co-

acrylonitrile) (p(MAc-co-AN)) has been explained. The use of the prepared microgels as 

microreactors for the synthesis of Cu and Co nanoparticles and investigation of the 

catalytic of the as prepared composites for the individual and simultaneous reduction of 

nitrocompounds and dyes has also been explained in this chapter.  

5.1 Introduction 

Hydrogels are three dimensional cross linked polymeric networks that can swell in 

aqueous medium to large extent in comparison to their original mass and volume. These 

soft and flexible materials have rapidly gained importance in the field of material science 

due to their potential applications in many areas such as controlled drug delivery [1], 

tissue engineering [2], biomedical implants [3], water purification [4], enhanced oil 

recovery [5], template-based synthesis of inorganic nanoparticles [6] and 

bionanotechnology [7]. Such a wide range of applications of hydrogels arises due to their 

environmental friendly nature and tunable physical and chemical characteristics [8]. 

Recently, the development of hydrogels containing modifiable functional groups has 

become of increasing interest in the field of materials science. Motivation behind the 

designing of modifiable hydrogels is the formation of new diverse structures with tunable 

properties which makes these materials applicable under a wide range of conditions and 

hence their application range is increased [9, 10]. Modification of nitrile groups to the 

corresponding amidoxime groups was carried out by Sahiner and his coworkers in 

poly(acrylonitrile-co-N-isopropylacrylamide) (p(AN-co-NIPAM)) core-shell hydrogel 

nanoparticles which were used as drug delivery systems [10]. It was observed that after 

amidoximation the active agent loading/release capacity of nanoparticles is increased 

almost two-fold emphasizing the post modification methods as useful tool to design a 

tunable drug delivery system to release drug according to desired rate. Therefore, in 

biomedicinal applications of hydrogels, an appropriate functional group generation on the 

http://www.sciencedirect.com/science/article/pii/S0079670008000129#bib1
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hydrogel matrices by post modification can make these hydrogels as resourceful 

materials. Apart from biomedical field, modifiable hydrogels have also become very 

popular in environmental application. For example Luo et al. have synthesized poly(N-

isopropylacrylamide-co-acrylic acid) (p(NIPAM-AA)) hydrogels that are temperature, 

pH and ionic strength responsive materials. Moreover, after modification with 40-

aminobenzo-18-crown-6 ((ABC) 6) via EDC coupling, crown ether groups were 

introduced in these hydrogels and they became sensitive towards lead ions due to the 

ability of crown ether groups to form host-guest complex with lead ions and this system 

was used as lead ions sensor [11]. Synthesis of acrylonitrile based hydrogels and 

conversion of nitrile group to amidoxime has gained much attention due to the very high 

tendency of amidoxime groups to absorb heavy metal and uranium ions from aqueous 

mediums [12-15]. Efficient removal of uranium ions from sea water by using polymeric 

resins containing amidoxime groups have been reported in many investigations [15-17]. 

Absorption of heavy metal ions from water by applying polymeric resins bearing 

amidoxime groups was studied by Maria et al. [18]. They prepared polymeric resin by 

copolymerization of acrylonitrile (AN) and divinylbenzene (DVB). Nitrile groups were 

modified to amidoximes by treating with hydroxylamine hydrochloride and the resin was 

used for the removal of heavy metal ions from water. In this study a large increase in the 

absorption of metal ions was observed after modification of nitriles to amidoximes. 

Lutfor and coworkers have also reported removal of heavy metal ions from water by 

using poly(amidoxime) chelating resin and they found that amidoxime groups can absorb 

larger amount of Cu
2+

 as compared to other metal ions [19]. The higher absorption 

capacity of polymeric materials bearing amidoxime groups for Cu
2+

 as compared to other 

metal ions have also been reported by  some other researchers as well [20-22]. 

Until now most of the applications of amidoxime based resin have been focused on 

their use as sorbents for the removal of heavy metal and uranium ions from aqueous 

medium. Here, we have used amidoxime group containing microgels for the in situ 

synthesis of Cu and Co metal nanoparticles (MNP).  The ability of amidoxime group 

containing microgels to stabilize metal nanoparticles and their applications to individual 

and simultaneous catalytic degradation of industrial pollutants like 4-nitrophenol (4-NP), 

2-nitrphenol (2-NP) and cationic/anionic dyes such as eosin y (EY), methyl orange (MO) 



98 
 

and methylene blue (MB) was investigate. Although there are many reports for the 

individual degradation of these pollutants by metal nanoparticles stabilized in cationic or 

anionic hydrogels [23], there is no report for the amidoximated polymeric structures for 

in situ metal nanoparticle preparation and their use simultaneous reduction of dyes and 

nitro compound [24]. Due to the existence of a variety of pollutants in industrial effluent 

together, their one by one removal or degradation is not only time consuming but also 

very costly. Therefore, the industrial applications demand to design of versatile catalysts 

systems that is be able to catalyze the degradation of different types of pollutants such as 

dyes and nitro compounds simultaneously. In this regard previously we have reported 

simultaneous degradation of 4-NP and a cationic dye EY by metal nanoparticles 

fabricated in anionic microgels [24]. Here, we report simultaneous degradation of 

nitrophenols, cationic and anionic dyes by Cu NP stabilized within amid-p(MAc-co-AN) 

microgels. The amidoxime groups present in microgel network not only provide the 

absorption of metal ions in higher capacity for the in situ formation of metal 

nanoparticles, but also facilitate the diffusion of nitrophenols and cationic and anionic 

dyes to metal nano catalysts surfaces irrespective of the charges on these pollutants. The 

micron size of the amid-p(MAc-co-AN) microgel particles allow their easy recovery by 

filtration. Therefore, these types of catalysts can also be used repeatedly after recovering 

from the reaction medium by simple filtration process. 

5.2 Experimental 

5.2.1 Materials 

Methacrylic acid (MAc, 99%, Aldrich) and Acrylonitrile (AN) as monomers, N,N–

methylenebisacrylamide (MBA 99%, Acros) as the crosslinking agent, ammonium 

persulfate (APS, Aldrich) as initiator, N,N,N′,N′-tetramethylethylenediamine (TEMED, 

Merck ) as an accelerator, sorbitane monooleate (SPAN®80, Fluka) as a surfactant and 

cyclohexane (99.8%) used as solvent were purchased from Aldrich and used as received. 

Hydroxylamine hydrochloride (NH2OH. HCl, 98% Sigma Aldrich) and sodium 

hydroxide (NaOH, 98-100.5% Sigma Aldrich) were used for amidoximation. Cobalt (II) 

chloride hexahydrate (CoCl2.6H2O, 99% Sigma Aldrich) and copper(II) chloride (CuCl2, 



99 
 

99% Aldrich) were used as metal ion sources while sodium borohydride (NaBH4, 98% 

Aldrich) was used as reducing agent for metal nanoparticle preparation. 2-nitrophenol (2-

NP 99% Acros) and 4-nitrophenol (4-NP 99% Acros) were used as nitro compounds for 

reduction reactions. Eosin Y (EY, 90%, Sigma Aldrich), methyl orange (MO, containing 

acid orange 52, Fluka analytical) and methylene blue (MB) were used as organic dyes. 

Double distilled water (DDW) was used throughout the experiments. 

5.2.2 Synthesis of p(MAc-co-AN) microgels 

p(MAc-co-AN) microgels were prepared  by inverse suspension polymerization. 

Briefly, in a 250 mL round bottom flask, 320 µL span 80 was mixed in 100 mL 

cyclohexane. This mixture was homogenized by rapid stirring and purged with N2 for 15 

minutes to remove dissolved oxygen. MBA, 0.0364g (0.5 mol% of monomers), and 

0.2154 g of APS (2 mol% of monomers) were dissolved in 2mL DDW in a vial by vortex 

mixer; and then 2 mL MAc and 1.548 mL of AN were also added in the same vial and the 

mixture was vortexed again to homogenize. The mixture of monomers, cross-linker and 

initiator was transferred to reaction flask already containing cyclohexane-span 80 

mixture. This new reaction mixture was stirred for 10 minutes at 600 rpm continuously 

under N2 purging. Then the reaction was initiated by the addition of 0.5 mL TEMED and 

allowed to proceed in N2 atmosphere for 4 hours at 40 °C in an oil bath. The prepared 

microgel particles were collected by decantation of cyclohexane. In order to clean, the 

microgel particles were washed with ethanol and then with DDW by centrifugation at 

10,000 rpm and 20 ºC for 10 minutes followed by removal of the supernatant solution 

and redispersing in distilled water and re-centrifugation at least five times. Finally, 

p(MAc-co-AN) microgel particles were dried in oven at 60 ˚C for further use. 

5.2.3 Amidoximation reaction 

In order to increase the hydrophilcity and metal ion absorption capacity of the prepared 

microgels, the hydrophobic nitrile (AN) groups were converted into hydrophilic 

amidoxime groups. This conversion was carried out by treating p(MAc-co-AN) 

microgels with  hydroxylamine hydrochloride (NH2OH. HCl). In a typical reaction, in a 

reaction flask at least three fold excess (with respect to number of moles of AN in 
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microgel) NH2OH.HCl was first neutralized by treating with equivalent amount of NaOH 

in 100 mL DDW. Then, certain amount of p(MAc-co-AN) microgel was added in 

reaction flask and reaction was allowed to proceed for 24 hours at 80 ºC in an oil bath. At 

the end of this reaction time, the obtained amidoximated-poly(methacrylic acid-co-

acrylonitrile) (amid-p(MAc-co-AN)) microgels were washed with DDW several times 

and dried at 60 ºC in oven. These dried microgels were further used for characterization 

and as microreactors for the synthesis of metal nanoparticles. 

5.2.4 In situ synthesis of metal nanoparticles   

Metal nanoparticles were synthesized by in situ reduction of metal ions within the 

microgel particles. Metal ions were loaded by suspending 0.1 g of dried amid-microgels 

in 50 mL, 500 ppm aqueous solution of metal chlorides (CoCl2.6H2O and CuCl2) for 5 

hours under continuous stirring (400 rpm). In our previous work [25], it was shown that 

amid-p(MAc-co-AN) microgels can absorb various heavy metal ions, organic dyes and 

herbicide up to maximum capacity in the first 40 minutes and no more increase in the 

absorbed amounts was observed upon increasing the contact time. However, in the 

present study in order to ensure the establishment of stable equilibrium between metal 

ions inside the microgels and those in aqueous solution surrounding the microgels, the 

contact time was increased to 5 hours. At the end of the loading time, metal ion loaded 

microgels were allowed to settle down and then separated by decantation from the metal 

ions in aqueous solution, and microgels loaded with metal ions were washed with DDW 

to remove loosely bound or unbound metal ions. The reduction of metal ions was carried 

out in 50 mL 0.1M solution of NaBH4 at room temperature under continuous stirring at 

400 rpm for 3 h. The prepared microgel-metal nanoparticle composites were filtered with 

plankton cloth filter paper having pore size 2 µm, washed with DDW and used for 

characterization and as catalysts. The amounts of metal nanoparticles entrapped in 

microgels were calculated by Atomic Absorption Spectroscopic (Thermo Scientific, ICE 

3000 series, AAS) measurements after dissolution of entrapped metal nanoparticles 

within amid-p(MAc-co-AN) microgel by treating with 5M HCl aqueous solution. 
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5.2.5 Catalytic tests 

Catalytic performances of MNP containing microgel composites were studied by 

employing them as catalysts for the individual reductions of 4-NP, 2-NP, EY, MO and 

MB as well as for the simultaneous reduction of 4-NP, EY and MB. For the reduction of 

nitro compounds, in a typical run,  certain amount of amid-p(MAc-co-AN)-M composite 

(containing 0.045 mmoles of M(II) as determined by AAS) was dispersed in 100 mL 0.01 

M solution of 4-NP or 2-NP, and the reaction was initiated by the addition of 1.89 g 

NaBH4. During the reaction, 0.1 mL sample was withdrawn from the reaction mixture at 

specific time intervals and diluted to certain ratio (150 times dilution for 4-NP, and 50 

times for 2-NP) with DDW. After dilution, absorption spectra were recorded by UV-Vis 

spectrophotometer (UV-Vis, T80+, PG Instruments). The reduction rate constants were 

calculated by measuring the decrease in absorption peak at 400 nm and 414 nm for 4-NP 

and 2-NP respectively. The effect of temperature on the reaction rate was evaluated by 

conducting the reaction at four different temperatures; 30 ºC, 40 ºC, 50 ºC and 60 ºC. 

The catalytic performances of amid-p(MAc-co-AN)-Cu composites for the degradation 

of organic dyes was studied by adding certain amount of amid-p(MAc-co-AN)-Cu 

composite (containing 0.045 mmoles of Cu
2+

) in 100 mL solution of dye with MO = 4 x 

10
-5 

M , EY = 4 x 10
-4 

M and MB = 1.6 x 10
-4 

M concentrations. The Degradation of dyes 

was initiated by the addition of 0.075 g NaBH4. From the medium, 0.5 mL of aliquots 

were withdrawn at specific time intervals diluted: 4 times dilution for EY and 10 times 

for each of MO and MB with DDW and their absorption spectra were recorded by UV-

Vis spectrophotometer. Reduction or degradation of these compounds was monitored by 

measuring the decrease in their corresponding absorption maxima at 414 nm, 400 nm, 

464 nm, 516 nm and 664 nm for 2-NP, 4-NP, MO, EY and MB respectively. For 

simultaneous catalytic reduction of 4-NP, EY and MB, a 100 mL solution containing 

0.001 M 4-NP, 16 x 10
-4 

M EY and 2.4 x 10
-4 

M MB was subjected to degradation in the 

presence of 0.38 g NaBH4 and certain amount of amid-p(MAc-co-AN)-Cu (containing 

0.045 mmoles of Cu
2+

). During the reaction, 0.5 mL sample was withdrawn from the 

reaction mixture, diluted 15 folds by the addition of DDW, and their absorption spectra 

were recorded by UV-Vis spectrophotometer. In order to demonstrate the reusability of 

catalyst systems, these catalysts were separated from the reaction mixture by filtration, 
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washed with DDW and were reused under the same experimental conditions for seven 

successive runs in the reduction of 4-NP. 

5.3 Results and discussion 

5.3.1 Synthesis of p(MAc-co-AN) microgels and amidoximation of nitrile groups 

The synthesis of p(MAc-co-AN) microgels were accomplished by inverse suspension 

polymerization, and a schematic representation of the synthesis of p(MAc-co-AN) 

microgels and amidoximation of nitrile groups is given in Figure 5.1 (a). As 

demonstrated in Figure 5.1 (b) by the SEM image of p(MAc-co-AN) microgels particles 

have well defined spherical shapes, and size of most of the particles is around 200 µm. 

The introduction of amidoxime groups on microgels network was achieved by converting 

nitrile groups into amidoxime groups, this amidoximation reaction was confirmed by 

Fourier Transformation Infrared Spectroscopy (FT-IR). The FT-IR spectra of microgels 

before and after amiodoximation are given in Figure 5.2. It is obvious that a broad peak 

about 3000 cm
-1

 for –OH and another peak about 1700 cm
-1

 for –C=O group before and 

after amidoximation represent the presence of carboxylic groups from the methacrylic 

acid moieties. However, after treatment of p(MAc-co-AN) with NH2OH, the 

disappearance of nitrile peak at 2241 cm
-1 

confirms the conversion of nitrile groups to 

amidoxime groups [12-14]. 
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Figure 5.1 (a) Schematic representation for the synthesis of p(MAc-co-AN) microgels, 

amidoximation reaction and (b) SEM images of p(MAc-co-AN) microparticles.  
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Figure 5.2 FT-IR spectra of  p(MAc-co-AN) microgels before and after amidoximation. 

 

5.3.2 In situ synthesis of metal nanoparticles 

In situ synthesis of Cu and Co nanoparticles was carried according to previously 

reported work [24], and Figure 5.3 gives schematic representation for the absorption of 

metal ions in microgels and subsequent reduction of the absorbed metal ions to generate 

metal nanoparticles within amid-p(MAc-co-AN) microgel network. As it has been 

reported by many researchers that amidoxime groups have very good tendency to absorb 

heavy metals ions such as Cu
2+

 and Co
2+

 ions [18-21], therefore, in this study we have 

also utilized amidoxime groups to absorb Cu
2+ 

and Co
2+

 ions. The physical appearance of 

reaction system at every step is illustrated by digital camera images as shown in Figure 

5.3 which shows that amid-p(MAc-co-AN) microgels are colorless as shown in digital 

camera image (1). The absorption of metal ions can be clearly seen in Figure 5.3 from 

their corresponding green and pink colors of copper and cobalt ions loaded amid-

microgels, respectively as given in images (2) and (3). After reduction, metal ions were 

converted into MNP, and the reactor, microgel system was turned black as shown by 

digital camera image (4) in Figure 5.3. TEM images of the prepared amid-p(MAc-co-

AN)-M composites are given in Figure 5.4 (a) and  (b) that show that metal nanoparticles 

were homogeneously distributed in microgels. However, depending upon the nature of 
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metals different size of nanoparticles that can be assumed about 10-50 nm obtained for 

Cu and Co. Thermal properties of the prepared microgels and microgel metal 

nanoparticle composites were investigated by performing thermo gravimetric (TG) 

analysis. Thermograms of bare microgels before and after amidoximation and of 

composite microgels are given in Figure 5.4 (c). As can be seen bare p(MAc-co-AN) 

microgels degradation was started around 100 °C, initially degradation rate was slow and 

21% weight loss was occurred as the temperature was raised to 300 °C. However, with 

further increase in temperature, the degradation rate was increased and another 71% 

weight loss was occurred in the temperature range of 300 °C to 428 °C. After 

amidoximation of microgels, degradation was also started around 100 °C and 15% weight 

loss was observed when temperature was reached to 267 °C. Another 46% weight loss 

was observed with rapid degradation rate as the temperature was increased from 267 to 

457 °C. Two more distinct degradation temperatures were also observed in the 

temperature ranges from 568 to 581 °C and 783 to 900 °C with 21 and 10% weight losses 

respectively. The different thermal behavior of microgels before and after amidoximation 

represents some structural changes that are achieved by amidoximation. Overall, higher 

degradation temperature and lesser weight loss was shown by amid-p(MAc-co-AN)-M 

composites implying the better thermal resistance behavior of amidoximated hydrogel. 

