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INTRODUCTION 
 Water is a source of life and regarded as the most essential of natural 

resources, the planet earth is largely covered in water(1). Water is a marvelous substance-

flowing, swirling, seeping, constantly moving from sea to land and back again. It shapes the 

earth’s surface and moderates our climate. Water is essential for life. It is the medium in 

which living processes occur. Water dissolves nutrients and distributes them to cells, 

regulates body temperature, supports structure and removes waste products. About 60 percent 

of our body is water.  Enormously growing world populations and rapidly advancing 

industrialization causing more demand for water, this makes it precious in more and more 

countries and in some parts of the world a crucial commodity.  

 Recently a paper published in Nature indicated that 80% of the world’s 

population is exposed to high levels of threat to water security(2). A growing number of 

contaminants are entering water supplies from industrialization and human activity like heavy 

metals, dyes, pharmaceuticals, pesticides, fluoride, phenols, insecticides, pesticides and 

detergents. Emerging pollutants detected in water may have adverse effects on human health 

and aquatic ecosystems. 

 Water is mostly used for industrial and municipal purposes. Each industry has 

its own water requirements and sometimes adequate supply of water may be very suitable for 

one industry but the same may be dangerous for the other. Water obtained from different 

sources is associated with a large number of impurities.  For example, water gets impurities 

of various kinds from ground or soil with which it comes into contact. Water also gets 

contaminated with sewage and industrial wastes or effluents when these are allowed to flow 

into running water or through percolation through the ground.  Industrial effluents discharged 

into waterbodies contain toxic chemicals, hazardous compounds, phenols, aldehydes, 

ketones, amines, metallic wastes, toxic acids etc. Heavy metals, organic chemicals and 

thermal pollutants are the major types of pollutants which are introduced into waterbodies 

from industries. Wastewater from textile industries pose a threat to the environment, as large 

amount of chemically different dyes are used for various industrial applications such as 

textile dyeing and a significant proportion of these dyes enter the environment via 

wastewater. The presence of even very low concentrations of dyes in effluent is highly visible 

and degradation products of these textile dyes are often carcinogenic(3). Dye pollutants from 

textile dye industries are an important source of environment contamination(4). 
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  The discharge of dyes in the environment is worrying for both toxicological 

and esthetical reason as dyes impede light penetration, damage the quality of the receiving 

streams and are toxics to food chain of organism(5). Textile companies, dye manufacturing 

industries, paper  pulp mills, tanneries, electroplating factories, distilleries, food companies 

and other industries discharge coloured wastewater(6).  Colour in textile effluents has become 

particularly identified with the dyeing of cotton products and the use of reactive dyes. Upto 

30% of the used dyestuffs remain in the spent dye-bath after the dyeing process(7). Removal 

of colour from dye bearing wastewater is a complex problem because of difficulty in treating 

such wastewaters by conventional treatment method(8). Dye industries and many other 

industries which used dyes and pigments generated wastewater, characteristically high in 

colour and organic content. Presently, it was estimated about large number of different 

commercial dyes and pigments exists and over huge tones are produced annually world 

wide(9).  About 10–15% of the total dyes from various textile and other industries get 

discharged in water causing extensive pollution(10,11).  Many physical and chemical methods 

have been used for the treatment of dye-containing effluents.  

 Malachite Green (MG) is a hazardous dye used in many chemical industries. This 

chemical dye is primarily designed to be used as a dye for silk, leather and paper. It is deadly 

toxic to all marine and freshwater invertebrates, algae, plant life. Contact of MG with skin 

causes irritation with redness and pain. Intermediate products after degradation of MG are 

also reported to be carcinogenic(12). Therefore, the use of MG in aquaculture was banned in 

many countries. Brilliant Blue G (BBG) is also a hazardous dye. Its ingestion can cause eye, 

skin and respiratory tract irritation.  

 Removal of these hazardous dyes from water is very important. Adsorption has 

become one of the most effective and comparatively low cost methods for the decolourization 

of textile wastewater(13, 14). Due  to  biological  and  chemical  stability  of  dyestuff  in  a  

number  of  conventional  water treatment methods,  adsorption  is  considered  as  an  

attractive  and  favorable  alternate  for  the removal of dyes from wastewater streams. For an 

efficient adsorption process, rapid removal and high adsorption capacity of adsorbent is 

needed(15). The major advantages of an adsorption treatment for the control of water pollution 

are less investment in terms of initial development cost, simple design, easy operations, free 

from generation of toxic substances and easy and safe recovery of the adsorbent as well as 

adsorbate materials(16). Researchers have exploited many biodegradable and effective 

adsorbents obtainable from natural resources for the removal of different dyes from aqueous 
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solutions at different operating conditions. Particular attention has been paid to super 

adsorbent hydrogel(17-21). 