For amid-p(MAc-co-AN)-Co, 45% weight loss was observed when it was heated to 600 

°C and a total 66% weight loss occurred even by increasing the temperature to 900 °C. In 

case of amid-p(MAc-co-AN)-Cu composites 47% weight loss up to 656 °C and 64% 

weight loss was observed by heating up to 900 °C. The higher thermal stability amid-

p(MAc-co-AN)-M composites can be achieved due to strong coordination interaction 

between metal nanoparticle and amidoxime groups that can be developed due to the 

presence of small amount of charge on the surface of metal nanoparticles [26]. However, 

strength of this coordination interaction may be different for Co and Cu nanoparticles as 

it can be seen from initial regions of thermogrames of amid-p(MAc-co-AN)-M 

composites. Up to 370 °C only 15% weight loss with relatively slow degradation rate in 

amid-p(MAc-co-AN)-Co composites was observed while 25% weight loss was occurred 

for amid-p(MAc-co-AN)-Cu composites that shows that Co nanoparticles may have 

strong coordination with amidoxime groups as compared to Cu nanoparticles. 
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Figure 5.3 Schematic representation for the synthesis of metal nanoparticles, and digital 

camera images of (1) bare amid-p(MAc-co-AN) microgels and microgels loaded with (2) 

Cu
2+

 (3) Co
2+ 

 and (4) metal nanoparticles. 
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Figure 5.4 TEM images of (a) amid-p(MAc-co-AN)-Cu and (b) amid-p(MAc-co-AN)-

Co composites. (c) TGA thermograms of p(MAc-co-AN) before and after amidoximation 

and  of amid-p(MAc-co-AN)-M composites.  
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metal nanoparticles was calculated by AAS measurements. The amount of metal ions 

absorbed by the microgels was calculated by measuring the concentration of metal ions 

from their corresponding aqueous solutions before and after their absorption by 

microgels. It was observed that 55.05 mg of Cu
2+

 and 37 mg of Co
2+ 

were absorbed by 

per gram of dried p(MAc-co-AN) microgels. However, after amidoximation reaction, the 

absorption capacity of microgels was increased to 128.675 mg of Cu
2+

 and 120 mg of 

Co
2+ 

per gram of dried amid-p(MAc-co-AN) microgels. As, the metal ion loaded 

microgels were washed to remove loosely bound metal ions and then metal ions 

entrapped within microgels were reduced to metal nanoparticles, so some amount of 

metal ions may be lost in washing process. Therefore; in order to calculate exact amount 

of metal nanoparticles and percent conversion of the absorbed metal ions into 

corresponding metal nanoparticles, the prepared amid-p(MAc-co-AN)-M composites 

were washed with DDW and then metal nanoparticles were dissolved into their 

corresponding metal ions by treating with 5M HCl  (30 mL) solution. The amount of 

metal ions was again recorded with AAS and it was found that 108.26 mg of
 
Cu

2+ 
and

 

104.56 mg of Co
2+ 

were present in per gram of amid-p(MAc-co-AN) microgels. These 

results show that 84.14% of Cu
2+ 

and
 
95.05 % of the absorbed Co

2+ 
were obtained as 

metal nanoparticles. This loss of metal ions may be attributed due to loss of loosely 

bound metal ions during washing process and some uncompleted conversion of the metal 

ions to MNPs. Another important feature of the prepared composites is the magnetic 

behavior of amid-p(MAc-co-AN)-Co composites. In the absence of an external magnetic 

field, the amid-p(MAc-co-AN)-Co composites remain suspend in water as shown in 

Figure 5.5 (a). However when an external magnetic field was applied then amid-p(MAc-

co-AN)-Co composites started to move towards the magnet and a few seconds later, all of 

the composite particles were attracted and stick to the surface of the vial where the 

magnet is situated as shown in Figure 5.5 (b) and (c) respectively. This inherently 

magnetic behavior of the catalysts offers great advantage in terms of their recovery and 

reusability [23, 27].  
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Figure 5.5 Amid-p(MAc-co-AN)-Co composites (a) in the absence of external magnetic 

field and (b) movement of magnetic nanoparticles towards externally applied magnetic 

field (c) attraction of all nanoparticles towards externally applied magnetic field. 

5.3.3 Catalytic activity of amid-p(MAc-co-AN)-M composites 

Catalytic activity of the prepared amid-p(MAc-co-AN)-M composites was evaluated by 

using them as catalysts for the reduction of 2-NP and 4-NP as well as for the degradation 

of cationic and anionic dyes such as MB, MO and EY. It is important that the 

simultaneous degradation of nitrophenol, cationic and anionic organic dyes was also 

accomplished by use of p(MAc-co-AN)-Cu composite catalyst system. The values of 

apparent rate constants (kapp) calculated by applying pseudo first kinetics for the 

degradation of these pollutants. Although NaBH4 is a strong reducing agent, it cannot 

reduce nitrophenols without any support of MNP catalyst. Actually, there is a large 

kinetic barrier between electron donor BH4
– 

and acceptor of nitro compounds, and NaBH4 

do not have so much potential to overcome this potential barrier. Therefore, it could not 

reduce the nitro compounds without any external aid that is provided by a metal nano 

catalyst. Metal nanoparticles are known as excellent catalysts for the reduction of nitro 

compounds by NaBH4 due to having potential to relay electron from BH4
– 

to nitro 

compounds by overcoming the large kinetic barrier [28, 29]. Therefore, we have used 

amid-p(MAc-co-AN)-M composites containing metal nanoparticles as catalysts. UV-Vis 

spectra for the reduction of 4-NP and 2-NP catalyzed by amid-p(MAc-co-AN)-Cu are 

(a) (c)(b)
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given in Figure 5.6 (a) and 5.6 (b) respectively. The reduction of nitrophenoles is evident 

from the successive decrease in their absorption peaks with the passage of time.  

 

 

Figure 5.6 UV-Vis spectra for the reduction of (a) 4-NP and (b) 2-NP in the presence of 

amid-p(MAc-co-AN)-Cu composites. Reaction conditions; 0.01 M 2-NP or 4-NP = 100 

mL, NaBH4 = 1.89g, catalyst = 0.045 mmol, 30 °C, 600 rpm. 
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Figure 5.7 Dependence of kapp on (a) amount of NaBH4 and (b) amount of catalyst for the 

reduction of 4-NP catalyzed by amid-p(MAc-co-AN)-Cu. Reaction conditions; 0.01 M 4-

NP = 100 mL, NaBH4 = 1.89g, 30 °C, 600 rpm. 
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to moles of 4-NP. Initially, an increase in the reduction rate was observed by increasing 

the relative concentration of NaBH4 up to 50 folds. However, by further increase in 

amount of NaBH4 no change in reduction rate was observed as shown in Figure 5.7 (a). 

As the reduction rate of 4-NP was found to be independent on the concentration of 

NaBH4 when it was increased above 5 folds; therefore, the catalytic reductions of 4-NP 

and 2-NP were carried in the presence of 5 folds excess of amount of NaBH4 throughout 

this research. In order to evaluate the effect of metal types on the catalytic efficiency of 

the prepared composites, certain amounts of composites containing MNPs composed of 

equal number of moles of Co and Cu ions were employed in the reduction of 2-NP and 4-

NP while keeping all other reaction parameters constant. Composites containing Cu 

nanoparticles were found as more effective catalysts for the reduction of nitrophenols 

which can be seen from greater values of kapp calculated for amid-p(MAc-co-AN)-Cu as 

compared to those for amid-p(MAc-co-AN)-Co that are given in Table 5.1. 

  

Table 5.1 Values of kapp for the reduction of nitrophenols and dyes. 

 

kapp = apparent rate constant,                        R
2 

= coefficient of determination 

      Reaction conditions = 100 ml solution [0.01 M 4-NP, 0.01 M 2-NP, 4 x 10
-5 

M EY,       

      and 4 x 10
-4 

M MO], amid-p(MAc-co-AN)-M composite (M: 0.045 mmol).  

      NaBH4 = 01.89g for nitrophenoles and 0.0756 g for dyes. 600 rpm, and 30 °C. 

 

Pollutant Catalyst kapp (min-1) R2

2-NP amid-p(MAc-co-AN)-Cu 0.3299  0.007 0.966

amid-p(MAc-co-AN)-Co 0.1468  0.003 0.998

4-NP amid-p(MAc-co-AN)-Cu 0.4251  0.021 0.987

amid-p(MAc-co-AN)-Co 0.0745  0.002 0.989

MO amid-p(MAc-co-AN)-Cu 1.2001  0.166 0.996

EY amid-p(MAc-co-AN)-Cu 0.2143  0.012 0.974
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The effect of the amounts of catalyst was studied by using different amounts of 

prepared composites as catalysts in the same reduction reactions catalyzed by amid-

p(MAc-co-AN)-Cu. The plots of ln(Ct/Co) vs time shown in Figure 5.7 (b) for the 

reduction of 4-NP catalyzed by different amounts of catalysts. The reduction rate was 

increased by increasing the amount of catalysts as it can be seen from the increase in 

slope of the plots of ln(Ct/Co) vs. time in Figure 5.7 (b). As with the increase in amount of 

catalysts, the available catalytic sites are also increased. The presence of larger catalytic 

sites in the reaction mixture increases the effective collision frequency, and hence the rate 

of reaction is also increased. The effect of temperature on the catalytic activity of both of 

the Cu and Co nanoparticle containing composites was also investigated by carrying out 

the reduction of 4-NP at four different temperatures i.e. 30 ºC, 40 ºC, 50 ºC, and 60 ºC 

keeping all other parameters constant. As presented in Figure 5.8, a good linear pattern of 

plots of ln(Ct/Co) vs time for the reduction of 4-NP catalyzed by amid-p(MAc-co-AN)-

Cu composites was observed, and this linear correlation not only confirms that these 

reactions follow pseudo first order kinetics but also demonstrates the homogeneous 

distribution of Cu MNP within amid-p(MAc-co-AN) microgels.  

 

Figure 5.8 (a) Plots of ln (Ct/Co) vs. time for the reduction of 4-NP catalyzed by amid-

p(MAc-co-AN)-Cu composites at different temperatures. Reaction conditions; 0.01 M 4-

NP = 100 mL, NaBH4 = 1.89g, catalyst = 0.045 mmol of Cu or Co, 30 °C, 600 rpm. 
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A similar linear pattern of plots of ln(Ct/Co) vs time for the reduction of 4-NP catalyzed 

by amid-p(MAc-co-AN)-Co composites was also obtained. As illustrated in Figure 5.9, 

the variations in kapp values were increased with the increase in temperature of the 

reaction medium. By increasing the temperature of reaction medium, the average kinetic 

energy of reactants was increased and this increases the rate of collision of reacting 

species, and as a result the rate of reaction was also increased.  Although rate of reaction 

was increased by increasing the temperature in case of both composites, a different trend 

in the variations was observed. For amid-p(MAc-co-AN)-Co composites comparatively 

small but almost linear increase in reduction rate was observed by increasing temperature 

from 30 to 60 ºC. On the hand, in case of amid-p(MAc-co-AN)-Cu composites, kapp was 

increased linearly by increasing temperature from 30 to 50 ºC and then a rapid increase 

by increasing from 50 to 60 ºC was observed. Since coordination interaction of metal 

nanoparticle with any functional group depends upon the charge density on the surface of 

MNP [25], the nanoparticle of different metals may have different coordination 

interaction due to having different charge density, surface properties, and their sizes and 

the number of electrons in their valance shells. Here, as the nanoparticles are prepared 

from two different elements which were stabilized by same functional groups present in 

the microgels, it is possible that these MNPs may show different coordination interaction 

resulting in different stability and thermal response of the prepared composites.  
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Figure 5.9 Change in kapp as a function of temperature. Reaction conditions; 0.01 M 4-NP 

= 100 mL, NaBH4 = 1.89g, catalyst = 0.045 mmol of Cu or Co, 30 °C, 600 rpm. 

 

Catalytic performance of the amid-p(MAc-co-AN)-M composites was also investigated 

for the degradation of some organic dyes: EY, MO and MB that are generally discharged 

from industrial waste and cause water pollution [30]. Both of Cu and Co containing 

microgel composites were used as catalysts but it was found that amid-p(MAc-co-AN)-

Co composites were not able to catalyze the degradation of these dyes. UV–Vis spectra 

obtained for amid-p(MAc-co-AN)-Cu catalyzed degradation of MO, EY and MB are 

given in Figure 5.10(a), (b) and (c) respectively. It can be seen that MB was completely 

degraded within 10 seconds while the degradation of MO was completed in 2.5 minutes, 

and the degradation of EY took more than 16 minutes. The greater catalytic efficiency of 

amid-p(MAc-co-AN)-Cu composites for MB was attributed due to the fact that amid-

p(MAc-co-AN)-Cu composites have tendency to absorb MB because of the charge- 

charge interaction between negatively charged microgel and positively charged MB.  
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Figure 5.10 UV-Vis spectra representing degradation of (a) MO, (b) EY and (c) MB in 

the presence of amid-p(MAc-co-AN)-Cu catalyst. Solution = 100 mL (MO = 4 x 10
-4 

M, 

EY = 4 x 10
-5 

M, and MB = 1.6 x 10
-4 

M), NaBH4 = 0.075g, catalyst = 0.045 mmol, 30 

ºC, 600 rpm. 
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There are multiple sources of contaminations and different pollutant can exist in the 

same polluted aquatic environments. Therefore, the ability of amid-p(MAc-co-AN)-Cu 

composites to catalyze two reactions taking place in same reaction medium at the same 

time was also investigated by employing them as catalysts for the concurrent reduction of 

4-NP and EY, 4-NP and MB and EY and MB. UV-Vis spectra obtained for these 

simultaneous catalytic reactions are given in Figure 5.11 (a), (b) and (c) for 4-NP and EY, 

4-NP and MB and EY and MB, respectively. From these reactions, it was observed that 

the nature of organic dye present in the reaction mixture effects the reduction rate of 4-

NP. Figure 5.11 (a) represents the reduction of 4-NP together with an anionic dye EY and 

it can be seen from this Figure, 4-NP was completely reduced in 4 minutes as can be seen 

from decrease in absorption peak at 400 nm, while reduction of EY continued up to 17 

minutes as can be visualized in UV-Vis absorption peak of 514 nm. However, 

interestingly the reduction rate of 4-NP was decreased to a large extent when it was 

reduced together with MB.  
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Figure 5.11 UV-Vis spectra representing simultaneous reduction of (a) 4-NP and EY (b) 

4-NP and MB and (c) EY and MB from aqueous medium in the presence of amid-

p(MAc-co-AN)-Cu catalyst. Reaction conditions; solution = 100 mL (8 x 10
-5 

M and EY, 

2.4 x 10
-4 

M and MB and 1 x 10
-3 

M and4-NP), NaBH4 = 0.38g, catalyst = 0.045 mmol, 

30 ºC, 600 rpm. 
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This decrease in reduction rate of 4-NP can be seen from Figure 5.11(b) that shows that 

when MB and 4-NP were subjected to degrade simultaneously by amid-p(MAc-co-AN)-

Cu from the same reaction mixture. As can be seen from the Figure, MB was completely 

degraded in 10 sec while reduction of 4-NP was completed in 17 minutes. This result 

shows that in the simultaneous reduction of 4-NP and an organic dye, there is a decrease 

the reduction rate of 4-NP due to the presence of cationic organic dye, MB. On the other 

hand, when the degradation of MB and MO was carried out simultaneously as shown in 

Figure 5.11(c), the reduction rates of MB and EY were found to be independent from 

each other. As MB was completely degraded within 10 sec in the presence of both the 4-

NP and EY and similarly EY was degraded in 17 minutes in the presence of 4-NP as well 

as MB. Consequently, the existence of a nitro compound together with an organic dye or 

the existence of two organic dyes in a contaminated water can be readily eliminated by 

amid-p(MAc-co-AN)-M catalyst composite systems. Moreover, the catalytic activity of 

amid-p(MAc-co-AN)-Cu composites was also studied for the concurrent degradation of 

three different types of pollutant i.e.,  MB as a cationic dye, MO as an anionic dye and 4-

NP as organic toxic compounds. This reaction was conducted by preparing a solution 

containing MB, MO and 4-NP, and the determined amounts of NaBH4 and amid-p(MAc-

co-AN)-Cu were added in the reaction mixture as reducing agent and catalysts 

respectively. Samples were taken from the reaction mixture after certain intervals of time 

and UV-Vis spectra were recorded by spectrophotometer. The corresponding UV-Vis 

spectra for the simultaneous degradation of all the three pollutants present in reaction 

mixture was given in Figure 5.12 (a). The degradation of MB was completed within 10 

sec while 4-NP and EY were degraded completely in 18 minutes as demonstrated in 

Figure 5.12 (b). Therefore, it is obvious that amid-p(MAc-co-AN)-Cu composites can do 

multiple dye degradations and 4-NP reduction that may be present in the contaminated 

real waters.  
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Figure 5.12 UV-Vis spectra  representing (a) concurrent reduction of  MB, EY and 4-NP 

from aqueous medium in the presence of amid-p(MAc-co-AN)-Cu composites, (b) initial 

and final spectral lines for each pollutant. Reaction conditions; Solution = 100 mL (8 x 

10
-5 

M EY, 2.4 x 10
-4 

M MB, and 1 x 10
-3 

M 4-NP), NaBH4 = 0.38 g, catalyst = 0.045 

mmol, 30 ºC, 600 rpm. 
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for amid-p(MAc-co-AN)-Cu and up to seven cycles for amid-p(MAc-co-AN)-Co 

composites. After every use, the catalysts were separated from reaction mixture by 

filtration, washed with DDW and used again for the same reactions under the same 

conditions. The percent activity of the catalysts and percent conversion of 4-NP is 

illustrated in Figure 5.13 (a) and (b), respectively. The activity is calculated by dividing 

each reduction rates to the initial reduction rate, and the conversion is determined in 

terms of the change in the concentration of reactant.  As illustrated in Figure 5.13(a), 

100% conversion of 4-NP was achieved after every cycle by using both the composite 

systems catalysts system, amid-p(MAc-co-AN)-Co/Cu. As it can be seen from Figure 

5.13(a) in third cycle catalytic activity of amid-p(MAc-co-AN)-Cu was decreased by 

10% and time required for the 100 % conversion was increased from 8 to 12 minutes; 

interestingly, after that the rapid increase was observed in fourth cycle and 100 % 

conversion was achieved in 6 minutes. At the end of fourth cycle amid-p(MAc-co-AN)-

Cu composites were almost completely degraded and they could not be separated from 

reaction mixture. The increase in catalytic activity after third cycle and then structural 

break down after fourth cycle indicates that amid-p(MAc-co-AN)-Cu composites were 

not very stable. Therefore, after third cycle cross-linked polymeric network of microgel 

was partially broken and converted into polymer brushes like structure which offers no 

resistance against diffusion of molecules as present in case of microgels due to cross-

linked network. Therefore, it can be suggested that amid-p(MAc-co-AN)-Cu composites 

can be used up to 4 time as sacrificial catalysts systems in cleaning contaminated waste 

waters. Greater catalytic activity of nanoparticles attached with polymer brushes as 

compared to that of nanoparticles entrapped in polymer microgels has also been reported 

earlier by Mei et al. for palladium nanoparticles [31]. On the other hand, as shown in 

Figure 5.13 (b) in case of amid-p(MAc-co-AN)-Co composites, surprisingly, a 20% 

increase in the catalytic activity was observed after first time use, and then no loss in 

catalytic activity was observed  until seven cycles. The increase in catalytic efficiency 

was accompanied by a decrease from 50 to 44 minutes in the total time of conversion 4-

NP to 4-AP. The reusability till seven cycles without any loss in catalytic activity shows 

that amid-p(MAc-co-AN)-Co composites were more stable as compared to amid-p(MAc-

co-AN)-Cu composites in similar aquatic environments.  
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Figure 5.13 The change in % conversion of 4-NP and activity of (a) amid-p(MAc-co-

AN)–Cu, and (b) amid-p(MAc-co-AN)-Co catalyst systems with repetitive usage in 4-NP 

reduction. [0.01 M 4-NP = 100 mL, [NaBH4] = 1.89g, catalyst = 0.045 mmol of Cu or 

Co, 600 rpm and 30 ºC]. 

 

0

20

40

60

80

100

120

140

160

1 2 3 4

 Conversion Activity

%
 A

ct
iv

it
y
 a

n
d

 c
o
n

v
er

si
o
n

Number of cycle

(a)

0

20

40

60

80

100

120

140

1 2 3 4 5 6 7

 Conversion  Activity

Number of cycle

%
 A

ct
iv

it
y
 a

n
d

 c
o
n

v
er

si
o
n

(b)



123 
 

The higher stability of amid-p(MAc-co-AN)-Co can be achieved due to strong 

coordinating interaction of Co nanoparticles with amidoxime groups. Generally, lower 

activity of catalysts leads to higher stability so another reason for the higher stability of 

amid-p(MAc-co-AN)-Co composite catalysts can be its lower catalytic activity than that 

of amid-p(MAc-co-AN)-Cu catalyst. And the increase in catalytic activity of amid-

p(MAc-co-AN)-Co composites after first use can be attributed due to removal of 

contaminants from the surface of MNP that can be deposited during synthesis process 

and detached when they are used as catalysts [32]. Catalytic activity can also be increased 

after first cycle due to elimination of oxidation layer which might be formed on the 

surface of nanoparticles after their synthesis, and causes a decrease in their activity when 

they are used for the first time. Such an increase in catalytic activity after first cycle due 

to activation of nanocatalysts was also observed by Böhmer et al [33] when they 

employed Pt/zeolite catalysts for the enantioselective hydrogenation of ethyl pyruvate. 

Another reason of increase in catalytic activity may be structural changes in microgel 

network like swelling or transfer of some metal nanoparticle from the interior part of 

microgels to the surface that can occur due to continuous diffusion and elimination of 

reactants and products in the microgels network. These type of structural changes results 

in an increase in rate of diffusion and elimination of reactants and products through the 

microgels network and hence rate of reaction is increased. Therefore, the prepared amid-

p(MAc-co-AN)-M catalysts system are resurface and have promising  results for nitro 

compound reduction and aromatic dye reductions.  

5.4 Conclusions 

It was demonstrated here that a facile preparation of p(MAc-co-AN) microgels by 

inverse suspension polymerization was accomplished, and via amidoximation reaction, 

the nitrile groups were converted into hydrophilic amidoxime groups within microgels 

that provided higher metal ion absorption capabilities. The amidoximated microgels were 

then used as templates for in situ synthesis of Cu and Co nanoparticles to prepare amid-

p(MAc-co-AN)-M composites. It was demonstrated that the prepared composites were 

found very effective catalysts for the individual and simultaneous degradation of 

nitrophenoles and cationic and anionic organic dyes such as MB, MO, and EY. 
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Furthermore, the triple contaminants can also be simultaneously catalyzed by amid-

p(MAc-co-AN) particles showing the great advantages of the this amid-p(MAc-co-AN)-

M catalytic systems. Furthermore, Cu nanoparticle containing system was shown faster 

catalytic performances than that of Co nanoparticle containing microgel composites in 4-

NP reduction and MB, MO, and EY degradations. Also amid-p(MAc-co-AN)-Cu 

composites have shown more efficient catalytic behavior for the degradation of cationic 

dye MB as compared to that for anionic dyes, MO and EY. On the other hand, Co 

nanoparticle containing microgel composites were found to be inherently magnetic and 

highly stable as no loss in their catalytic activity was observed even up to seven 

successive usages in the catalytic reactions. To sum up, the microgels containing 

amidoxime groups can be employed for the synthesis of inherently magnetic, highly 

stable and reusable Co nano catalysts or very effective Cu nano catalysts to be used in 

nitro compound reductions and dye degradations.  The most important outcome from this 

work is that the prepared amid-p(MAc-co-AN)-M (M= Cu, Co) microgel composite 

catalysts can be used for individual and simultaneous degradation of nitrophenoles and 

cationic/anionic dyes pairs or in the triple combinations that may exist in the 

contaminated aquatic environments.  

5.5 References 

1. Sahiner, N.; Ilgin, P. Synthesis and Characterization of Soft Polymeric 

Nanoparticles and Composites with Tunable Properties. J. Appl. Polym. Sci., Part 

A: Polym. Chem. 2010, 48, 5239–5246. 

2. Brandl, F.; Sommer, F.; Goepferich, A. Rational design of hydrogels for tissue 

engineering: impact of physical factors on cell behavior. Biomaterials 2006, 28, 

134–146. 

3. Seliktar, D. Designing cell-compatible hydrogels for biomedical applications. 

Science. 2012, 336, 1124-1128. 

4. Jing, G.;  Wang, L.;  Yu, H.;  Amer, W. A.;   Zhang, L. Recent progress on study of 

hybrid hydrogels for water treatment. Colloid. Surface. A 2013, 416, 86–94. 

http://www.ncbi.nlm.nih.gov/pubmed?term=Seliktar%20D%5BAuthor%5D&cauthor=true&cauthor_uid=22654050
http://www.ncbi.nlm.nih.gov/pubmed/22654050
http://www.sciencedirect.com/science/article/pii/S0927775712006644
http://www.sciencedirect.com/science/article/pii/S0927775712006644
http://www.sciencedirect.com/science/article/pii/S0927775712006644
http://www.sciencedirect.com/science/article/pii/S0927775712006644
http://www.sciencedirect.com/science/article/pii/S0927775712006644
http://www.sciencedirect.com/science/journal/09277757/416/supp/C


125 
 

5. Sun, H. Q.; Zhang, L.; Li, Z. Q.; Zhang, L.; Luo, L.; Zhao S. Interfacial dilational 

rheology related to enhance oil recovery. Soft Matter 2011, 7, 7601–7611. 

6. Zhang, J.; Xu, S.; Kumacheva, E.; Polymer microgels: reactors for semiconductor, 

metal, and magnetic nanoparticles J. Am. Chem. Soc. 2004, 126, 7908–7914. 

7. Peppas, N. A.; Hilt, J. Z.; Khademhosseini, A.; R. Langer, R. Hydrogels in biology 

and medicine: from molecular principles to bionanotechnology. Adv Mater. 2006, 

18, 1345–1360. 

8. Ekici, S.; Ilgin, P.: Butun, S.; Sahiner, N. Hyaluronic acid hydrogel particles with 

tunable charges as potential drug delivery devices. Carbohyd Polym. 2011, 84, 

1306-1313. 

9. Farooqi, Z. H.; Wu, W.; Zhou, S.; Siddiq, M. Engineering of Phenylboronic Acid 

Based Glucose-Sensitive Microgels with 4- Vinylpyridine for Working at 

Physiological pH and Temperature. Macromol. Chem. Phys. 2011, 212, 1510–1514. 

10.  Sahiner, N.; Alb, A. M.;  Graves, R.; Mandal, T.; McPherson, G. L.; Reed, W, F.; 

John, V. T. Core-shell nanohydrogel structures as tunable delivery systems. 

Polymer 2007, 48, 704-711. 

11. Luo, Q.; Guan, Y.; Zhang, Y.; Siddiq, M. Lead-Sensitive PNIPAM Microgels 

Modified with Crown Ether Groups. J. Polym. Sci. Pol. Chem. 2010, 48, 4120–

4127.  

12. Pekel, N.; Sahiner, N.; Akkas, P.; Guven, O. Uranyl ion adsorptivity of N-vinyl 2-

pyrrolidone/acrylonitrile copolymeric hydrogels containing amidoxime groups . 

Polym Bull. 2000, 44, 593-600. 

13. Sahiner, N.; Pekel, N.; Guven, O. Radiation synthesis of N-vinyl 2 

pyrrolidone/acrylonitrile interpenetrating polymer networks and their use in 

uranium recovery from aqueous systems. Radiat. Phys. Chem. 1998, 52, 271-276. 

14. Sahiner, N.; Yu, H.; Tan, G.; He, J.; John, V. T.; Blake. D. A. Highly Porous 

Acrylonitrile-Based Submicron Particles for UO2
2+

 Absorption in an Immunosensor 

Assay. ACS Appl. Mater. Interfaces 2012, 4, 163−170 

15. Alpaslan, D.; Aktas, N.; Yilmaz, S.; Sahiner, N.; Guven, O. The Preparation of 

p(acrylonitrile-co-acrylamide) hydrogels for uranyl ion recovery from aqueous 

environments, Hacettepe J. Biol. & Chem. 2014, 42, 89–97. 



126 
 

16. James D.; Venkateswaran, G.; Rao, T. R. Removal of uranium from mining 

industry feed simulant solutions using trapped amidoxime functionality within a 

mesoporous imprinted polymer material. Micropor. Mesopor. Mat. 2009, 119, 165–

170. 

17. Hamza, M. F.; Ibrahim, E. Aassy, Solid phase extraction of  uranium removal from 

underground water , Wasdi Nasseib, Southwestern Sinai, Egypt. Deslin. Water 

Treat. 2014, 52, 331-338. 

18. de Santa Maria, L. C.; Amorim, M. C. V.; Aguiar, M. R. M. P.; Guimaraes, P. I. C.; 

Costa, M. A. S.; de Aguiar, A. P.;  Rezende, P. R.; de Carvalho, M. S.; Barbosa, F. 

G.; Andrade, J. M.; Ribeiro, R. C. C. Chemical modification of cross-linked resin 

based acrylonitrile for anchoring metal ions. React. Funct. Polym. 2001, 49, 133-

143.  

19. Lutfor, M. R.; Silong, S.; Zin, W. M.; Rahman, M. Z. A.; Ahmad, M.; Haron, J. 

Preparation and characterization of poly(amidoxime) chelating resin from 

polyacrylonitrile grafted sago starch. Eur. Polym. J. 2000, 36, 2105-2113. 

20. El-khouly, A. S.; Takahashi, Y.; Saafan, A. A.; Kenawy, E.; Hafiz, Y. A. Study of 

Heavy Metal Ion Absorbance by Amidoxime Group Introduced to Cellulose-Graft-

Polyacrylonitrile. J. Appl. Polym. Sci. 2011, 120, 866-873. 

21. Singh, A. S.; Guleri, A.; Rana, R. K. Adsorption and Equilibrium Isotherm Study of 

Removal of Copper (II) Ions from Aqueous Solution by Chemically Modified 

Abelmoschus esculentus Fibers. Int. J. Polym. Anal. Ch. 2013, 18, 451-463.  

22. Sahan, T.; Ceylan, H.: Sahiner, N.; Aktas, N.; Optimization of removal conditions 

of copper ions from aqueous solutions by Trametes versicolor. Bioresource 

Technol. 2010, 101, 4520-4526.  

23. Sahiner, N.; Soft and flexible hydrogel tempelates of different sizes and various 

functionalities for metal nanoparticle preparation and their use in catalysis. Prog. 

Polym. Sci. 2013, 38, 1329-1356. 

24. Ajmal, M.; Siddiq, M.; Al-Lohedan, H.; Sahiner, N. Highly versatile p(MAc)-M 

(M: Cu, Co, Ni) microgel composite catalyst for individual and simultaneous 

catalytic reduction of nitro compounds and dyes. RCS Adv.2014, 4, 59562-59570. 

25. M. Ajmal, M. Siddiq, N. Aktas and N. Sahiner RSC Adv., 2015, 5, 43873–43884. 



127 
 

26. Patterson, H. H.; Gomez, R. S.; Lu, H.; Yson, R. L. Nanoclusters of silver doped in 

zeolites as photocatalysts. Catal. Today 2007, 120, 168-173.  

27. Sahiner, N.; Ilgin, P. Multiresponsive polymeric particles with tunable morphology 

and properties based on acrylonitrile (AN) and 4- vinylpyridine (4-VP). Polymer, 

2010, 51, 3156-3163.   

28. Jana, S.; Ghosh, S. K.; Nath, S.; Pande, S.; Praharaj, S.; Panigrahi, S.; Basu, S.; 

Endo, T.; Pal, T. T. Synthesis of silver nanoshell-coated cationic polystyrene beads: 

A solid phase catalyst for the reduction of 4-nitrophenol. Appl. Catal. A. 2006, 313, 

41-48. 

29. Deng, Y.; Cai, Y.; Sun, Z.; Liu, J.; liu, C.; Wei, J.; Li, W.; Liu, C.; Wang, Y.; Zhao, 

D. Multifunctional Mesoporous Composite Microspheres with Well-Designed 

Nanostructure: A Highly Integrated Catalysts System. J. Am. Chem. Soc. 2010, 132, 

8466-8473.  

30. Gupta, V. K.; Suhas. Application of low-cost adsorbents for dye removal - A 

review. J. Environ. Manage. 2009, 90, 2313-2342. 

31. Mei, Y.; Lu, Y.; Polzer, F.; Ballauff, M. Catalytic Activity of Palladium 

Nanoparticles Encapsulated in Spherical Polyelectrolyte Brushes and Core-Shell 

Microgels. Chem. Mater. 2007, 19, 1062-1069. 

32. Wang, D.; Xin, H. L.; Yu, Y.; Wang, H.; Rus, E.; Muller, D. A.; Abrun, H. D. Pt-

Decorated PdCo@Pd/C Core-Shell Nanoparticles with Enhanced Stability and 

Electrocatalytic Activity for the Oxygen Reduction Reaction. J. Am. Chem. Soc. 

2010, 132, 17664–17666. 

33. Böhmer, U.; Franke, F.; Morgenschweis, K.; Bieber, T.; Reschetilowski, W. 

Enantioselective hydrogenation of ethyl pyruvate Long-term performance of 

chirally modified Pt/zeolite catalysts. Catal. Today 2000, 60, 167-173. 

  



128 
 

Chapter 6 

Magnetic Co-Fe bimetallic nanoparticle containing modifiable microgels for the 

removal of heavy metal ions, organic dyes and herbicides from aqueous media 

 This chapter describes the synthesize of magnetic Co-Fe bimetallic 

nanoparticles in amidoximated poly(methacrylic acid-co-acrylonitrile) (amid-

p(Mac-co-AN)) microgels and the adsorption capacity of the bare and magnetic 

microgels for the removal of heavy metal ions Cd (II) and Cr (II), organic dyes like 

methylene blue (MB) and Rohdamine 6G (R6G) and a widely used herbicide 

paraquat (PQ).         

6.1 Introduction 

Water is the most essential element to sustain all the living organisms. 

Unfortunately, it is being subjected to harmful contaminations by various industrial 

operations, the use of different vehicles and by the waste of many industries based upon 

new technologies which have been developed in order to fulfil the demands of this 

modern era and generate wastes more than ever. Each source of contamination has its 

own destructive effects on plants, animals and ultimately on human health, but 

contamination of heavy metals in water is of serious concern due to their persistence in 

the environment and carcinogenicity to human beings [1]. The heavy metals that include 

As, Co, Cu, Cd, Pb, Cr, Ni, Hg and Zn contaminate waters by many industries such as 

mining [2], tanneries [3], metal smelting [4], and batteries [5] and so on. As these metals 

cannot be degraded biologically [6, 7], their contamination in water becomes a potential 

threat for the entire ecosystem starting from microorganisms to human beings. In addition 

to heavy metals, organic dyes released from paper, plastic and cosmetic industries are 

also other source of contaminants for waters that are discharged from industrial wastes. 

The presence of these dyes in environment, specifically in water, can cause some severe 

effects on living organism and human health such as cyanosis, jaundice, shock, vomiting, 

quadriplegia, tissue necrosis and increase in heartbeat [8]. Some dyes and their 

degradation products are so toxic that they are they are considered as carcinogenic [9]. 

Another class of water pollutants is herbicides, which are mostly contaminated in water 
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from irrigation system. Being a non-selective herbicide, paraquat is one the most 

commonly used herbicide throughout the world. Along with the advantage of quick 

action of paraquat to kill the unwanted plants, it has also destructive effects on human’s 

health, because upon ingestion it causes pulmonary fibrosis and liver, heart and kidney 

failure as reported by Centre for Disease Control. Therefore, in order to preserve the 

entire ecosystem from sever damaging effects of heavy metals, organic dyes and 

herbicides, their removal from waters has become the subject of worldwide attention [10-

12]. Different techniques such as reverse osmosis, electrochemical treatments [13], 

precipitation, ion exchange, adsorption [14, 15], membrane separation, evaporation, 

coagulation, flotation, hyper filtration [15, 16], biosorption and oxidation processes [17, 

18] have been introduced to remove toxic contaminations from polluted water. 

Adsorption of water contaminants by using suitable sorbents is one of the most 

commonly used methods for cleaning of water. Adsorbents with different characteristics 

and selectivity have been employed for the removal of heavy metals from water. For 

example, Maria et al. have used acrylonitrile (AN) based resin as a sorbent for the 

adsorption of heavy metals from aqueous medium [19]. They prepared AN and 

divinylbenzene (DVB) copolymer beads, modified cyano groups of AN to amidoxime, 

amidrazone and oxazoline groups with the treatment of hydroxylamine, hydrazine and 

ethanolamine, respectively and investigated the effect of these modifications on the 

removal of heavy metal ions from water. Jencarova and Luptakova have reported 

biogenic iron sulphides prepared from sulphate-reducing bacteria (SRB) as a suitable 

sorbent for the removal of heavy metals from aqueous medium [20]. Similarly another 

adsorbent having mesoporous nature has been introduced by Clercq for the selective 

removal of mercury from water [21]. Removal of methylene blue and Rhodmine 6G from 

aqueous medium has been carried out by using graphene oxide as adsorbent [22]. 

Graphene based composites has also been used as adsorbents for the removal of paraquat 

from water [23]. In comparison to other adsorbents, hydrogels are becoming more 

popular materials for the adsorption of contaminants from waters. Depending upon 

hydrophilic groups and extent of their hydrophilicity, degree of cross linking, ionic 

strength of solution,  temperature and pH of the medium hydrogels can swell up to large 

volume as compared to their original volume in dry state [24]. Hydrophilicity of 
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hydrogels can be tuned by utilizing monomers having hydrophilic groups such as –OH, –

COOH, –NH2, –CONH2, –SO3H [25]. Due to ease of handling, biocompatibility, 

environmental friendly behavior and their reusability in case of development of efficient 

desorption method have made hydrogels very attractive materials for adsorption of 

pollutants like heavy metals, organic dyes and herbicides from aqueous medium. 

Previously our research group has reported removal of heavy metals from water with 

bulk hydrogels [26, 27]. Although, bulk gels are very easy to handle as they are used as 

adsorbents, there are some issues associated in their utilization that need to be overcome. 

For example, the adsorption rate is very slow due to their slow swelling rates; e.g., bulk 

gels take several hours to complete their adsorption task [26, 27] On the other hand, 

microgels having particles size less than one micron can complete their adsorption task 

within few minutes, however, their practical usage, and handling is very difficult due to 

small dimensions [28]. Additionally, after completion of adsorption task, the removal of 

microgels from the medium is very time consuming and could be costly and energy 

consuming: for example, for the microgels separation from reaction medium 

centrifugation may be required. Therefore, there is a great need to prepare such type of 

hydrogels that can be readily handled, practical to use, and easily separable from the 

reaction mixture. So, to overcome issues, an alternate hydrogel was designed by Sahiner 

et al. [28] by inserting microgels in bulk hydrogels to prepare microgel-bulk gel 

interpenetrating network (IPN). However, synthesis of such IPN is also time consuming 

process, and the adsorption time may be longer in creation application. Therefore, the 

microgels that are about micrometer sizes can be considered as a good option to 

overcome the time consuming adsorption problems together with the magnetic properties 

may offer an alternative for handling and slow adsorption rate issues with practical 

applicability in real use for environmental application. In the present work, we have 

prepared p(MAc-co-AN) spherical micron sized hydrogel particles. The nitrile group of 

AN were modified to amidoxime groups by treating p(MAc-co-AN) microgels with 

hydroxyl ammonium chloride. Amidoximated microgel particles were used for the 

adsorption of heavy metals such as Cr (III) and Cd (II), and organic dyes as MB and R6G 

and a most frequently used herbicide, paraquat, from aqueous medium. Different 
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parameters affecting the rate of absorption such as pH of solution, amount of microgels 

and the initial concentration of heavy metals were also investigated.  

6.2 Experimental  

6.2.1 Materials 

Acrylonitile (AN) and Methacrylic acid (MAc, 99%, Aldrich) as monomers, N,N–

methylenebisacrylamide (MBA 99%, Acros) as the crosslinking agent, ammonium 

persulfate (APS, Aldrich) as initiator, N,N,N′,N′-tetramethylethylenediamine (TEMED, 

Merck ) as an accelerator, sorbitane monooleate (SPAN®80, Fluka) as a surfactant and 

cyclohexane (99.8%) used as solvent were purchased from Aldrich and used as received. 

Sodium hydroxide (NaOH, 98-100.5% Sigma Aldrich) and hydroxylamine hydrochloride 

(NH2OH. HCl, 98% Sigma Aldrich) were used for amidoximation. Cobalt (II) chloride 

hexahydrate (CoCl2.6H2O, 99% Sigma Aldrich) and Iron (II) sulphate hexahydrate 

(Fe2SO4.7H2O, 99.5%, Merck ) were used as metal ion sources while sodium borohydride 

(NaBH4, 98% Aldrich) was used as reducing agent for metal nanoparticle preparation. 

Methylene blue (MB, 97%, Fluka) and rhodamine 6G (R6G, Sigma) were used as organic 

dyes. Chromium (III) Chloride hexahydrate (CrCl3. 6H2O, 96%, Aldrich), cadmium (II) 

chloride hemipentahydrate (CdCl2, 98%, Fluka) as heavy metal ion sources and paraquat 

was used as herbicide. Hydrochloric acid (HCl, 36.5-38%, Sigma Aldrich) was used to 

adjust pH of metal ion solutions. Double distilled water (DDW) was used throughout the 

experiments. 