 Hydrogels are crosslinked macromolecular networks formed by hydrophilic polymers 

swollen in water or biological fluids. After polymerization, the hydrophilic gel is brought in 

contact with water, the network expands, the thermodynamically driven swelling force is 

counterbalanced by the retractive force of the crosslinked structure, two forces become equal 

at some point and equilibrium is reached.  

 

Scheme (1): Swelling of polymer chains 

 TTEGDA (tetra ethylene glycol diacrylate)-, NNMBA (N,N'-methylene bis 

acrylamide)- and HDODA (1,6-hexane diol diacrylate)-crosslinked acrylicacid-N-vinyl 

pyrrolidone (AA-NVP) are the copolymeric hydrogels prepared by suspension 

polymerization. Crosslinked copolymers with monomers in the ratio of 1:1, 2:1 and 3:1 were 

used.  These hydrogels are hydrophilic polymer networks that are able to absorb large 

amounts of water or biological fluids. Malachite Green and Brilliant Blue G were 

successfully removed from water by using TTEGDA-, NNMBA- and HDODA-crosslinked 

acrylicacid-N-vinylpyrrolidone copolymers.   

OBJECTIVES OF THE PRESENT WORK 
 The work presented in this thesis aimed at the removal of hazardous dyes  

Malachite Green and Brilliant Blue G from water using polymeric hydrogels. The treatment 

of highly coloured wastewater containing hazardous industrial chemical effluents is one of 

the growing needs of the present time. For the removal of hazardous dyes from water, 

adsorption is an efficient method. Polymeric hydrogels are used as the adsorbents for the 

removal. Hydrogel is a network of polymer chains that are water-insoluble, natural or 

synthetic polymers. Hydrogels are super adsorbents. Hydrogels have the ability to sense the 
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changes of PH, temperature or the concentration, so they are environmentally sensitive 

hydrogels. From a structural point of view, hydrogels are three-dimensional hydrophilic 

polymer networks that swell in water or biological fluids without dissolving as a result of 

chemical or physical crosslinks. Various spectroscopic methods such as FT-IR, UV-VIS. and 

13C NMR were used for the characterization of polymer and dye bound polymer. Scanning 

Electron Microscopy (SEM) provided the surface morphological difference between bound 

and unbound polymers. Different conditions like temperature, concentration, amount of 

polymer added, nature and degree of crosslinking and pH were found out. 

The study can be outlined under the following heads:  

A. Synthesis of 1:1 TTEGDA-, NNMBA- and HDODA-crosslinked AA-NVP 

copolymeric hydrogels 

(i) Synthesis of the copolymeric hydrogels with varying conditions 

(ii) Characterization of unbound and bound polymers 

(iii) Swelling studies 

B. Synthesis of 2:1 TTEGDA-, NNMBA- and HDODA-crosslinked AA-NVP 

copolymeric hydrogels 

            (i) Synthesis of the copolymeric hydrogels with varying conditions 

            (ii) Characterization of unbound and bound polymers 

            (iii) Swelling studies 

C. Synthesis of 3:1 TTEGDA-, NNMBA- and HDODA-crosslinked AA-NVP 

copolymeric hydrogels 

(i) Synthesis of  the copolymeric hydrogels with varying conditions 

(ii) Characterization of unbound and bound polymers 

(iii) Swelling studies 
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EXPERIMENTAL 
 5-20 mol% NNMBA-, TTEGDA-, HDODA-crosslinked acrylicacid-N-vinyl 

pyrrolidone-copolymer was prepared by suspension polymerization. Crosslinked copolymers 

with monomers in the ratio of 1:1, 2:1 and 3:1 were used. 20 gm Na2SO4 was dissolved in 80 

ml distilled water and 0.25 gm Na2HPO4 was added to it, heated and stirred. To the above 

solution, required amounts of acrylicacid (AA), N-vinylpyrrolidone (NVP) and crosslinking 

agents, (NNMBA or TTEGDA or HDODA) were mixed together. When the temperature 

reached 80-850C, fixed amount of AIBN, the initiator, was added to the above solution, 

heated and stirred. The polymer was collected by filtration and washed with water, acetone 

and dried.  

 Dye binding studies of 5-20 mol% HDODA-, NNMBA-, TTEGDA-

crosslinked acrylicacid-N-vinylpyrrolidone-copolymers were carried out by equilibration 

method. 5-20 mol% HDODA-, NNMBA-, TTEGDA-crosslinked-AA-NVP and the required 

concentration of dye were taken in an amber coloured bottle and shaken well in a 

thermostated water bath shaker for 8 hrs. The dye bound polymer was collected by filtration 

and washed with distilled water to remove the uncomplexed dye.  The optical density of dye 

solution before and after binding was calculated spectrophotometrically. The concentration of 

the dye solution before and after the binding was followed. The amount of dye bound by the 

polymer was calculated from the differences in the concentration of the dye solution before 

and after binding. 