6.2.2 Synthesis and amidoximation of p(MAc-co-AN) microgels 

The details for the synthesis and amidoximation of p(MAc-co-AN) microgels has  

been given in chapter 5.  

6.2.3 Synthesis of magnetic microgel composites 

Magnetic microgel composites were prepared by in situ fabrication of Co-Fe 

bimetallic nanoparticles in microgel network. In a typical synthesis procedure, metal ion 

solution was prepared by mixing 25 ml of 500 ppm solution of each of Co (II) and Fe (II) 

in DDW. About 0.1 g of amid-p(MAc-co-AN) microgel was added in that mixture and 
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allowed to load metal ions for 2 hour under constant stirring at 400 rpm. Metal ion loaded 

microgels were allowed to settle down and then separated from the metal ion solution by 

decantation of solution and washed with DDW in order to remove loosely held metal 

ions. Finally, bimetallic magnetic nanoparticles were prepared inside the microgels by 

treating Co (II) and Fe (II) loaded microgels with 100 ml 0.1 M solution of NaBH4 under 

constant stirring at 400 rpm for three hours. The prepared magnetic microgel composites 

were washed with DDW and then acetone and dried in oven at 60 ºC.  

6.2.4 Adsorption experiments 

Adsorption experiments were carried out at room temperature from aqueous 

solutions of heavy metal ions, organic dyes and herbicide. A 100 ml, 250 ppm solution of 

each metal ions was added in separate beakers, pH was adjusted as 2, 3, 4, 5 and 6 by 

using 0.5 M HCl or 0.5 M NaOH aqueous solutions and was measured by Sartorius 

Documeter pH meter. Dried 50 mg of microgels was added in each solution, and the 

adsorption was allowed to take place at 500 rpm. Samples of 0.1 ml volumes were taken 

after specific interval of time, and diluted 60 times by adding DDW, and the amounts of 

metal ions was determined by Atomic Absorption Spectrophotometer (Thermo Scientific, 

ICE 3000 series, AAS). The effect of the amount of microgels on metal ion adsorption 

was investigated by using 0.025, 0.05, 0.075, 0.10 and 0.125 g of microgels to adsorb 

metal ions from 250 ppm, 100 ml solutions having pH 5 and 6 for Cr (III), and Cd (II), 

respectively. Additionally, in order to study the effect of concentration of metal ion 

solution, the adsorption experiments were conducted with 100 ml solution of different 

concentrations; 50, 100, 150, 200 and 250 ppm while keeping the amount microgels the 

same, 0.05 g, and constant pH of solutions: 5 for Cr (III) and 6 for Cd (II) were kept 

constant. For the adsorption of MB R6G and PQ , 0.05 g of microgel was added in 100 

ml solution of each of  MB  (1.6 x 10
-4

 M) , R6G (1 x 10
-4

 M) and PQ (100 ppm). The 

solutions were stirred at 500 rpm and 0.1 ml samples were withdrawn after specific time 

interval, diluted to certain ration (10 times for each of MB and R6G and 8 times for PQ) 

with DDW and their concentrations were measured by UV visible spectrophotometer 

(UV-Vis, T80+, PG Instruments) in terms of their maximum absorption at 664, 530, and 

257 nm for MB, R6G and PQ respectively. 
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6.3 Results and discussion 

6.3.2 Synthesis and modification of p(MAc-co-AN) microgels 

Synthesis and modification of p(MAc-co-AN) microgels has been explained in 

chapter 5.  

6.3.3 In situ synthesis of Co-Fe bimetallic magnetic nanoparticles   

In the field of magnetic nano materials Co–Fe bimetallic nanoparticles have 

received much attention due to their high saturation magnetization (Ms), high Curie 

temperature, low coercivity, high permeability, low magnetocrystalline anisotropy, 

stability and superior magnetic properties [29] Because of the better magnetic properties, 

Co–Fe bimetallic nanoparticles have been considered as one the most suitable materials 

to incorporate magnetic character into polymeric structures or microgels in order to 

remove them from reaction medium by applying an external magnetic field as they are 

used as adsorbents. The high Ms values, superior magnetic properties and the 

introduction of an easy synthesis procedure was the motivation behind the synthesis of 

Co–Fe bimetallic nanoparticles. Co-Fe bimetallic nanoparticles were prepared inside the 

microgels by in situ reduction of both the loaded metal ions simultaneously. Schematic 

representation for the synthesis of bimetallic nanoparticle and physical appearance of 

reaction mixture at every step is shown in Figure 6.1 (a) via digital camera images. In 

Figure 6.1 (a), image 1 shows that before loading of metal ions microgels were colorless 

but upon loading of metal ions color of microgel was turned to brownish black that was 

developed due to mixing of pink color of Co (II) and brown color of Fe (II) as shown in 

image 2 . After simultaneous reduction of both the metal ions with NaBH4 within 

microgel network, the color was turned to black as shown by digital camera image 3 in 

Figure 6.1 (a). TEM image of the Co-Fe bimetallic nanoparticles prepared in amid-

p(MAc-AN) microgels is shown in Figure 6.1 (b) as can be seen there is no aggregation 

of nanoparticles and they are evenly distributed throughout the microgels matrices. The 

absence of aggregation reveals the potential of microgels to stabilize the in situ prepared 

nanoparticles within microgel network.  
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Figure 6.1 (a) Schematic representation of synthesis of Co-Fe bimetallic magnetic 

nanoparticles inside amid-p(MAc-co-AN) microgels and digital camera images of amid-

p(MAc-co-AN) microgels (1) bare, (2) loaded with Co (II) and Fe (II) and (3) containing 

Co – Fe bimetallic nanoparticles. (b) TEM image of Co-Fe nanoparticles prepared in 

amid-p(MAc-co-AN) microgels. 
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The Amount of metal nanoparticles in terms of their corresponding metal ions was 

measured by AAS. For this purpose the 0.05 g of the prepared composites were first 

treated with 5 M HCl (30 ml) to dissolve the entrapped metal nanoparticles within 

microgels into their corresponding metal ions and then amount of metal ions was 

measured by AAS. It was found that 61.87 mg (1.05 mmol) of Co (II) and 63.89 mg (1.14 

mmol) of Fe (II) was present in per gram of dry microgels. The mole ratio between Co 

and Fe atoms in nanoparticle was measured from their corresponding amounts in mg and 

it was found to be 1:1.1. Figure 6.2(a) shows the magnetic behavior of the prepared 

microgel composites. As can be seen from image 1, in the absence of external magnetic 

field microgel composites remain suspended and can move freely in aqueous medium. 

However, as soon as an external magnetic field was applied, movement of composites 

was influenced and the composites were directed towards the magnet as shown in image 

2, and within 5 seconds all the composite particles were attracted towards the magnet and 

attached firmly on the wall of container near the magnet, which can be clearly seen from 

image 3. Digital camera image of dried composites is also shown in image 4 that 

represents no change in color of microgel composites upon drying. As shown in image 5, 

the dried microgel composites were also attracted by externally applied magnet illustrates 

that these composites retain their magnetic behavior even after drying. This strong and 

durable magnetic behavior of the prepared composites is a very useful tool for their easy 

separation from reaction mixture on completion of their mission. Thermal properties of 

the prepared microgels and magnetic microgel composites were investigated by 

performing thermo gravimetric (TG) analysis. Thermograms of bare microgels before, 

and after amidoximation and of composite microgels are given in Figure 6.2(b). As can 

be seen, bare p(MAc-co-AN) microgels undergo a single step degradation which was 

started around 100 ºC and ended up at 428 ºC with 92 % weight loss. However, 

degradation rate was slow till 300 ºC, but it became very high in the temperature range of 

300 to 428 ºC. After amidoximation of microgels, three steps degradation was observed. 

In the first step, 61 % weight loss was observed in the temperature range of 100 to 457 

ºC. In the second step, 21 % weight loss was observed in the temperature range of 568 to 

581 ºC, and in third step another 10% weight loss as occurred as temperature was 

increased from 783 to 900 ºC.  
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Figure 6.2 (a) Digital camera images of mag-amid-p(MAc-co-AN) microgels (1) 

suspended in  water in the absence of external magnetic field, (2) movement towards 

magnet (3)  attraction of all composite particles to magnet (4) dried composites and (4)  

attraction of dried composites towards magnet. (b) TGA thermograms of p(MAc-co-AN) 

before and after amidoximation and  of mag-amid-p(MAc-co-AN) composites. 
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case of magnetic microgel composites, the degradation was occurred in four steps with a 

total 16, 36.6, 56, and 64 % weight losses as the temperature was increased to 358, 453, 

496 and 900 ºC. The lesser weight loss and better thermal stability of magnetic microgel 

composites can be achieved due to strong coordination interaction between metal 

nanoparticle and amidoxime groups and carboxylate groups that are developed due to the 

presence of small amount of charge on the surface of metal nanoparticles [30]. 

6.3.4 Adsorption studies 

Adsorption ability of the prepared microgels and magnetic microgel composites 

was investigated as adsorbents for the removal of heavy metal ions, Cd (II), Cr (III), and 

organic dyes such as MB and R6G and a herbicide, PQ. As the ionization of Cd (II) and 

Cr (III) salts depends upon pH of the solution, the adsorption of these metal ions also 

depends on the solution pH. So, first of all the effect of pH on adsorption of metal ions 

was studied using 250 ppm 100 ml solution of both Cd (II) and Cr (III) that were 

prepared, and the pH of solution was adjusted from 3 to 6 for Cd (II) and 2 to 5 for Cr 

(III) solutions by the addition of 0.5 M HCl or NaOH aqueous solutions. At higher pH 

values, these ions were precipitated in the form of hydroxides whereas at very low pHs, 

the carboxylic groups of methacrylic acid groups become protonated that lead to 

contraction of microgel particles size, and hence adsorption capacity of microgels also 

become very low. Therefore, the effect of pH of solution on adsorption was study in the 

selected pH ranges as mentioned above, and the maximum amount of the metal ions, 

dyes, and herbicide adsorbed per gram of dry microgel was calculated by using mass 

balance equation which is given below 

                              q = (C0 - Ce)V/W                                              (1) 

where q is the amount of adsorbent in mg/g, C0 and Ce are the initial and equilibrium 

concentrations (ppm) of adsorbates in their aqueous solutions, V is volume of metal ion 

solution in liters (L) and W is the mass of dry microgel (g) used. Figure 6.3(a) shows the 

amount metal of ions adsorbed in microgels (mg/g) as a function of pH of solution.  
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Figure 6.3 (a) Maximum amount of metal ions adsorbed in on microgels at different pH 

of solution. (b) Time dependent adsorption of Cd (II), Cr (III), MB, R6G and PQ. [100 ml 

solution, 0.05 g amid-p(MAc-co-AN), 1.6 x 10
-3

 M MB, 1 x 10
-4

 M R6G,  100 ppm PQ,  

250 ppm Cr (III) pH = 5 and 250 ppm Cd (II) pH = 6400 rpm, room temperature]. 

As it can be seen from the Figure 6.3(a), at low pHs, the adsorption capacity of microgels 

was also lower and a little increase in the adsorbed amount was observed by increasing 

the pH from 2 to 4. However, a large increase in the adsorption capacity was observed 

when pH was increased from 4 to 5. The lower adsorption at low pH may be attributed 

due to protonation of carboxylic groups in the microgel network which causes the 
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shrinking of microgel particles and they offer resistance in the diffusion of metal ions into 

microgels network. Therefore, small amount of metal ions was adsorbed at low pH while 

at pH 5, the carboxylic groups were deprotonated to carboxylate ions and two types of 

electrostatic forces were appeared. One was electrostatic repulsion between carboxylic 

groups which expands the polymeric network and decreases the resistance in diffusion of 

metal ions into the microgel network. The second was the electrostatic attraction between 

positively charged Cr (III) and negatively charged carboxylate ions which increases the 

rate of diffusion of metal ions into the microgels. Under the effect of these to forces 

relatively large amount of metal ions were adsorbed at pH 5. In case of Cd (II) 

adsorption, initially by increasing the pH from 3 to 5, adsorption capacity of microgel 

was increased but by further increase in pH from 5 to 6 no remarkable change in 

adsorption capacity of microgels was observed. This trend again can be explained by 

protonation and deprotonation of carboxylic groups as a function of pH. Upon 

amidoximation, the amidoxime groups also show similar protonation and deprotonation 

behavior favoring higher amounts of metal ion absorption at pHs below 7 [15, 27, 28] 

and overall greater amount adsorbed of Cd (II) as compared to Cr (III) also shows that 

our microgels have greater tendency to adsorb Cd (II). Since maximum adsorption was 

observed at pH 5 for Cr (III) and pH 6 for Cd (II) so further experiments were carried out 

at these pH values. Kinetics of adsorption process was studied by taking samples from 

the adsorption medium after specific time intervals and concentrations of sample 

solutions were measured. Figure 6.3(b) shows the time dependent adsorption of Cd (II), 

Cr (III), PQ, MB and R6G. It can be seen from Fig 6.3(b) that for metal ions, maximum 

adsorption was achieved in 7 minutes to 22 minutes, and for MB, R6G and paraquat 

maximum adsorption time was 30 minutes. The maximum amounts adsorbed per gram of 

dry amid-p(MAc-co-AN) microgels were 334 mg of Cd (II), 169 mg of Cr (III), 185 mg 

of PQ, 89 mg of R6G and 88 mg of MB. This adsorption capacity of these micron sized 

microgel particles for heavy metal ions is greater from the previous report of Masoumi 

and Ghaemy [31] where they used amidoxime group containing nanohydrogels for the 

removal of heavy metal ions and adsorption capacity for Cd (II) and Cr (III) which were 

found as 66.67 and 71.42 mg/g. The adsorption capacity for Cd (II) is remarkably greater 

from the previous results obtained by using some other adsorbents like peels of banana 
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that were used by Anwar et al. [32] for the removal of Cd (II) from water, and it was 

found that banana peels have adsorption capacity of only 5.71 mg/g. Activated carbon 

prepared from coirpith was employed as adsorbent by Kadirwelu and Namasivayam [33], 

and maximum adsorption was found to be 93.4 mg/g. The adsorption capacity of Cr (III) 

observed in the present is also very high as compare to previous reports where the authors 

have used lime stone [34], and modified polyacrylonitrile fibers [35] as adsorbents. The 

amount of PQ adsorbed by amid-p(MAc-co-AN) microgels is also greater as compared to 

previous studies which were carried by using activated bleaching earth (maximum 

adsorption was 40.323 mg/g) [36] and clay [37]. The results obtained for the removal of 

dyes were also superior from earlier work reported by Ayad et al. [38] where they applied 

polyaniline nanotubes for the adsorption of MB and maximum adsorption capacity as 

around 5 mg/g. The removal of MB was also studied by Zhang et al. [39] by applying 

magnetic Fe3O4@C nanoparticle as sorbents, and it was observed that maximum 44.38 

mg of MB was adsorbed per gram of the applied magnetic nanoparticles. So, the 

modified amid-p(MAC-co-AN) microgel composite are superior in many respect in 

comparison to the similar materials and can be used for variety of contaminant removal 

from aquatic media. The effect of the amount of microgel was also investigated by using 

five different amounts of microgels as adsorbents while keeping all other parameters like 

the concentration, volume of solution, temperature and stirring rates constant. By 

increasing the amount of microgels from 0.025 to 0.125 g, the percent removal of metal 

ions was increased from 27 to 68 % for Cr (III) and from 30 to 98 % for Cd (II) as 

illustrated in Figure 6.4(a) and (b) for Cr (II) and Cd (II), respectively. The increase in 

percent removal by increase in amount of microgel can be achieved due to increase in 

available adsorption sites. In order to determine the effect of initial concentration of metal 

ions on the adsorption capacity of the prepared microgels, the solutions of Cd (II) and Cr 

(III) at different concentrations (50, 100, 150, 200 and 250 ppm) were prepared and pH 

was adjusted at maximum adsorption value (pH 5 for Cr (II) and 6 for Cd (II)). And 0.05 

g of microgels was used as adsorbent in 100 ml solution of these different metal ion 

concentrations. The amounts of metal ions adsorbed on microgels from solutions of 

different concentration are shown in the form of adsorption isotherms in Figure 6.5(a) 

and (b) for Cr (III) and Cd (II) respectively. As can be seen from Figure 6.5, maximum 
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adsorbed amount was increased with increase in initial concentration of metal ions in 

solutions. Since with the increase in metal ion concentration, amount of metal ions per 

unit volume was increased so greater number of metal ions was available to come in 

contact with microgels and hence their larger amount was adsorbed.  

 

Figure 6.4 Plots of % removal of Cr (III) and (b) Cd (II) as a function of time with 

different amounts of amid-p (MAc-co-AN) microgels. [250 ppm, 100 ml solution of Cr 

(III) pH = 5 and Cd (II) pH = 6, 400 rpm, room temperature]. 
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Figure 6.5 Effect of solution concentration on the adsorbed amount of (a) Cr (III) and (b) 

Cd (II) on amid-p(MAc-co-AN) microgel as a function of time. [0.05 g microgel, 100 ml 

solution, pH = 5 for Cr (III) and 6 for Cd (II), 400 rpm, room temperature]. 
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equivalent. Langmuir adsorption isotherm was constructed by using the following 

Langmuir equation.  

                                     Ce /qe = Ce /qm + 1/qm KL                                       (2) 

Where Ce represents equilibrium concentration of metal ions solution in mg/L, qe is the 

amount of metal ions (mg/g) adsorbed on per gram of microgels at equilibrium state of 

adsorption process, qm is the maximum adsorbed amount (mg/g) of metal ions adsorbed 

per gram of microgels and KL is Langmuir adsorption equilibrium constant. Plots of Ce/qe 

vs. Ce for both the Cd (II) and Cr (III) adsorption are given in Figure 6.6(b), the good 

linear correlation with coefficient of determination (R
2
) value of 0.9995 for Cr (III) and 

0.9996 for Cd (II) confirm monolayer adsorption of both the metal ions. Moreover, the 

maximum amount of Cd(II) and Cr(III) adsorbed on microgels calculated from Langmuir 

adsorption isotherm were 333.3 and 169.5 mg g
-1

 are also very close to experimentally 

observed values 332 and 170 mg g
-1

 for Cd (II) and Cr (III), respectively. Langmuir 

adsorption isotherm does not take into the surface roughness of the adsorbent eliminating 

the possibility of availability of different types of adsorption sites. Also, it does not take 

into account the possible adsorbate–adsorbate interaction and heat of adsorption. 

Although, the observed and experimental found values of maximum amount of Cd (II) 

and Cr (III) are very close from Langmuir adsorption isotherm, we also employed 

Freundlich adsorption isotherm on the adsorption of Cd (II) and Cr (II) by p(MAc-co-

AN) based microgels. Freundlich isotherm also considers the effect of different types of 

available adsorption sites on the surface of adsorbent to cover the effect of roughness of 

the surface of adsorbate. For plotting Freundlich adsorption isotherm, the well-known 

Freundlich equation was used which given below 

                                logqe = logKF + 1/n logCe                                                    (3) 

Where qe is the amount of metal ions (mg/g) adsorbed after the equilibrium is established 

between metal ions adsorbed on microgels and those present in metal ion solution. Ce is 

equilibrium concentration of metal ions in solution, KF and n are physical constants of 

Freundlich adsorption isotherm which represent adsorption capacity and adsorption 

intensity respectively. The 1/n is also known as heterogeneity parameter, the smaller the 

value of 1/n the greater the expected heterogeneity. The value of n in the range of 1 to 10 
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also represents that the adsorption process is more favourable. Plots of logqe versus logCe 

are given in Figure 6.6(c) which show nonlinear pattern and confirms that the adsorption 

process did not follow Freundlich adsorption isotherm. Also, the values of 1/n are lesser 

than 1 representing that this adsorption process was not followed by Freundlich 

adsorption isotherm. 

 

 

Figure 6.6 Plots of qe vs. Ce for the removal of Cr (III) and Cd (II). Application of (b) 

Langmuir isotherm (c) Freundlich isotherm and (d) Temkin isotherm for the adsorption 

of Cr (III) and Cd (II).    

Temkin adsorption isotherm that takes into account the effect of heat of adsorption as 

well as interaction between adsorbents and adsorbate was also applied by using the 

following equation. 

                                 qe = B lnKT + B lnCe                                              (4) 
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Where qe is the amount of metal ions (mg/g) adsorbed on microgels at equilibrium 

condition, KT is equilibrium binding constant which corresponds to maximum binding 

energy, Ce is concentration of metal ions in solution at equilibrium, and B is constant 

related to heat of adsorption and is given by following equation 

                                      B = RT/bT                                                                     (5) 

R is universal gas constant and T is temperature in Kelvin. For Temkin adsorption 

isotherm, qe is plotted against ln Ce as shown in Figure 6.6(d). As indicated from R
2
 

values (0.8063 and 0.8671 for Cd (II) and Cr (III)) which are given in Table 1 implies 

that Temkin isotherm did not provide a linear fit to experimental data. Therefore, from 

the best fit linear relation in case of Langmuir adsorption isotherms represent the best 

model for the adsorption of Cd (II) and Cr (III) by p(MAc-co-AN) based microgels. 

Kinetic parameters calculated from the applied adsorption isotherms are given in Table 

6.1. 

 

Table 6.1 Kinetic parameters for the adsorption of Cd (II) and Cr (III) by amid-p(MAc-

co-AN) microgel for the application of Langmuir, Freundlich and Temkin Isotherms 

(metal ion concentration 50-250 ppm, 100 ml). 

 

 

Adsorption tendency of amid-p(MAc-co-AN) for the removal of heavy metal ions, 

organic dyes and herbicide was from tap, river and seawater was also investigated. The 

amounts of metal ions, dyes and herbicide adsorbed by per gram of dry amid-p(MAc-co-

AN) microgels are presented in Table 6.2.  

Metal 

ion

Langmuir Isotherm 

Constants

Frenudlich Isotherm 

Constants

Temkin Isotherm 

Constants

KL  

(L/g)

qm

(mg/g)

R2 KF

(L/g)

n R2 KT 

(L/g)

B R2

Cd (II) 0.447 333.3 0.9996 5.34 5.6 0.7279 95.9 38.85 0.8063

Cr (III) 1.034 169.5 0.9995 86.47 7.0 0.8558 92.1 18.23 0.8671
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Table 6.2. Amounts of contaminants adsorbed on amid-p(MAc-co-AN) microgels in 

mg/g from sea, river, tap and distilled water. 

 

DDW = Double distilled water, MB = Methylene Blue, R6G = Rhodamine 6G, PQ = 

Paraquat 

The results show that prepared microgels can adsorb heavy metal ions from all 

types of waters, but the adsorption capacity was remarkably decreased in case sea and 

river waters that could be due to presence of other contaminants. As sea and river waters 

contain a lot of common dissolve metals such as iron, calcium, magnesium and so on, and 

contain many interfering species salts etc, that can be adsorbed by microgels or can 

decrease the swelling and adsorption capacity of microgels leading to a decrease in the 

adsorbed amount of metal ions. Amid-p(MAc-co-AN) microgels were also found to be 

able to remove R6G from all types of waters, but this microgel showed poor capacity in 

removal of MB and PQ from river and sea water but it can adsorb significant higher 

amounts of these contaminants from tap water. These results show that including DDW 

our adsorbent have good potential to remove heavy metal ions, cationic organic dyes and 

cationic herbicide from tap water and have also tendency to remove heavy metal ions 

from river and seawater containing lot of interfering salts and other contaminations. 

Adsorption capacity of magnetic microgels containing Co-Fe bimetallic magnetic 

particles was investigated by using 0.05 g of amid-p(MAc-co-AN) microgels loaded with 

magnetic nanoparticles to adsorb metal ions from 100 ml solution of metal ions (250 

ppm), dyes (MB 1.6 x 10
-4 

M and R6G 1x 10
-5

 M) and PQ (100 ppm). Figure 6.7(a) 

Contaminant DDW Tap water River water See water

Cd (II) 333 318 187 95

Cr (III) 166 84 60 64

MB 88 96 00 03

R6G 90 46 10 21

PQ 190 59 5 00
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represents digital camera images aqueous solutions of contaminants studied before the 

addition of microgels and after the completion of adsorption by added microgel 

composites. The decrease in intensities of the solution colours at the completion of 

adsorption process illustrates that contaminants were adsorbed on microgel composites. 

The advantage of magnetic properties of the prepared composites is illustrated in Figure 

6.7(a), which shows that after the completion of adsorption task, the magnetic composites 

were separated by applying external magnetic field. Attraction of almost all the added 

composites towards the externally applied magnet also shows that the prepared magnetic 

composites possess magnetic characteristics. In order to evaluate the effect of 

amidoximation of nitrile groups and magnetization of composites on the adsorption 

capacity of microgels, equivalent amounts of p(MAc-co-AN), amid- p(MAc-co-AN) and 

mag-amid microgels were used for the removal of metal ions, dyes and herbicide from 

their corresponding aqueous solutions under the similar experimental conditions. The 

results are presented in Figure 6.7(b) that shows that adsorption capacity of amid-p(MAc-

co-AN) was larger than that of p(MAc-co-AN) microgels. The increase in adsorption 

capacity of microgels after amidoximation was achieved due to conversion of nitrile 

groups into amidoxime groups. Adsorption capacity of the microgels was increased to 

88.1, 89.9, 190.0, 334.5 and 166.5 mg/g from 40.2, 37.4, 75.3, 57.4, and 56.3 for MB, 

R6G, PQ, Cd (II), and Cr (III) respectively. The capacity increase can be due to the 

enhanced hydrophilicity of microgels by amidoximation that can also result in the 

increase of size of microgel particles [40]. The increase in size of microgels increases the 

available space for the adsorbed species in microgel network and decreases the resistance 

in the diffusion of adsorbates by expanding the microgel network. Beside the increase in 

hydrophilic character, the amidoxime groups have also greater tendency to attract the 

heavy metal ions [41]. Therefore, the amidoximation reaction brings three changes in 

microgel structure, the introduction of amidoxime groups, the increase in available space 

for the adsorbate species and the decrease in resistance against the diffusion of adsorbates 

by expanding the structure, and the new functional groups (amidoxime) to increase the 

adsorption capacity of microgel. Interestingly, after fabrication of magnetic nanoparticles 

within microgels, a slight increase in the adsorption capacity that were 121.6, 133.7, 

217.8, 341.9, and 170.3 mg/g for MB, R6G, PQ, Cd (II), Cr (III), respectively. 
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Figure 6.7 (a) Digital camera images representing aqueous solution of metal ions, dyes 

and herbicide before and after adsorption and attraction of magnetic composites towards 

externally applied magnet after adsorption process. (b) Comparison of adsorption 

capacity of p(MAc-co-AN), amid-p(MAc-co-AN) and mag-amid-p(MAc-co-AN) 

microgels. 

This slight increase in adsorption capacity of these toxic contaminants can be attributed 

to the possible interactions between the bimetallic nanoparticles present within microgels 

and positively charged adsorbates. Such an increase in metal ion adsorption capacity was 
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also observed in an earlier work [26]. So, the fabrication of magnetic nanoparticles not 

only offers easy removal of these adsorbents by applying external magnetic field upon 

the completion if adsorption task but also enhance the adsorption capacity of microgels. 

In order to evaluate the reusability of the prepared magnetic microgels, after adsorption 

process, the microgel composites were separated from adsorption medium and were 

treated with hydrochloric acid, sulphuric acid, nitric acid and carboxylic acid and also 

with the solution of NaOH separately, for the desorption of the adsorbed pollutants. 

Unfortunately, no significant desorption was observed. It can be due to very strong 

complexation of the used pollutants with polymeric microgel network. However, due to 

the ease of handling as compared to nano or smaller sized microgels, and rapid 

adsorption rate as compared to bulk gels, the prepared micron sized microgels can be 

sacrifcially used as non-reusable adsorbents or for some other analytes can be reused 

many times such as the other common metal ions and aromatic nitro compounds and so 

on [26–28, 42]. 

6.4 Conclusions 

Micron sized p(MAc-co-AN) microgel particles were prepared by inverse 

suspension polymerization and nitrile groups were successfully modified to amidoxime 

groups. The prepared microgels were used as sorbents for the removal of different types 

of contaminations from aqueous medium. Sorption capacity of microgels was increased 

after amidoximation of nitrile groups. From kinetic studies, it was observed that these 

microgels can adsorb maximum amount of heavy metal ions within 7 to 22 minutes, 

organic dyes and herbicide in 30 minutes. Higher removal efficiency and adsorption 

capacity for Cd (II) was observed as compare to Cr (III) however; the adsorption capacity 

for organic dyes was equivalent for both MB and R6G. The amid-p(MAc-co-AN) 

microgels were also found to be able to remove Cd (II), Cr (III) and R6G  from tap, river 

and sea waters, however, the adsorption capability of MB and PQ from river and 

seawater was found to be negligible. Langmuir and Freundlich adsorption isotherms were 

applied on the adsorption of Cr (III) and Cd (II), and it was found that adsorption of these 

metal ions follows Langmuir adsorption model. Amidoximated microgels were also 

successfully used as templates in the synthesis of bimetallic magnetic nanoparticles. 
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Magnetic microgels were also found to be able to remove heavy metal ions, organic dyes 

and herbicide from water. It was also demonstrated that magnetic properties of bimetallic 

nanoparticles containing microgels were retained even after adsorption of heavy metal 

ions, dyes and herbicide. So these microgels can be used as versatile adsorbents for the 

quick removal of a variety of contaminations from various waters whilst their micron size 

and magnetic behaviour offers their easy removal from the water upon the completion of 

adsorption task. 
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Chapter 7 

Amidoximated poly(acrylonitrile) beads for environmental applications: removal of 

heavy metal ions, dyes and herbicides from water with different sources 

This chapter presents the synthesis and amidoximation of the poly(acrylonitrile) 

beads and their use as adsorbents for the removal of a heavy metal ion Cd (II), organic 

dyes MB and R6G, and a herbicide PQ. The data has been treated with adsorption and 

kinetic modals. Investigation of the ability of the prepared beads to remove pollutants 

from waters of different sources is also a part of this chapter.   

7.1 Introduction 

The fast growth of technology and industries developing to fulfill the demands of 

this modern era are causing environmental pollution, especially air and water pollution. 

Due to release of industrial effluents into waste water, waters are exposed to harmful 

pollutants from different sources and become contaminated. Water pollution is and has 

become a worldwide problem as the earth and water are connected through various cycles 

involving streams (surface and underground), rains and sea. As water is the most 

essential element to sustain living organisms, the contamination of different sources of 

water by harmful pollutants generates a serious threat for all living organisms. Among the 

various types of pollutants, heavy metal ions are the most important as they are very hard 

to eliminate unless converted to different forms of metal. The heavy metals, including As, 

Co, Cu, Cd, Pb, Cr, Ni, Hg and Zn, from many industries such as mining [1], tanneries 

[2], metal smelting [3], and batteries [4] and so on contaminate water. The presence of 

these toxic heavy metal ions above tolerance levels can cause accumulative poisoning, 

cancer and brain damage in animals [5]. For example, Cd (II) may cause renal 

dysfunction, kidney damage, high blood pressure, and even destruction of red blood cells 

[6]. Contamination in water is further worsened by the addition of industrial dyes such as 

methylene blue (MB) and Rhodamine 6G (R6G) and so on. These dyes are released from 

textile, leather, food processing, dyeing, cosmetics, paper, and dye manufacturing 

industries [7]. These dyes are added to water from industrial waste and are another source 

of water pollution. Since dyes are recalcitrant organic molecules, resistant to light, heat 
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and oxidizing agents as well as to aerobic digestion [8, 9], wastewater containing dyes is 

very difficult to treat. A large amount of water is also contaminated by herbicides from 

agriculture. Paraquat is a non-selective herbicide and is widely used globally due to its 

quick action in killing unwanted plants. Along with the advantage of quick action of 

paraquat, it also has destructive effects on human health because it causes pulmonary 

fibrosis and liver, heart and kidney failure after ingestion as reported by the Center for 

Disease Control. Due to the potential threats of such water contamination eventually 

affecting living organisms, removal from water has gained worldwide attention [10-12]. 

Different methods such as reverse osmosis, electrochemical treatments [13], 

precipitation, ion exchange, adsorption [14, 15], membrane separation, evaporation, 

coagulation, flotation, hyper filtration [15, 16], biosorption and oxidation processes [17, 

18] have been developed for the removal of unwanted contamination from waste waters. 

Since heavy metal cannot be degraded biologically [19, 20] and the degradation products 

of some dyes are also considered carcinogenic [21], their removal from water by 

adsorption can be considered a more suitable method. In this case there is no need for 

degradation of these pollutants, and also after adsorption both the adsorbents and 

contaminants can be readily removed from water. To date, many types of adsorbents such 

as activated carbon [22], hydrogels [23, 24] and polymer particles [25, 26] have been 

developed and used for the removal of pollutants from water. 

Polymer particles based on acrylonitrile can be easily prepared and offer reactive 

nitrile groups that can be converted into amidoxime groups which have high complex 

forming ability with heavy metal ions [26-28]. As monomers with pendent amidoxime 

groups are not easily available, the most convenient way to obtain amidoxime functional 

groups is by the conversion of already existing nitriles in monomers such acrylonitrile 

and/or nitrile contained in cyanoacrylates. Due to the ease of synthesis of 

polyacrylonitrile (p(AN)), modification via the conversion of nitriles to amidoxime and 

ability to form complexes with heavy metal ions, poly(acrylonitrile)-based polymeric 

structures have been extensively used in the removal of heavy metal ions with different 

formulations and morphologies [24, 26, 29, 30]. Maria et al. have prepared p(AN -co -

DVB) beads and modified the nitrile groups to amidoxime, amidrazone and oxazoline 

groups by treating with hydroxylamine, hydrazine and ethanolamine, respectively [31]. 
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The modified beads were found as efficient adsorbents for the removal of various heavy 

metal ions from aqueous medium. The synthesis of nano sized p(AN -co -DVB) particles 

and modification of nitrile groups to amidoxime groups have also been reported by Eldin 

at al. [32]. The adsorption characteristics of the p(AN -co - DVB) particles before and 

after modification were studied for the removal of MB from aqueous medium and an 

increase in the adsorption capacity was observed after modification of nitriles to 

amidoximes. Eldin and his coworkers have also prepared nano sized p(AN) particles and 

treated with hydroxylamine hydrochloride to obtain amidoxime functionalized particles 

[33]. The adsorption capacity of functionalized and unfunctionalized p(AN) particles was 

investigated for the removal of MB from water and a significant increase in the 

adsorption capacity was observed after functionalization. Until now, in most studies 

amidoximes have been used for the removal of heavy metal ions from water, as 

amidoxime groups form complexes with positively-charged metal ions. This complexing 

ability of amidoximes with positively charged species can also be utilized to remove 

other positively-charged organic pollutants such as dyes and herbicides from water. 

Therefore, in this context, monodispersed p(AN) particles were prepared with pendent 

nitrile groups which were then converted into amidoxime groups for their use in the 

uptake of cationic organic dyes (i.e., MB and R6G) and a herbicide (PQ) along with a 

heavy metal ion Cd (II) from aqueous media. Various parameters affecting removal of 

these pollutants, including the waste water environments, were investigated.  

7.2 Experimental 

7.2.1 Chemicals 

Acrylonitile (AN, ≥99%, Sigma) as monomer, N, Nʹ–methylenebisacrylamide 

(MBA 99%, Acros) as the crosslinking agent, and potassium persulfate (KPS, 99%, 

Aldrich) as initiator were used. Hydroxylamine hydrochloride (NH2OH. HCl, 98% 

Sigma-Aldrich) and sodium hydroxide (NaOH, 98-100.5% Sigma-Aldrich) were used in 

the amidoximation reaction. Methylene blue (MB, 97%, Fluka) and rhodamine 6G (R6G, 

Sigma) were used as organic dyes. Cadmium (II) chloride hemipentahydrate (CdCl2. 

2.5H2O 98%, Fluka) was used as a metal ion source, and paraquat was used as herbicide. 
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Sodium hydroxide (NaOH, reagent grade, ≥98%, Sigma-Aldrich) and hydrochloric acid 

(HCl, 36.5–38%, Sigma-Aldrich) were used to adjust pH of metal ion solutions. Tap 

water was collected from the water supply lane in Canakkale Onsekiz Mart University. 

Sea water was collected from Dardanelles (at Canakkale straight of Turkey). River water 

was collected from Karamenderes River at Canakkale, Turkey. Double distilled water 

(DDW) was used throughout the experiments. 

7.2.2 Synthesis of p(AN) particles 

In a typical synthesis procedure, 4 ml of AN as monomer and 0.094 g of MBA (1 

mole % of AN) as cross-linker were added to 90 ml water in a round-bottom flask and 

stirred at 800 rpm to prepare a homogenous mixture. Temperature of the reaction medium 

was increased to 80 °C in an oil bath and the reaction mixture was continuously stirred at 

800 rpm. After 15 minutes, 0.1648 g of KPS (1 mole % of AN) was first dissolved in 5 

ml DDW and then added to the reaction mixture to initiate the polymerization and 

crosslinking reaction. Ten minutes after the addition of the KPS solution, the color of the 

reaction mixture turned milky giving an indication that polymerization had begun. The 

polymerization reaction was allowed to proceed for a further 5 h. At the end of the 

reaction time, heating and stirring was stopped and the temperature of the reaction 

mixture was allowed to decrease to room temperature. In order to remove unreacted 

monomer and cross-linker, the prepared p(AN) particles were centrifuged at 10000 rpm, 

and washed with DDW five times. Finally, p(AN) particles were dried at 60 °C in an 

oven and used for characterization and as adsorbents. 

7.2.3 Amidoximation reaction 

Amidoximation of the pendant nitrile groups was carried out by treating the 

p(AN) particles with hydroxylamine hydrochloride. Briefly, 1.5 g (3 times excess 

compared to number of moles of nitrile groups in p(AN) particles) of NH2OH.HCl was 

dissolved in 100 ml DI and was neutralized by the addition of NaOH. Then, 1 g of dried 

p(AN) particles were added to the NH2OH.HCl solution. The reaction was allowed to 

proceed for 24 h at 80 °C in an oil bath. At the end of the reaction time, temperature of 

the reaction medium was decreased to room temperature. Amidoximated p(AN) (amid-
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p(AN)) particles were washed with DDW by centrifugation at 10000 rpm for 10 minutes 

followed by the removal of the supernatant solution and re-dispersing in DDW and re-

centrifugation five times. Finally, the clean amid-p(AN) particles were dried in an oven at 

60 °C for 24 h and used for characterization and as adsorbents. The conversion of nitrile 

groups to amidoximes was confirmed by Fourier Transformation Infra-Red (FT-IR, 

Thermo Scientific, Nicolet iS 10) Spectrophotometer. Thermal properties of the p(AN) 

beads before and after amidoximation were investigated by Thermogravimetric Analyzer 

(SII TG/DTA 6300 model). 