 The conditions for maximum dye binding were optimized by altering certain 

factors such as concentration of dye solution, amount of polymer added, swelling studies, 

nature and degree of crosslinking, pH and temperature. Characterisation of copolymeric 

hydrogels and dye bound polymers were carried out by using FT-IR spectra, UV spectra, 13C 

NMR spectra and Scanning Electron Microscopy (SEM) studies. 

 RESULTS AND DISCUSSION 

(i). Characterization Studies 

 Spectral changes on dye binding can be easily characterized by UV spectral 

studies. Characteristic functional groups on the polymer and dye bound polymer can be 

analyzed by using IR spectra. The incorporation of crosslinking agent and the functional 

monomers in the polymer backbone was confirmed by 13C NMR spectra. The morphological 
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variation in crosslinked polymers can be correlated with their molecular architecture, 

reactivity and physical properties using Scanning Electron Microscopy (SEM). SEM is most 

widely used technique to study the shape, size, morphology and porosity of polymers. In the 

present study, SEM was used to probe the change in morphological features of the 

crosslinked polymers on binding with the MG and BBG dyes.                                             

(ii). Swelling Studies 
 For the crosslinked polymer, the extent of swelling depends on the solvent-

polymer interaction which is determined by the nature of the solvent and polymer matrix. 

Swelling studies of dye bound and unbound polymers were carried out using water as solvent 

by measuring the volume of swollen polymer after suspending in water for 24 h. The 

equilibrium water content (EWC) of the polymers was calculated by the following equation. 

                  EWC 100
polymer wet ofweight 

polymerdry  ofweight -polymer  wet ofweight 
×=

 

The swelling characteristics of the polymers vary with the nature and extent of crosslinking. 

Since MG binding and BBG binding were carried out in aqueous media, the swelling studies 

of 1:1, 2:1 and 3:1 NNMBA-, TTEGDA- and HDODA-crosslinked 5-20 mol% AA-NVP 

systems were followed in water. Here the water intake by the NNMBA-, TTEGDA- and 

HDODA- crosslinked system increases. Availability of reactive sites for water molecules is 

increased for consecutive points. The swelling of NNMBA-, TTEGDA- and HDODA-

crosslinked AA-NVP system shows high value due to the increased flexibility and 

hydrophilic nature. In the case of   MG bound and BBG bound systems, availability of 

reactive sites for water molecules is decreased, thereby decreasing the swelling 

characteristics.  

I. Optimization of the condition of dye binding studies 
 The conditions for maximum binding were optimized by altering certain 

factors such as concentration of dye solution, amount of polymer added, swelling studies, 

nature and degree of crosslinking, pH and temperature. 

(i). Effect of concentration on dye binding 
 The effect of concentration on dye binding plays an important role.  On 

calculating the binding concentration, it was found that the weight of dye bound (mg/mg) 

increases when the concentration of the dye increases. This increase could also be verified by 
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visual observation. When the dye was lightly loaded on the polymer, the dye moieties are far 

apart and are ‘site isolated’. The probability of repulsion of near-by dye molecules are less 

because of the large distance between two dye molecules.  For the heavily loaded polymers, 

the effective distance between the immobilized dye is diminished and is controlled by the 

coiling of the interspersed polymer chain and the extent of repulsion is directly controlled by 

the extent of polymer chain loading with the dye(22). 

(ii). Effect of amount of polymer added on dye binding 
 In the case of effect of amount of polymer added, it was found that the weight 

of dye bound decreases as the amounts of polymer added increases.  Maximum dye binding 

shows only at less amounts of polymer added system and minimum dye binding shows at 

high amounts of polymer added system.  

 Increasing the amounts of polymer is expected to provide more binding sites 

for a dye molecule and as a result the amount of dye bound is also expected to increase.  But 

here as the amounts of polymer added increases, the amount of dye bound decreases.  When a 

higher amount of polymer was used, the dye bound to the lower affinity binding sites in 

preference to the high affinity binding sites. A continuous decrease in dye binding was 

observed with increase in the amount of the polymer for the NNMBA-, HDODA- and 

TTEGDA-crosslinked polymers. 

(iii). Effect of temperature on dye binding 
 The MG and BBG dye binding on polymer was found to increase with 

increasing temperature and then again to decrease. This is due to the decreased availability of 

the binding sites at low temperature. Since the interaction between the dye and polymer takes 

place through electrostatic, the dye units are weakly bound to the polymer and heat of 

adsorption is very low. This results in a decrease of adsorption with increasing temperature.  