7.2.4 Adsorption experiments 

The ability of the prepared p(AN) to adsorb contaminants from water was 

investigated by using p(AN) particles before and after amidoximation as adsorbents for 

the removal of a heavy metal ion Cd (II), organic dyes such as MB and R6G and a 

herbicide PQ from aqueous solutions at room temperature. In a typical procedure, for the 

adsorption of Cd (II), 100 ppm, 100 ml solutions of Cd (II) were placed in separate 

beakers, and pH of these solutions was adjusted to 2, 4, 5, 6 and 7. The pH of Cd (II) 

solutions was adjusted by the using 0.5 M HCl or 0.5 M NaOH aqueous solutions and 

was measured by a Sartorius Documeter pH meter. After adjustment of pH, 50 mg of 

dried p(AN) or amid-p(AN) was added to the solution and adsorption was allowed to take 

place at 400 rpm. After specific intervals of time, 0.2 ml samples were taken from the 

adsorption medium, diluted 30 times by the addition of DDW and the amount of Cd (II) 

was measured by Atomic Absorption Spectrophotometer (Thermo Scientific, ICE 3000 

series, AAS). Effect of initial concentration of solution was studied by carrying out the 

adsorption reaction with Cd (II) solutions of different initial concentrations; 50, 100, 150, 

200 and 250 ppm with 100 ml volume and keeping all other parameters such as amount 

of adsorbent, pH, etc. constant. The effect of different amounts of adsorbent was also 

investigated by using 0.025, 0.05, 0.075, 0.10 and 0.125 g of adsorbent to adsorb Cd (II) 

from 100 ml, 100 ppm Cd (II) solution. Adsorption of PQ was carried out by using 0.05 g 

of adsorbent to adsorb PQ from 100 ml solution with different initial concentrations; 50, 

100, 150, 200 and 250 ppm. The samples with 0.5 or 1 ml volume were withdrawn, 

diluted by 4 to 20 times depending upon initial concentration of solution, and amount of 
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PQ was measured by UV-Visible spectrophotometer (UV-Vis, T80+, PG Instruments) at 

its maximum absorption wavelength of 257 nm. The adsorbed amount was determined 

from a calibration curve constructed at 257 nm. For the adsorption of MB and R6G, 0.05 

g of adsorbent was used for their removal from separate 100 ml solutions of MB (1.6 x 

10
-4

 M) and R6G (1 x 10
-4

 M). During the adsorption experiment, the solutions were 

stirred at 400 rpm and 0.5 ml samples were withdrawn, diluted with DDW and the 

amount of MB and R6G was measured by UV-Visible spectrophotometer at their 

maximum absorption wavelengths of 664 and 530 nm for MB and R6G, respectively. 

Again the adsorbed amounts of dyes were calculated from the calibration curves 

constructed at these wavelengths: 664 and 530 nm for MB and R6G, respectively. 

Additionally, the effect of different initial concentration of MB was also investigated by 

using different initial concentrations of MB (i.e., 0.8 x 10
-4

 to 2.4 x 10
-4

 M). 

7.3 Results and discussion 

7.3.1 Synthesis and amidoximation of p(AN) particles 

Schematic representation of the synthesis of p(AN) particles and the 

amidoximation of nitrile groups is shown schematically in Figure 7.1 (a). In the first step, 

p(AN) particles of almost homogenous shape and size were prepared by surfactant-free 

emulsion polymerization at 80 °C. The persulfate ions (S2O8
2-

) which are produced from 

the initiator (KPS) decomposed to produce sulfate radicals (
•
SO4

-
) initiating the 

polymerization and crosslinking of AN. During the reaction small primary particles and 

surface active oligomers aggregate with each other to form polymer particles, and the 

aggregation is stopped when electric charge at their surface increases to such an extent 

that it can prevent further aggregation. The electric charge is created due to the presence 

of sulfate groups on the polymer chains. In the second step, the hydrophobic nitrile 

groups were converted to hydrophilic amidoxime groups by treating with NaOH-

neutralized NH2OH.HCl. A certain amount of NaOH (equivalent to HCl) was added to 

neutralize the HCl content of NH2OH. HCl, and the reaction was continued at 80 
o
C for 

24 h. Upon amidoximation, the milky color p(AN) particles turned light yellow as can be 

seen from digital camera images of p(AN) and amid-p(AN) given in Figure 7.1 (a). This 
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color change from milky white to light yellow as a result of the amidoximation reaction 

can be attributed to the amidoximation reaction and the more hydrophilic nature of amid-

p(AN) particles [29, 34]. A similar color change was also observed by Neghlani et al. 

[35] after converting the pendent nitrile groups of p(AN) mats to amidoxime groups. The 

SEM image of the prepared p(AN) particles was recorded by scanning electron 

microscope (SEM, JEOL 2010) and is shown in Figure 7.1(b). It is obvious that p(AN) 

particles are almost monodispersed with homogeneous spherical shape and diameters of 

the particles were approximately 400-500 nm. The polymerization of acrylonitrile and the 

conversion of nitrile groups to amidoxime groups were confirmed by FT-IR 

spectroscopy. The FT-IR spectra of p(AN) and amid-p(AN) are given in Figure 7.2 (a). 

The absorption peaks at 2247 cm
-1

 and 1078 cm
-1 

are due to –CN stretching and bending 

vibrations, respectively. The absorption peak at 2940 cm
-1 

is due to –C–H stretching 

vibrations, whereas the peak at 1560 cm
-1 

corresponds to –C–H in-plane deformation 

vibration of –CH2 groups. As a result of the amidoximation reaction, nitrile groups were 

converted to amidoxime groups and this conversion is clearly demonstrated by FT-IR 

spectra of the amid-p(AN) particle as illustrated in Figure 7.2 (a). It can undoubtedly be 

seen that after the amidoximation reaction, the absorption peak of nitrile groups 

completely disappeared which indicates that all the nitrile groups were converted to new 

amidoxime groups. After amidoximation, a broad band around 3300 cm
-1

 appears due to 

the –OH groups in amidoxime. The absorption bands at 1653 cm
-1 

and 920 cm
-1

 

correspond to –C=N and –N–O of amidoximes. So, FT-IR spectra confirm that nitrile 

groups were converted to amidoxime groups [36, 37]. 
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Figure 7.1 (a) Schematic representation for the synthesis p(AN) and amidoxmation 

reaction, and digital camera images of p(AN) and amid-p(AN) suspended in water (b) 

SEM image of p(AN) particles. 
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Figure 7.2 (a) FT-IR spectra of p(AN) before and after amidoximation, and (b) TGA 

thermograms of p(AN) particles before and after amidoximation reactions.  
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Thermal properties of the p(AN) particles before and after amidoximation were 

also investigated and their matching thermograms are illustrated in Figure 7.2(b). For 

p(AN) particles, the thermal degradation began at 250 °C and 34.6% weight loss occurred 

upon heating up to 570 °C. Upon further heating, the degradation rate increased, and a 

total of 99% weight loss occurred as the temperature reached 720 °C. After 

amidoximation, the thermal degradation behavior of p(AN) particles completely changed. 

Thermal degradation of amid-p(AN) began at 100 °C, and 5% weight loss was observed 

upon heating to 210 °C, and upon further heating the degradation rate rose and weight 

loss increased to 50% when the temperature increased to 440 °C. Upon heating above 

440 °C, the degradation rate further speeded up and weight loss increased to 90% at 556 

°C. The total weight loss increased to 98.5% as the heating temperature was raised to 880 

°C. Different thermal degradation confirms that a variation in chemical structure occurred 

in p(AN) particles after the amidoximation reaction which is the conversion of nitriles to 

amidoximes on p(AN) chains.           

7.3.2 Adsorption study 

The adsorption ability of p(AN) and amid-p(AN) particles were investigated for 

use as adsorbents in the removal of three different types of water contaminants: a heavy 

metal ion, Cd (II); a herbicide, PQ; and organic dyes, MB and R6G. The maximum 

amount of dyes, herbicide or Cd (II) adsorbed per gram of dry p(AN) or amid-p(AN) was 

calculated by using the following mass balance equation. 

q = (Co-Ce)V/W                         (1)      

Where, q is the adsorbed amount of adsorbent in mg.g
-1

, Co is the initial and Ce is the 

equilibrium concentration (ppm) of adsorbate in aqueous solution. V is the volume of 

adsorbate solution in L and W is the mass of p(AN) or amid-p(AN) particles used as 

adsorbents. It has been reported that adsorption capacity of amidoximes is very high 

compared to adsorbents which contain nitrile groups. Therefore, firstly the effect of 

amidoximation of the pendent nitrile groups on the adsorption capacity of the prepared 

particles was investigated. For this comparative study, separate 100 ml solutions of Cd 

(II) (100 ppm), MB (1.8 x 10
-4

 M), R6G (1 x 10
-4

 M), and PQ (100 ppm) were prepared 
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and 0.05 g of p(AN) or amid-p(AN) particles were used as adsorbent. As can be seen 

from Figure 7.3, a tremendous increase in the adsorption capacity was observed for amid-

p(AN) particles. This large increase in the adsorption capacity can be attributed to greater 

complexation tendency of amidoxime groups with oppositely or positively-charged water 

contaminants or better binding ability then nitrile groups for the mentioned adsorbates. 

 

Figure 7.3 Comparison of adsorption capacity of p(AN) particles before and after 

amidoximation. Reaction conditions; 100 ml solution of Cd (II) (100 ppm and pH = 6), 

PQ (100 ppm), MB (1.6 x 10
-4

 M), and R6G (1 x 10
-4

 M). ) 0.05 g of amid-p(AN), 400 

rpm, room temperature.  

As the solubility of Cd (II) in water is pH dependent, at low solution pH values 

Cd (II) remains soluble in water but at high pH its solubility is decreased due to the 

formation of Cd(OH)2 which is precipitated. So, in order to determine the optimum pH at 

which the maximum amount of Cd (II) can be adsorbed, the effect of pH of solution on 

the adsorption of Cd (II) was studied. For this purpose, 100 ml, 100 ppm solutions of Cd 

(II) were prepared and pH was adjusted from 2 to 7 by using 0.5 M NaOH or 0.5 M HCl 

aqueous solutions. The adsorption of Cd (II) by amid-p(AN) as a function of pH is shown 

in Figure 7.4(a) and as can be seen the amount of Cd (II) adsorbed on amid-p(AN) 
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increased as the pH of the Cd (II) solution increased from 2 to 6. However, with further 

increase in pH of the Cd (II) solution, the adsorbed amount of Cd (II) decreased. This 

decrease in the amount of adsorbed Cd (II) can be attributed to the precipitation of Cd (II) 

in the form of Cd(OH)2 which is produced and precipitated in the presence of excess OH
-
 

in the reaction medium. As the maximum adsorption was observed at solution pH of 6; 

therefore, all other adsorption experiments for Cd (II) were conducted at pH 6. In a 

previous study by Maria et al. [31] the optimum pH for maximum adsorption of Cd (II) 

from water has been reported as 9. The contradiction in these results may be due to the 

reason that Maria et al. have used standard solution of Cd (II), while in the present study 

we have used CdCl2. 2.5H2O as a source of Cd (II) and it was precipitated as the pH was 

increased from 6 to higher values in the investigated concentration range. Therefore, the 

optimum pH for the maximum adsorption of Cd (II) depends upon the source of Cd (II) 

e.g., the different sources or salts of Cd (II) may have different dissociation behavior in 

water and precipitate at different pH of the medium. For the adsorption of MB, R6G, and 

PQ, the prepared aqueous solutions were used for adsorption experiments. The amount of 

Cd (II), MB, R6G, and PQ adsorbed is given in Figure 7.4(b), where the adsorption rates 

of each pollutant was high in the initial stages but they all steadily slowed with the 

passage of time. Maximum adsorption was achieved in 40 minutes, and after that no 

change in the adsorbed amounts of adsorbates was observed with time after about 50 min. 

The decrease in the adsorption rate with the passage of time can be attributed to the 

decrease in concentration gradient between solution and the surface or interior of amid-

p(AN) particles. Once the maximum adsorption was achieved, then the adsorption rate 

also became equal to zero and no more adsorbate was adsorbed on the adsorbent. The 

time required for the removal of maximum amount of MB is very less as compared to the 

previous reported lit erature where Eldin et al. used amidoximated p(AN -co -DVB) for 

the removal of MB from water and that the adsorption equilibrium was established after 7 

h [32]. The quick adsorption characteristics of the current amid -p(AN) proves that these 

beads are superior than the previously reported adsorbents. As it can be seen from Figure 

4 (b), 90 mg of MB was adsorbed by per gram of dried amid -p(AN). This adsorbed 

amount of MB is also very high as compared to that reported by Eldin et al. [33] for the 

removal of MB by nano sized amid oximated p(AN) particles. 
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Figure 7.4 (a) Effect of pH of medium on the removal of Cd (II) by amid-p(AN) 

particles, (b) the plots of adsorbed amount of PQ, MB, R6G and Cd (II) as a function of 

time. Reaction conditions; 100 ml solution of Cd (II) (250 ppm and pH = 6), PQ (100 

ppm), MB (1.6 x 10
-4

 M), and R6G (1 x 10
-4

 M). ) 0.05 g of amid-p(AN), 400 rpm, room 

temperature.  
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Since, the initial concentration of the solution also affects the adsorption rate and 

the adsorbed amount; this was also studied for the removal of Cd (II). Solutions of Cd (II) 

with different concentrations (50, 100, 150, 200 and 250 ppm) were prepared and pH was 

adjusted to 6 at which the maximum amount of Cd (II) was adsorbed. Dried amid-p(AN) 

particles of 0.05 g were added as adsorbent to 100 ml solutions of Cd (II) with each 

concentration. The amounts of Cd (II) adsorbed from the solutions with different 

concentrations are shown in Figure 7.5(a). An increase in the amount of Cd (II) adsorbed 

by amid-p(AN) particles was observed with the increase in initial concentration of Cd (II) 

solution, as can be seen from Figure 7.5(a). The increase in the adsorbed amount of Cd 

(II) can be attributed to the increase in the amount of Cd (II) available in the solution for 

amid-p(AN) particles. The effect of amount of adsorbent was also evaluated by using five 

different amounts of amid-p(AN) particles (e.g., 0.025 g, 0.05 g, 0.075 g, 0.010 g and 

0.0125 g) to adsorb Cd (II) from 100 ml, 100 ppm aqueous solution at pH 6. It is obvious 

that the amount of Cd (II) adsorbed increased with the increase in the amount of 

adsorbent. By increasing the amount of adsorbent, the number of sites available for 

adsorption of Cd (II) increased so higher amounts of Cd (II) were adsorbed, as illustrated 

in Figure 7.5(b) in terms of % removal. The % removal increased from 13 to 72% by 

increasing the amount of amid-p(AN) from 0.025 to 0.0125 g. This is also the case in 

adsorption studies of most metal ions and/or organic compounds [24, 26, 29, 30]. The % 

removal of Cd (II) in the present investigation is very high as compared to that reported 

by Maria et al. [31] where they observed only 46 % removal of Cd (II) from 10 ml, 80 

ppm solution of Cd (II) by using relatively larger amount of adsorbent i.e.; 1 g of 

amidoximated p(AN -co -DVB) beads as adsorbents. 
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Figure 7.5 (a) The plots of the amount of adsorbed Cd (II) by amid-p(AN) particles as a 

function of time form different initial metal ion concentrations [amid-p(AN) particles: 

0.05 g]. (b) Plots of % removal of Cd (II) as function of time with different amounts of 

amid-p(AN) particles [Cd (II): 100 ml, 100 ppm, pH 6].  
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7.3.3 Adsorption isotherms  

In order to determine the nature of adsorption, the effect of initial concentrations 

of Cd (II), MB, and PQ on the adsorption by amid-p(AN) were also investigated by 

applying different adsorption isotherms. For the adsorption of Cd (II), MB and PQ, the 

plots of qe versus Ce are given in Figure 7.6(a). In the construction of the Langmuir 

adsorption isotherm, it is assumed that the surface of the adsorbent is homogenous, all 

adsorption sites are equivalent, and a monolayer of adsorbate is formed on the surface of 

adsorbent. The Langmuir adsorption isotherm was plotted by using the well-known 

Langmuir equation, which is given below; 

Ce/qe = Ce/qm + 1/qm KL     (2) 

Where Ce is equilibrium concentration of the solution in ppm, qe is the amount of 

adsorbate (mg g
-1

) adsorbed per gram of dried amid-p(AN) particles, qm is the maximum 

amount of adsorbate (mg g
-1

) adsorbed per gram of dried amid-p(AN) particles, while KL 

is the Langmuir adsorption equilibrium constant. Langmuir adsorption isotherms were 

constructed for Cd (II), MB and PQ by plotting Ce/qe as a function of Ce as shown in 

Figure 7.6(b). The linear pattern of Langmuir adsorption isotherms with coefficient of 

determination (R
2
) values of 0.9995 and 0.9997 for Cd (II) and PQ, respectively, 

demonstrate that Cd (II) and PQ are adsorbed on the amid-p(AN) particles in the form of 

a monolayer. Additionally, the maximum amounts of adsorption of Cd (II) and PQ 

calculated from Langmuir adsorption isotherms are 98.04 mg g
-1

 which is very close to 

experimentally observed values of 87 and 96 mg g
-1

 for Cd (II) and PQ, respectively. 

This close resemblance of the experimentally observed values with the values calculated 

from the Langmuir adsorption isotherm supports the idea that the adsorption of Cd (II) 

and PQ can be represented by the Langmuir adsorption isotherm. On the other hand, an 

R
2 

value of 0.4428 for MB was obtained when the Langmuir adsorption isotherm is 

applied, which indicated that the adsorption of MB was not in a monolayer. The 

nonlinear pattern of Langmuir adsorption isotherm for MB was given in the inset of 

Figure 7.6(b). As the effect of surface roughness is not considered by the Langmuir 

adsorption isotherm, the possibility of different types of adsorption sites is also not 

considered. In order to take into consideration the effect of surface roughness and 
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availability of different types of adsorption sites, Freundlich adsorption isotherms were 

also applied to adsorption data of Cd (II), PQ and MB. The Freundlich adsorption 

isotherm was plotted by using the Freundlich equation, which is given below 

 logqe = logKF + 1/n logCe         (3) 

Where, qe is the amount of adsorbate in mg g
-1

 adsorbed at equilibrium state of 

adsorption, Ce is the equilibrium concentration of adsorbate solution, while KF and n are 

the equilibrium constants that represent the adsorption capacity and adsorption intensity, 

respectively. Freundlich adsorption isotherms for Cd (II), PQ and MB were constructed 

by plotting logqe versus logCe as shown in Figure 7.6(c). The nonlinear pattern for Cd (II) 

and PQ, which is also clear from their R
2 

values of 0.9695 and 0.9222, indicates that the 

adsorption of Cd (II) and PQ did not follow the Freundlich adsorption isotherm. 

However, the R
2
 value for the Freundlich adsorption isotherm of MB is very close to 1 

(i.e., 0.9908) therefore, the adsorption of MB by amid-p(AN) obeys the Freundlich 

adsorption isotherm. Both the Langmuir and Freundlich adsorption isotherms ignore the 

possibility of interaction between adsorbent and adsorbed species where the presence of 

such types of interaction can exist and may also affect the adsorption process. Therefore, 

in order to consider this effect, the Temkin adsorption isotherm was also applied, which 

takes into account the effect of possible interactions between adsorbent and adsorbates 

that are adsorbed on the adsorbent. The Temkin adsorption isotherm is based on the 

assumption that free energy of sorption is a function of surface coverage of adsorbent. 

The mathematical expression of the Temkin adsorption isotherm is given as follows.   

                  qe = B ln KT +B ln Ce                             (4) 

Where, qe is the amount of adsorbate adsorbed (mg g
-1

) on amid-p(AN) at equilibrium 

state, KT is known as the equilibrium binding constant and corresponds to maximum 

binding energy, Ce represents the concentration of adsorbate in solution at equilibrium 

conditions, and the parameter B is related to binding energy and its value can be 

calculated by the following mathematical expression,  

                                                B = RT/bT                                          (5) 
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Where R is the universal gas constant, T represents the temperature in Kelvin and bT is 

the Temkin isotherm constant. According to equation 4, the Temkin adsorption isotherm 

can be constructed by plotting qe as a function of ln Ce and is shown in Figure 7.6(d). 

The constants B and KT were calculated from the slope and intercept, respectively. 

Kinetic parameters calculated from Langmuir, Fruenlich and Temkin adsorption 

isotherms for the adsorption of Cd (II), PQ, and MB are given in Table 7.1. As can be 

seen from Table 7.1, Cd (II), and MB adsorption from aqueous environments by amid-

p(AN) followed the Temkin isotherms better than PQ adsorption. The same result is 

obtained when the Fruendlich isotherm is applied. 
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Figure 7.6 (a) The graph of qe against Ce and the application of (b) Langmuir (c) 

Freundlich and (d) Temkin adsorption isotherms to the adsorption of Cd (II), PQ and MB 

by amid-p(AN). 
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Table 7.1 Kinetic parameters for the adsorption of Cd (II), PQ, and MB by amid-p(MAc-

co-AN) microgel from the application of Langmuir, Freundlich and Temkin isotherms 

(metal ion concentration 50-250 ppm, 100 ml). 

 

7.3.4   Adsorption kinetics  

               Adsorption kinetics was investigated in terms of order and rate constants. 

Pseudo first-order and pseudo second order kinetic models were applied and 

corresponding rate constants and orders were calculated.  

7.3.4.1 Pseudo first-order kinetics  

              The experimental data for the adsorption of Cd (II), PQ, MB, and R6G was 

treated with pseudo first-order kinetics by applying the mathematical expression 

proposed by Lagergren, which is given as the following; 

Isotherm Constants

Adsorbent

Cd (II) PQ MB

Langmuir

KL  (L/g) 0.033 0.183 0.012

qm (mg/g) 98.04 98.04 909.1

R2 0.999 0.999 0.443

Freundlich

KF (L/g) 15.46 66.02 9.27

n 3.00 14.06 0.896

R2 0.969 0.922 0.991

Temkin

B 14.47 6.33 7.88

KT (L /g) 1.55 19571.56 0.38

R2 0.986 0.928 0.9717
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                                  log (qe - qt)  = logqe – k1.t/2.303                         (6) 

Where, qe and qt are the amounts of adsorbate (mg g
-1

) which were adsorbed on the 

adsorbent at equilibrium time and at time t (min), and k1 (min
-1

) is the rate constant of 

pseudo first-order kinetics. Equation 6 is a straight line equation and the straight line was 

obtained by plotting log (qe-qt) versus t as shown in Figure 7.7(a). Values of k1 and qe 

were calculated from slope and intercept, respectively. Values of k1, qe and R
2 

are given 

in Table 7.2.  

Table 7.2. Kinetic constants of pseudo first-order and pseudo second order kinetics for 

the adsorption of Cd (II), PQ, MB, and R6G. [Reaction conditions; 100 ml solution of Cd 

(II) (250 ppm, pH = 6), PQ (100 ppm), MB (1.6 x 10
-4

 M), and R6G (1 x 10
-4

 M). 0.05 g 

of amid-p(AN), 400 rpm, room temperature].   

 

k1= Pseudo-first order rate constant,      k2= Pseudo-second order rate constant 

R
2
 = Coefficient of determination,         qe = Amount adsorbed at equilibrium 

7.3.4.2   Pseudo second-order kinetics 

The adsorption data was also treated with a pseudo second-order kinetic model by 

applying the following equation; 

Kinetics Constants Adsorbent

Cd (II) PQ MB R6G

Pseudo-first 

order

k1 (min-1) 0.077 0.152 0.114 0.113

qe (mg/g) 69.53 111.91 92.85 103.56

R2 0.978 0.954 0.987 0.901

Pseudo-second 

order

k2 (g/mg min) 0.003 0.005 0.003 0.003

qe (mg/g) 90.09 94.34 95.23 78.74

R2 0.992 0.997 0.994 0.989
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                                t/qt = 1/k2qe
2 

+ t/qe                                       (7) 

Where, qe and qt are the amounts of adsorbate (mg g
-1

) which were adsorbed on the 

adsorbent at equilibrium time and at time t (min), and k2 (g/mg min) is the rate constant 

of pseudo second-order kinetics. The straight line was constructed by plotting t/qt as a 

function of t as shown in Figure 7.7 (b). The values of qe and k2 were calculated from the 

slope and intercept, respectively, and are given in Table 2. As can be seen from Table 2, 

the values of R
2
 for the straight lines of pseudo second-order equations are very close to 

1, and also the values of qe calculated from pseudo second-order kinetics are 90.09, 

94.34, 95.23, and 78.74 mg g
-1

 which are very close to the experimentally observed 

values of 85.84, 90.57, 90.53, and 74.17 mg g
-1 

for the adsorption of Cd (II), PQ, MB, 

and R6G, respectively. The more suitable values of R
2
 and the close resemblance 

between experimentally observed values and those calculated from pseudo second-order 

kinetics suggest that the adsorption of Cd (II), PQ, MB, and R6G was abided by pseudo 

second-order process. To test the applicability of amid-p(AN) particles in real use, this 

particle system was also investigated to determine whether it can adsorb organic dyes, 

herbicide and Cd (II) from different types of water. A 100 ml solution of each of the 

pollutants was prepared in river, sea and tap waters. The concentrations of the solutions 

were kept the same as they were in DI. The amounts of dyes, herbicide and Cd (II) 

adsorbed per gram of dry amid-p(AN) are given in Table 7.3. Interestingly, a higher 

amount of Cd (II) can be removed from all types of water as the adsorption capacity of 

amid-p(AN) from tap water and river water is almost 1.5 fold times more than DI water 

and sea water, implying that this particle system is very suitable for real applications in 

the removal of Cd(II) from almost all contaminated environmental aquatic waters. As the 

tap and river water s may contain many other metal ions and anions such as sodium, 

calcium, magnesium, iron, sulfate, chloride, phosphate, and bicarbonates and so on; some 

of these anions can give complexes with Cd (II), and/or adhere to the surface of amid -

p(AN) beads to promote Cd (II) absorption by the adsorbent beads. The adhesion of these 

types of impurities on the surface of beads may provide a new surface for the adsorption 

of Cd (II) , this phenomenon may lead to greater adsorption of Cd (II) from tap and river 

waters in comparison to pure water. MB can also be removed efficiently from tap, river, 
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and DI; however, the removal from sea water was greatly affected by the presence of 

various species, such as ions and other contaminants. 

 

Figure 7.7 (a) Application of pseudo first order and (b) pseudo 2nd order kinetics to the 

adsorption of Cd (II), PQ, MB, and R6G. Reaction conditions; 100 ml solution of Cd (II) 

(250 ppm and pH = 6), PQ (100 ppm), MB (1.6 x 10
-4

 M), and R6G (1 x 10
-4

 M). 0.05 g 

of amid-p(AN), 400 rpm, room temperature. 
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The removal of R6G and PQ was also affected by the water sources as small amounts 

were adsorbed from tap, river and sea water; again due to the presence of naturally 

soluble ions or added chloride ions in tap water. The decrease in adsorption capacity of 

amid-p(AN) particles can be attributed to the presence of different salts that inherently 

exist and are commonly dissolved in underground water (which is used as tap water), sea 

water and river water. These salts are mostly in ionized form in water and the ions 

produced from these salts may hinder the adsorption capacity of amid-p(AN) particles 

and hence the adsorption capacity of particles decreased with the exception being for 

Cd(II) ions. Although, the adsorption capacity of the particles was deceased, amid-p(AN) 

particles can still remove considerable amounts of the three types of pollutants that were 

studied i.e., heavy metal ion, organic dyes and herbicide, from waters with different 

sources which also contain many interfering species.  

Table 7.3. Amounts of Cd (II), MB, R6G, and PQ in mg/g adsorbed from distilled, tap, 

river and sea water. Reaction conditions; 100 ml solution of Cd (II) (250 ppm, pH = 6), 

PQ (100 ppm), MB (1.6 x 10
-4

 M), and R6G (1 x 10
-4

 M). 0.05 g of amid-p(AN), 400 

rpm, room temperature.   

 

 

7.4      Conclusions 

Monodispersed p(AN) particles were prepared by surfactant free emulsion 

polymerization and the nitrile groups were converted to hydrophilic amidoxime groups. 

The prepared particles were shown to be good adsorbents for the removal of three 

Pollutant Distilled

water

Tap Water River Water Sea Water

Cd (II) 85.85 131.33 126.97 85.04

MB 90.53 75.37 64.31 22.71

R6G 74.17 28.11 25.79 24.37

PQ 90.58 14.42 6.78 10.56
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different types of pollutants from aqueous media; organic dyes, herbicides, and heavy 

metal ions. A remarkable increase in the adsorption capacity of amid-p(AN) particles was 

observed upon amidoximation of nitrile groups. The amid-p(AN) particles were also able 

to remove all three types of pollutants from waters with different sources; tap, sea, and 

river. The kinetic studies revealed that these particles can adsorb maximum amounts of 

the dyes, herbicide and heavy metal ions within 40 minutes irrespective of the type of 

water. Langmuir, Freundlich and Temkin adsorption isotherms were applied to the 

adsorption data, and it was found that adsorption of Cd (II) and PQ followed the 

Langmuir isotherm, whereas MB adsorption followed the Freundlich adsorption model. 

Pseudo first-order and pseudo second-order kinetics were also applied and the results 

showed that the adsorption process of Cd (II), PQ, MB, and R6G follow pseudo second-

order kinetics more effectively. Interestingly, Cd (II) adsorption capacity of amid-p(AN) 

particles was found to be very high in tap and river water and almost the same in DI and 

sea water implying that this amid-p(AN) particle has great potential in the removal of Cd 

(II) in any kind of contaminated water. Furthermore, this work also reveals that 

monodispersed p(AN) particles can be prepared without using any surfactant and can be 

easily chemically modified to amidoximes to increase their adsorption capability for 

various contaminants with either organic or inorganic sources. Moreover, the p(AN) 

particles are versatile material as the functional groups on these particles, such as –

COOH, and –NH2, can also be very useful in the removal of a variety of pollutants from 

waste waters of different sources which also contain many toxic species.                 
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Chapter 8 

Preparation and modification of poly(vinylbenzyl chloride) (p(VBC)) beads for the 

removal of organic dyes and heavy metal ions  

This chapter describes the synthesis of p(VBC) beads and modification of  

chloromethyl groups to amidoximes by treating with 3, 3ʹ-iminodipropionitrile (IDPN). 

Characterization and the modified and unmodified beads and their applications for the 

removal organic dyes such as methyl orange (MO) and eosine Y (EY) and heavy metals 

containing complex ions like dichromate and arsenate is presented in this chapter. 

8.1    Introduction 

Modification of reactive functional groups to a variety of new functionalities has 

become a fascinating art in the field of material science. The main charm of this 

technique exists in the fact that materials with desired functionalities, which cannot be 

directly prepared from available precursors, can be easily designed. Additionally, such 

material that cannot be prepared in a specific shape and containing required 

functionalities can also be designed by the chemical modification of reactive functional 

groups on the pre synthesized materials. For example, polymeric material with different 

shapes containing amidoxime groups cannot be synthesized by polymerization of the 

commercially available regents which contain amidoxime groups. However, acrylonitrile 

can be used for the indirect synthesis of polymers with amidoxime functionalities. 

Acrylonitrile can be polymerized to prepare different shapes of polymers such as fibers, 

hydrogels, and spherical particles [1-4]. Once the polymer containing nitrile groups are 

prepared in a specific shape and dimensions, then nitriles groups can be easily modified 

into amidoxime groups. In this way, polymers of desirable shape, dimensions, and 

functional groups can be designed. Similarly, by chemical modification, nitrile groups 

can also be converted to amidrazone, carboxyl and oxazoline groups [3]. In order to 

increase the number of amidoxime groups, modification of the reactive epoxy groups has 

been done by double nitrile group containing moieties [4]. The nitrile groups were then 

converted to amidoximes. In this way, large numbers of amidoxime groups were 

generated even in the presence of small number of reactive sites. Due to high complex 
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forming capability with metal ions, polymer containing amidoxime groups have become 

very popular to remove the toxic metal ions from water [5-8]. Amidoximes can also form 

very strong complex with uranyl ions, therefore, they have been extensively used for the 

recovery of uranyl ions from sea water [9, 10]. Due to non-availability of the monomers 

containing pendent amidoxime groups, the polymers containing amidoxime functional 

groups have been prepared by modification of the reactive nitrile groups. Two strategies 

have been adopted for the preparation of resins containing amidoxime groups. 

Acrylonitrile is first polymerized to prepare spherical particles or fibers of specific 

dimensions and then nitrile groups can be converted to amidoxime groups. Eldin et al. 

have prepared poly(acrylonitrile-co-divinylbenzene) spherical particles of nano 

dimensions (diameter  = approximately 41 nm) [11]. Once the AN particles of spherical 

shape and nano dimensions were prepared then amidoxime groups were introduced by 

chemical modification of nitrile groups which was carried out by treatment of the 

prepared particles with NH2OH.HCl. As a result of this modification, adsorption 

properties were acquired in the nanoparticles and they were used as adsorbents. Riqueza 

et al. have synthesized micron sized spherical beads by suspension polymerization of 

suspension copolymerization of acrylonitrile (AN), styrene (STY) and divinylbenzene 

(DVB) [12]. The nitrile groups were then converted to amidoxime groups by treatment 

with NH2OH.HCl. The hydrogel particles of nano dimensions containing nitrile groups 

were prepared by Sahiner at el. and they also successfully modified the nitrile groups to 

amidoxime groups by treatment with NH2OH.HCl to increase the hydrophilic character 

of the hydrogels [13]. In another technique, materials having reactive functional groups 

are first prepared, the reactive sites are then treated with reactive reagents containing 

nitrile groups and finally, amidoximation of nitrile groups results in the formation of 

amidoxime groups. Shaaban and coworkers have reported the preparation micron sized 

beads of acrylamide (AM), they introduced amino groups in the AM network by 

transamidation [14]. Due to the reactive nature of amino groups, they were reacted with 

acrylonitrile while subsequent amidoximation of nitrile groups resulted in the 

introduction of amidoxime groups. Qu et al. have also prepared amidoximes by post 

modification method [15]. They introduced AN groups on silica gel containing reactive 

thiol groups (-SH). After the introduction of nitrile groups, amidoxime groups were 
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generated by treatment of NH2OH.HCl. Another modifiable material is poly vinylbenzyl 

chloride (p(VBC)). The p(VBC) can be easily prepared in the form of spherical beads and 

also provide abundant chloromethyl groups which are reactive and can be utilized to 

introduce different functional groups such as hydroxyl groups (-OH), amino groups, (-

NH2), sulphonic (-SO3H) and carboxylate groups (-COOH). After the introduction of 

these functional groups, the modified polymeric beads can be used as adsorbents for the 

removal of metal ions or organic pollutants from water with enhanced adsorption 

capacity and selectivity [16].  Samatya et al. have prepared and modified the micron sized 

p(VBC) beads [17]. The modification of beads was carried out by treatment with a boron 

selective legend N methyl-D-glucamine (NMDG). The resultant beads were used as 

sorbents for the selective removal of boron from aqueous medium. Similarly, 

Bayramoglu et al. have also used p(VBC) beads as starting material for the preparation of 

hydrazine functionalized beads [18]. In this study, the reactive chloromethyl groups of 

p(VBC) beads were treated with glycidylmethacrylate (GMA) using surface-initiated 

atom transfer radical polymerization (SI-ATRP). The epoxy groups of GMA were then 

modified with hydrazine and the resultant beads were used for the adsorption of 

invertase. Due to ease of handling of micrometer size beads and availability of large 

number of the reactive chloromethyl groups, we have synthesized p(VBC) beads, 

chloromethyl groups were modified to introduce double nitrile group containing moieties 

by treating with 3,3-dipropionitrile and the subsequent amidoximation of nitrile groups 

resulted in the formation of amidoxime groups. In this way each reactive site was 

replaced by two amidoxime groups. After amidoximation, the prepared beads were used 

as adsorbents for the removal of the toxic dichromate and arsenate ions from different of 

waters such as tap water, sea water and river water. 

8.2 Experimental 

8.2.1 Materials 

4-Vinylbenzyl chloride (VBC, 90 %, Sigma Aldrich) was used as monomer, 

Ethylene glycol dimethacrylate (EGDMA, 99%, Fluka) as a cross-linker and 2,2'-

azobis(2-methylpropionitrile) (AIBN, 98%, Sigma Aldrich) as an initiator.  poly(vinyl 
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alcohol) (PVA, average M.W. 89000- 98000, Sigma Aldrich) was used as stabilizing 

agent. 3, 3ʹ-iminodipropionitrile (IDPN, 90 %, Sigma Aldrich) and hydroxyl amine 

hydrochloride (NH2OH.HCl, 98% Sigma Aldrich) were used as modifying agents. 

Sodium hydroxide (NaOH, 98-100.5% Sigma Aldrich) was used to neutralize the 

NH2OH.HCl during amidoximation. Pyridine (99.8 %, Sigma Aldrich) was used as a 

mild base in the modification of chloromethyl groups with IDPN. The other solvents used 

such as tetrahydrofuran (THF), ethanol, acetone, and toluene was purchased from Sigma 

Aldrich. Eosin Y (EY, 90%, Sigma Aldrich), methyl orange (MO, containing acid orange 

52, Fluka analytical) were used as organic dyes. Potassium dichromate (K2Cr2O7, 99 %, 

Sigma Aldrich) and disodium arsenate heptahydrate (Na2HAsO4.7H2O, 98.5 %, Sigma) 

were used for the preparation of arsenate and dichromate solutions. Double distilled 

water (DDW) was used throughout the experimental work. 

8.2.2 Synthesis of p(VBC) beads 

 Cross-linked p(VBC) beads were prepared by suspension polymerization 

according to previously reported method. In a typical experiment, VBC (5 ml, 31.9 

mmol), EGDMA (1.5 ml, 7.8 mmol) and AIBN (0.12 g, 0.71 mmol) were dissolved in 

toluene (7 ml). The resulting mixture was added in an aqueous medium which was 

prepared by dissolving 0.25 g of PVA in 80 ml DDW in a round bottom flask. The 

reaction flask was adjusted in an oil bath and the temperature was raised to 80 °C and the 

polymerization was allowed to proceed for 8 hours at constant stirring of 600 rpm. After 

the reaction time, the stirring was stopped and the reaction mixture was allowed to cool 

down to room temperature, the prepared beads were separated by decantation of solvent 

and then washed with ethanol and water for five times in order to remove the unreacted 

monomers and diluent. The prepared beads were finally dried in an oven at 60 °C and 

used for characterization and modification.  

8.2.3 Modification of chloromethyl groups with 3, 3ʹ -iminodipropionitrile 

The reactive chloromethyl groups were modified by treating with IDPN in THF. 

Briefly, 4 g of p(VBC) beads were allowed to swell in 100 ml THF in a round bottom 

flask. A 4 ml (two times of the number of moles of chloromethyl groups) of IDPN was 
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added as modifying agent in the reaction flask. In order to neutralize the HCl produced 

during the reaction the reaction, 2.112 ml of pyridine was also added in the reaction 

mixture. The reaction was carried out at 65 °C for 24 hours. At the end of the reaction 

time, the IDPN modified p(VBC) (IDPN-p(VBC)) beads were separated from the 

reaction mixture and washed with acetone and water repeatedly for five times. After 

cleaning, the IDPN-p(VBC) were dried in oven at 60 °C and used for characterization 

and further modification. 

8.2.4 Conversion of nitrile groups to amidoxime groups 

The nitrile groups of the IDPN in the IDPN-p(VBC) beads were converted to 

amidoxime groups by treatment with NH2OH.HCl in aqueous medium. In a typical 

procedure, 3 g of NH2.OH.HCl was dissolved in 100 ml DDW in a round bottom flask 

and 2 g of NaOH was added to neutralize the HCl contents. After the preparation and 

neutralization of NH2OH.HCl solution, 4 g of the IDPN-p(VBC) beads were added in the 

reaction flask. The reaction was allowed to carry out at 80 °C in an oil bath for 24 hrs. As 

the reaction time was completed, the amidoximated IDPN-p(VBC) (amid-IDPN-p(VBC)) 

beads were separated from the reaction medium and washed with DDW for three times 

and then once with acetone and finally dried in oven at 60 °C. The dried beads were used 

for characterization and as adsorbents. The conversion of both the chloromethyl groups to 

nitriles and then nitrile to amidoxime was confirmed by Fourier Transformation Infra-

Red (FT-IR, Thermo scientific, Nicolet iS 10) Spectrophotometer. 