(iv). Effect of nature and degree of crosslinking on dye binding 
 In some cases of low crosslinked systems, binding sites are easily available 

and therefore dye binding is high. When the crosslinking is low, the polymer networks are 

flexible and not rigid enough to hold on the specific binding cavities leading to effective 

binding. At very high crosslinking, the highly crosslinked polymer is too rigid and reduces 

the accessibility of the dye into the cavities which also reduces effective binding. So each 

polymer required an optimum crosslinking.  
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(v). Effect of pH on binding of Malachite Green 
 The experiments were carried out at different pH of phosphate buffer 

[Na2HPO4–KH2PO4 (0.025 M)] at room temperature. The extent of dye binding was found 

out spectrophotometrically. The dye binding of NNMBA-, TTEGDA and HDODA-

crosslinked AA-NVP polymers at different pH conditions were studied.  

 In most cases, basic systems are highly accessible for dye binding and shows 

highest dye binding. At lower pH the protonation of the polymer occurs resulting in the lower 

uptake. The complexation was more effective at the less protonated state and it increases up 

to the optimum pH. 

 In some cases, at low pH, weight of dye bound increases and at higher pH, 

weight of dye bound decreases. The reason behind is the interaction of basic dye with ions at 

lower pH.  

CONCLUSION 
 Water pollution is one of most serious environmental problems of the present 

day. Wastewater from textile industries poses a threat to the environment. Malachite Green 

(MG) and Brilliant Blue G (BBG) are two hazardous dyes. In order to remove the hazardous 

dyes from water, adsorption is an efficient method, for this copolymeric hydrogels are used. 

TTEGDA (tetra ethylene glycol diacrylate)-, NNMBA (N,N'-methylene bis acrylamide)- and 

HDODA (1,6-hexane diol diacrylate)-crosslinked acrylicacid-N-vinylpyrrolidone(AA-NVP) 

are the copolymeric hydrogels used for removing hazardous dyes from  water. The conditions 

for maximum binding were optimized by altering certain factors such as nature and degree of 

crosslinking, concentration of dye solution, amount of polymer added, pH and temperature. 

 In swelling studies, considering the MG bound and BBG bound systems,   

availability of reactive sites for water molecules is decreased, thereby decreasing the swelling 

characteristics. The swelling of NNMBA-, TTEGDA- and HDODA-crosslinked AA-NVP 

system shows high value due to the increased flexibility and hydrophilic nature.     

 The effect of concentration on dye binding plays an important role. Here 

weight of dye bound increases when the concentration of the dye increases.   When the dye 

was lightly loaded on the polymer, the dye moieties are far apart and for the heavily loaded 

resin, the effective distance between the immobilized dye is diminished and is controlled by 

the coiling of the interspersed polymer chain.  
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 In the case of effect of amounts of polymer added, it was found that the weight 

of dye bound decreases as the amounts of polymer added increases.  Increasing the amounts 

of polymer is expected to provide more binding sites for a dye molecule and as a result the 

amount of dye bound is also expected to increase.  But here as the amounts of polymer added 

increases, the amount of dye bound decreases.  When higher amount of polymer was used the 

dye bound to the lower affinity binding sites in preference to the high affinity binding sites. A 

continuous decrease in dye binding was observed with increase in the amount of the polymer 

for the TTEGDA-, NNMBA- and HDODA-crosslinked polymers. 

 The MG and BBG dye binding on polymer was found to increase with 

increasing temperature and then again to decrease. This is due to the decreased availability of 

the binding sites at low temperature. Since the interaction between the dye and polymer takes 

place through electrostatic, the dye units are weakly bound to the polymer and heat of 

adsorption is very low. This results in a decrease of adsorption with increasing temperature. 

 Characterisation of copolymeric hydrogels and dye bound polymers were 

carried out by using FT-IR spectra, UV spectra, 13C NMR spectra and Scanning Electron 

Microscopy (SEM) studies. The incorporation of crosslinking agent and functional monomer 

in the polymer backbone was confirmed by 13C NMR spectra. FT-IR spectra provide the 

fundamental analytical basis for rationalizing the mechanism of interactions for selective 

binding site formation at the molecular level. The interaction between the functional 

monomer and the dye can be confirmed by the characteristic FT-IR absorption analysis. SEM 

is the most widely used technique to study the shape, size, morphology and porosity of 

polymers. The efficiency of a functional monomer is governed by the accessibility of the 

reactive functional groups anchored on it, which, in turn, depends upon the extent of 

swelling. The rate of diffusion of a reagent into the polymer matrix depends on the extent of 

swelling.  The extent of swelling can be determined in terms of change in weight. 

 From the optimization of the condition of dye binding studies, it was clearly 

showed that hazardous dyes Malachite Green and Brilliant Blue G were easily removed from 

water by using TTEGDA-, NNMBA- and HDODA-crosslinked polymeric hydrogels. 