8.2.5 Adsorption experiments 

Adsorption experiments were carried out at room temperature from the aqueous 

solutions of dichromate, arsenate, MO and EY. For the adsorption of dichromate and 

arsenate, 100 ml solution of different concentrations such as 25, 50, 75, 100, and 125 

ppm were added in separate beakers. Dried 0.05g of the amid-IDPN-p(VBC) beads were 

added and adsorption was allowed to take place at room temperature under continuous 

stirring at 500 rpm. A 0.2 ml of the sample was withdrawn from the adsorption medium 

and diluted 60 times by the addition of DDW. The amounts of dichromate and arsenate 

adsorbed were measured by atomic absorption spectrophotometer (Thermo Scientific, 
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ICE 3000 series, AAS). The effect of different initial concentration of solution was 

studied by carrying out the adsorption experiments from solution having initial 

concentration of 25, 50, 75, 100, and 125 ppm. Additionally, the effect of different 

amounts of beads was investigated by using 0.025, 0.05, 0.075, 0.1, and 0.125 g of dried 

amid-IDPN-p(VBC) beads as adsorbents for 100 ml, 100 ppm solution of dichromate or 

arsenate. The adsorption of MO and EY was carried out from their aqueous solutions 

having concentrations of 4 x 10
-4

 and 4 x 10
-5 

M, respectively. Dried 0.05g of the amid-

IDPN-p(VBC) beads were added and adsorption was allowed to take place at room 

temperature under continuous stirring at 500 rpm. During the adsorption process, 0.5 ml 

of the sample was taken from the adsorption medium and diluted 8 times for MO and 10 

times for EY with DDW. The amount of dye adsorbed was measured by UV-Visible 

spectrophotometer (UV-Vis, T80+, PG Instruments) in terms of their maximum 

absorption at 464 and 516 nm for MO and EY, respectively. 

8.3 Results and discussions 

8.3.1 Synthesis and modifications of p(VBC) beads 

The cross-linked p(VBC) beads were prepared by suspension polymerization 

according to previously reported method. The schematic representation for the synthesis 

and modification of micron sized beads is given in Figure 8.1(a). In the first step, p(VBC) 

beads were prepared by simultaneous polymerization and cross-linking. The SEM image 

of the prepared p(VBC) beads is shown in Figure 8.1(b), which is representing that size 

of most of the beads was around 200 µm. The reactive chloromethyl groups were 

chemically modified by treating with IDPN in THF. The reaction of IDPN with 

chloromethyl groups generates HCl which hinders the modification process; therefore we 

added pyridine as a mild base to neutralize the HCl and to progress the modification 

reaction without any hurdle. Since IDPN contain two nitrile groups on each unit which 

are also reactive groups, so by this modification the numbers of reactive sites were 

increased. The reactive nitrile groups were further modified to amidoxime groups by 

treating with neutralized aqueous solution of NH2OH. HCl. The amidoximation of nitrile 

groups results in an increase in the hydrophilicity of the beads. The increased hydrophilic 
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character allows the beads to swell in aqueous medium and larger space becomes 

available to accommodate the adsorbates within the beads, when they are used as 

adsorbents. So the amidoximation of nitrile groups provides two main advantages; the 

first one is the increased complex forming ability of the beads and the second one is the 

increment in the available space within the beads. Hence, both of these parameters 

increase the adsorption capacity of the beads. The chemical modifications of the 

functional groups were confirmed from FT-IR spectroscopy. The FT-IR spectra of the 

pristine and modified beads in a wavenumber range of 4000 to 650 cm
-1

 are given in 

Figure 8.2. In the pristine p(VBC) beads, the absorption bands at 1720 cm
-1

 corresponds 

to stretching vibration of C=O of EGDMA, while the absorption bands at 1270 and 827 

cm
-1

 are representing the in-plane bending vibration of CH2-Cl and out-plane bending 

vibration of the aromatic ring of p(VBC) [19]. After the modification of chloromethyl 

groups with IDPN, the characteristic for absorption band of CH2-Cl at 1270 cm
-1

 was 

disappeared and new band at 2247 cm
-1

 was appeared which corresponds to nitrile groups 

of IDPN. The disappearance of the absorption band of CH2-Cl and appearance of the 

absorption band of nitrile groups represents that –Cl was replaced by IDPN. Upon 

amidoximation of nitrile groups, the characteristic absorption band of nitrile groups was 

disappeared while the appearance of broad band around 3300 cm
-1 

and another absorption 

band at 1655 cm
-1

 were appeared which correspond to due to –OH and C=N groups of 

amidoximes, respectively. 
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Figure 8.1 (a) Schematic representation for the synthesis and modifications of p(VBC) 

beads. (b) SEM images of p(VBC) beads. 
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Figure 8.2 FT-IR of p(VBC) beads and its modified forms. 

 

8.3.2 Adsorption studies 

The adsorption capacity of the of the amid-IDPN-p(VBC) beads was investigated 

by using them as adsorbents for the adsorption of dichromate, arsenate, MO and EY. The 

mount adsorbed per gram of dry amid-IDPN-p(VBC) beads was calculated by using mass 

balance equation which is given below 

            q = (C0 - Ce)V/W                                       (8.1) 

where q is the amount of adsorbent in mg/g, C0 and Ce are the initial and equilibrium 

concentrations (ppm) of adsorbates in their aqueous solutions, V is volume of metal ion 

solution in liters (L) and W is the mass (g) of dry amid-IDPN-p(VBC) beads used. The 
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EY. The Figure 8.3 also demonstrates that the amid-IDPN-p(VBC) beads can adsorb the 

maximum amount metal ions or dyes in 45 minutes.  

 

Figure 8.3 Adsorbed amounts of MO and EY by amid-IDPN-p(VBC) beads as a function 

of time. 

 

The effect of different amounts of beads was also investigated by using different 

amounts of beads e.g. 0.025, 0.050, 0.075, 0.100 and 0.125g as adsorbents for the 

removal of dichromate and arsenate from their aqueous solutions of same volumes i.e. 

100 ml and same concentrations i.e. 100 ppm. By increasing the amount of beads, the 

adsorption rate and the total amount of dichromate and arsenate adsorbed on beads was 

increased as illustrated in Figure 8.4(a) and (b) in terms of percent removal as a function 
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arsenate was increased from 24 to 91 % as the amount of beads was increased from 0.025 

to 0.125 g. The increase in % removal is obvious due to increase in the availability of 

greater adsorption sites within the adsorption medium. The increase in adsorption sites 

within the medium also increase the adsorption rate, therefore, with the increase in the 

amount of beads adsorption rates of dichromate and arsenate were also increased which 

can be seen from the plots of % removal against time.  
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Figure 8.4 Effect of amount of adsorbent on % removal of arsenate (a) and dichromate 

(b) as a function of time. 
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beakers. The same amount of amid-IDPN-p(VBC) beads i.e. 0.05 g were added in each 

solution. The amount of dichromate and arsenate adsorbed on beads is plotted as a 

function of time in Figure 8.5(a) and (b).  

 

Figure 8.5 Effect of initial concentration of solution on adsorbed amounts of arsenate (a) 

and dichromate (b) as a function time.  
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As can be seen from Figures, with the increase in initial concentration of solutions 

the adsorption rate as well as the amount adsorbed of dichromate and arsenate was 

increased. The increase in adsorption rate can be explained in terms of increase in 

concentration gradient that is developed between the metal ions in solution and those in 

beads. With the increase in initial concentration of solution, the concentration gradient 

between beads and the surrounding solution is increased which causes an increase in 

diffusion of metal ions towards the beads from the surrounding medium. As a result of 

increase in diffusion rate of metal ions towards the beads, the adsorption rate of 

dichromate and arsenate was also increased. While the increase in the total adsorbed 

amount can be attributed due to availability of greater number of adsorbate in the 

adsorption medium. The results obtained from the study of different initial concentration 

of solution were utilized to determine the nature of adsorption process. The plot of qe 

versus Ce for the adsorption of dichromate and arsenate is plotted in Figure 8.6(a). 

Langmuir, Freundlich and Temkin adsorption isotherms were applied to investigate the 

nature of adsorption process. The Langmuir adsorption isotherm was constructed by 

plotting Ce/qe against Ce according to Langmuir equation which given below. 

    Ce /qe = Ce /qm + 1/qm KL                                                  (8.2) 

Where Ce is equilibrium concentration of metal ions in solution in mg/L, qe is the amount 

of metal ions (mg/g) adsorbed on per gram of amid-IDPN-p(VBC) beads at equilibrium 

state of adsorption process, qm is the maximum adsorbed amount (mg/g) of metal ions 

adsorbed per gram of beads and KL is Langmuir adsorption equilibrium constant. 

Langmuir adsorption isotherms for the adsorption of dichromate and arsenate are given in 

Figure 8.6(b). The coefficient of determination (R
2
) values of 0.9987 and 0.9979 for the 

Langmuir adsorption isotherms constructed for dichromate and arsenate, respectively, are 

representing that the adsorption of both the dichromate and arsenate was followed by 

Langmuir adsorption modal. Since Langmuir adsorption isotherm describes the formation 

of monolayer of adsorbate on the adsorbent. Moreover, in Langmuir model it is also 

assumed that the surface of the adsorbent is homogeneous and all adsorption sites are 

equivalent and in this way it eliminates the possibility of the presence of different types 

of adsorption sites. So it shows that the beads have sustained the homogeneity of their 

surface even after two times of modification. However, the probability of the presence of 
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non-homogeneity cannot be ignored based upon the results of Langmuir adsorption 

isotherms. Therefore, in order to take into account the non-homogeneity or roughness of 

the surface of the beads, we also applied Freundlich adsorption isotherm which considers 

the effect of roughness of the adsorbate surface to cover the effect of different types of 

adsorption sites. Freundlich adsorption isotherms for the adsorption of dichromate and 

arsenate were plotted according to straight line form of the well-known Freundlich 

equation which given below 

                                             logqe = logKF + 1/n logCe                           (8.3) 

Where qe represents the amount of metal ions (mg/g) adsorbed after the equilibrium was 

established between metal ions adsorbed on beads and those present in metal ion solution. 

Ce is equilibrium concentration of metal ions in solution, KF and n are physical constants 

of Freundlich adsorption isotherm and correspond to adsorption capacity and adsorption 

intensity respectively. Plots of logqe versus logCe representing the Freundlich adsorption 

isotherms are given in Figure 8.6(c). The non-linear pattern of the Freundlich adsorption 

isotherms as indicated from R
2
 values of 0.8739 and 0.8901 for dichromate and arsenate, 

respectively, is representing that the adsorption process was not followed by the 

Freundlich adsorption model. The deviation from the Freundlich adsorption modal also 

supports the fact that surface of the amid-IDPN-p(VBC) beads was almost homogeneous 

and if there were some different types of adsorption sites then they were negligible. We 

also applied Temkin adsorption isotherm in order to take into account the effect of 

interaction between adsorbate and adsorbent. Temkin adsorption isotherm is based on the 

assumption that free energy of sorption depends upon surface coverage of adsorbent. The 

mathematical expression of Temkin adsorption isotherm is given as follows.   

                                qe = B ln KT +B ln Ce                               (8.4) 

Where, qe represents the amount of adsorbate adsorbed (mg g
-1

) on amid-IDPN-p(VBC) 

beads at equilibrium state of adsorption, Ce is the concentration of adsorbate in solution 

at equilibrium condition, KT is equilibrium binding constant and corresponds to maximum 

binding energy, and the parameter B corresponds to binding energy and its value is 

calculated by the following mathematical expression,  

                      B = RT/bT                                              (8.5) 
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R is universal gas constant, and T represents the temperature in Kelvin and bT is Temkin 

isotherm constant. According to equation 4, Temkin adsorption isotherm was constructed 

by plotting qe as a function of lnCe and is shown in Figure 8.6(d). The constants B and KT 

were calculated from the slope and intercept, respectively. The R
2
 values (0.9299 and 

0.919 for Cr (VI) and As (V)) of Temkin adsorption isotherms as given in Table 1 

implies that experimental data was not correlated in linear pattern by Temkin adsorption 

isotherms.  

 

Figure 8.6 (a) Graph of qe against Ce and application of (b) Langmuir (c) Freundlich and 

(d) Temkin adsorption isotherms on the adsorption of dichromate and arsenate. 

 

The deviation of experimental data from Temkin model eliminates the possibility 

of effective interaction between adsorbed Cr (VI) and As (V) with the amid-IDPN-

p(VBC) beads. Kinetic parameters obtained from application of Langmuir, Freundlich 
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and Temkin adsorption models for the adsorption of dichromate and arsenate are given 

Table 8.1.  

 

Table 8.1. Kinetic parameters for the adsorption of Dichromate and Arsenate by amid-

IDPN-p(VBC) for the application of Langmuir, Freundlich and Temkin Isotherms 

(solution concentration 52-125 ppm, 100 ml). 

            

 

The maximum amounts adsorbed on amid-IDPN-p(VBC) beads calculated from 

Langmuir adsorption isotherms were found to be 147.06 and 95.24 mg per gram of dry 

amid-IDPN-p(VBC) beads for dichromate and arsenate, respectively. These values of the 

adsorbed amount are closely related to the experimental observed values which are 138 

and 88 mg/g for dichromate and arsenate, respectively. Additionally, R
2
 values of the 

Langmuir adsorption isotherms are very close to 1. The values of both the qm and R
2
 

obtained from Langmuir adsorption isotherms for dichromate and arsenate are also 

supporting the fact that adsorption of both of these species was followed by Langmuir 

model. On the other hand, the adsorption capacity of the amid-IDPN-p(VBC) for As (VI) 

is very high as compared to recently reported work by Pan et al. where they prepared 

hydrous zirconium oxide (HZO)-originated nanocomposite adsorbent and used them for 

the removal of As (VI) from aqueous medium [20]. The maximum adsorption capacity 

was around 68 mg/g while in the present work we have found 88 mg per gram of dry 

amid-IDPN-p(VBC) beads. Similarly, Wang et al. magnetic nanoparticles impregnated 

chitosan beads (MICB) synthesized by using chitosan template and investigated their 

adsorption capacity for the removal of As (VI) from water [21]. The maximum 

adsorption was found to be 35.7 mg/g which is also very low from the present work. In 

Adsorbate Langmuir Isotherm 

Constants

Freundlich Isotherm 

Constants

Temkin Isotherm 

Constants

KL  

(L/g)

qm

(mg/g)
R2 KF

(L/g)
N R2 KT 

(L/g)
B R2

Cr (VI) 0.283 147.06 0.9987 43.93 3.05 0.8739 3.47 28.6 0.9299

AS (V) 0.185 95.24 0.9979 28.88 3.58 0.8901 2.72 17.5 0.9190
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another another study the removal of As (V) and Cr (VI) by using biochars derived from 

rice husk as adsorbent has been reported by Agrafioti et al. [22]. The maximum 

adsorption capacity for As (V) was observed to be 10.46 µg/g of the adsorbent while in 

the present work we have observed that 88 mg of the of As (V) can be adsorbed on per 

gram of amid-IDPN-p(VBC) beads. The removal of Cr (VI) from water with fibrous 

zirconium oxide ethylenediamine adipate (ZEDA) hybrid material has been recently 

studied by Mandalet al. [23]. They have reported the maximum adsorption capacity as 36 

mg/g for Cr (VI). While in the present work we have observed 138 mg of Cr (VI) can 

adsorb per gram of dry amid-IDPN-p(VBC) beads. So, our results demonstrate that amid-

IDPN-p(VBC) beads are more superior adsorbents for the removal of As (VI) and Cr (VI) 

as compared to recently reported adsorbents. The adsorption capacity of the metal ions 

was also investigated for the removal of arsenate and dichromate from tap, river and sea 

waters. The results show that the prepared beads can adsorb both the arsenate and 

dichromate from tap and river waters but cannot adsorb from sea water. The amounts of 

Cr (VI) and As (V) adsorbed by per gram of dry amid-IDPN-p(VBC) beads from waters 

of different sources are given in Table 8.2. As sea and river waters contain many 

interfering species such as salts and metal like iron, potassium, calcium, magnesium, and 

so on therefore, the adsorption capacity of the beads was affected due to the presence of 

interfering species. However, these beads have potential to remove the toxic arsenate and 

dichromate form double distilled, tap and river waters.  

 

Table 8.2. Amounts of As (V) and Cr (VI) adsorbed on amid-IDPN-p(VBC) 

beads in mg g
-1

 from sea, river, tap and double distilled water. 

       

8.4 Conclusions 

We have accomplished the synthesis of micron sized beads of p(VBC) and 

amidoxime groups were introduced by two steps modification process. In the first step 

Contaminant DDW Tap water River water See water

Cr (VI) 138 62.1 31.4 --

As (V) 88 14.7 49.7 --
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the chloromethyl groups were modified with double nitrile containing IDPN. In the 

second step nitrile groups were successfully converted to amidoximes. The resulted amid-

IDPN-p(VBC)  beads have shown very good adsorption capacity for the removal of 

organic dyes such as MO and EY, and heavy metal containing complex ions such as 

dichromate and arsenates. Adsorption capacity of amid-IDPN-p(VBC) beads among the 

dyes was higher for the removal of MO as compared to that of EY. Among the heavy 

metal ions the adsorbed amount of arsenate as greater then Cr (VI). The adsorption 

experiments performed with different amounts of beads have shown that the percent 

removal of dichromate was increased from 47 to 98 % while that of arsenate was 

increased from 24 to 91 % as the amount of beads was increased from 0.025 to 0.125 g. 

The Langmuir, Freundlich and Temkin adsorption isotherms were applied on the 

adsorption data obtained from the experiments performed with different initial 

concentrations of dichromate and arsenate aqueous solutions. The good correlation of the 

values of maximum amount adsorbed calculated from Langmuir adsorption isotherms 

and experimental results have indicated that adsorption of both the dichromate and 

arsenate was followed by Langmuir adsorption model. Moreover, except from DDW 

these adsorbents can also remove significant amount of arsenate and dichromate from tap 

and river waters as well.   
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Future Horizons 

Synthesis and characterization of modifiable polymer microgels and beads has 

become an area of intense research in the field of polymer and material science. On the 

basis of work done in the present dissertation we can get some new directions for future 

as given below; 

These types of microgels can be used for the synthesis of noble metal 

nanoparticles such as gold and silver. The optical properties of noble metal nanoparticles 

can be tuned by changing the composition or environmental conditions such as pH and 

temperature of the medium. Consequently, the prepared composites can be employed as 

pH sensors. 

We have prepared pH sensitive microgels; in the future by combining a 

temperature sensitive moiety both the temperature and pH responsive microgels can be 

prepared.  Such type of dual responsive microgels can be used as effective drug delivery 

systems for the targeted delivery of some drugs.   

By the introduction of phenyl boronic acid groups in the microgels, glucose 

responsive microgels can be designed. These glucose responsive microgels can be 

employed for the early detection of diabetes and for insulin delivery.  

In the present work we have studied simultaneous reduction of multiple 

compounds and in similar way in future simultaneous adsorption of various pollutants 

can be studied to evaluate the ability of the microgels or beads to remove toxic pollutants 

from aqueous medium. 

Since the microgels prepared in this work can be used as microreactors for the 

synthesis of metal nanoparticles; in the same way they can also be used for the synthesis 

of quantum dots to design optical sensors. 

As these microgels swell in water by retaining their structure and can also absorb 

medicines so they can also be loaded with some weed killer or other fertilizers. The 

microgels loaded with weed killer or fertilizers can be used in agricultural field to release 

the loaded fertilizer or weed killer and to increase the moisture in land as well to control 

the acidity or basicity of the land. The thermal stability (below 200 °C as reported in the 

present work) suggests that the microgels will retain their structure. The composition of 
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microgels can be tuned to control the rate of release of fertilizers or weed killers and 

these types of microgels can be used for controlled and continuous release of fertilizers.  

The polymer beads containing functional groups that have antibacterial properties 

can be engineered. These types of polymer beads will show dual action in water 

purification because they will act as adsorbents for the removal of toxic pollutants as well 

as to kill the bacteria.   

Polymer beads with other functional groups can be prepared for the selective 

removal of specific metals from aqueous or non-aqueous medium. 

As we have studied that polymer beads can absorb heavy metal ions so they can 

also absorb noble metals such as silver and gold. Therefore, silver and gold nanoparticles 

can be prepared in these beads to make them antibacterial agents.  

 

                    


