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ABSTRACT 

 Novel biopolymer based hydrogels of Xanthan gum (Gx), acrylic acid (AAc) 

and N-Isopropyl acrylamide (NIPAM) (i.e. MG07, MG0 and MG09) were 

synthesized via graft copolymerization technique. The blending of Zwitter-ionic 

terpolymeric hydrogels coded as ZHG-01 and ZHG-02 with varying concentrations of 

2-Acrylamido-2-methylpropane sulphonic acid (2AMPS) was done by adopting free 

radical polymerization method. The prepared sets of hydrogels were characterized 

through FT-IR, SEM, rheology and UV-visible spectroscopy. FT-IR analysis verified 

the successful copolymerization of hydrogels by appearance of respective peaks at 

certain wave-numbers. FT-IR results confirmed the compatibility of monomers in 

both series of hydrogels. SEM results highlighted hydrogels as suitable materials for 

absorption of dyes and incorporation of heavy metal ions due to their rough surface 

texture. 

Detailed rheological investigations were carried out to study the flow behavior 

of hydrogels and explore their possible applications in various fields. Most widely 

practical rheological models like Bingham model, modified Bingham model and 

Ostwald power law model were taken into consideration which uncovered hydrogels 

with elastic, shear thinning and non-Newtonian behavior. Modified Bingham model 

presented best fit understanding to our manufactured hydrogel materials. Comparing 

the calculated activation energies (Ea) for both systems of hydrogels expressed 

resilient association with viscosity. The highest degree of activation energy with 

measured value 13.87 kJ/mol was obtained for MG09 with greatest concentration of 

Gx. However, Ea in case of ZHG-02 calculated was 204.085 kJ/mol much greater 

value than 132.282 kJ/mol for ZHG-01. Dynamic mechanical study (frequency sweep 

tests) showed dominant elastic character of hydrogels than viscous behavior due to 

greater storage moduli than loss moduli. Moduli versus shear stress endorsed the 

elastic behavior in dominance over viscous nature. 



 xiv 

Zwitter-ionic terpolymeric hydrogels were passed through swelling studies at 

different pHs to determine swelling capacity upto their maximum. It was learnt that 

both ZHG-01 and ZHG-02 hydrogels displayed pH dependency and swelled at any 

pH showing maximum percent swelling i.e. 2068% and 3710% at pH near 7 for ZHG-

01 and ZHG-02 respectively. 

Hybrid hydrogels were produced simply by incorporating silver ions which then 

reduced to metal nanoparticles by in-situ reduction process. Incorporation of metal 

ions followed by their reduction was done to discover the catalytic performance of 

hybrid hydrogels during the reduction of organic dyes like methylene blue (MB) and 

Congo red (CR). The catalytic reduction efficacy of hybrid hydrogels for MB 

followed the order of (MG09)-Ag > (ZHG-02)-Ag > (ZHG-01)-Ag with 92.2%, 

84.2% and 82.4% efficiency correspondingly. For reduction of CR, catalytic 

performance of hybrid hydrogels followed somewhat different order i.e. (ZHG-02)-

Ag > (MG09)-Ag > (ZHG-01)-Ag with 97.53%, 89.6 and 69.4% competence 

respectively. The catalyst with higher values of apparent rate constant (Kapp) 

suggested that the catalyst is more operational than rest of other catalysts with lower 

Kapp values during the reduction of MB and CR. If comparison among catalysts is 

made when dyes are desired to reduce, then (MG09)-Ag is the finest choice for 

reduction of MB. However, when CR is required to get reduced in the presence of an 

appropriate catalyst, then (ZHG-02)-Ag hybrid hydrogels with maximum linear Kapp 

value project itself the most suitable catalytic material among the three catalytic 

systems. The prepared materials are expected to find wide range applications in 

adsorption/absorption of heavy metal ions and dyes from aqueous media, cosmetics, 

pharmaceuticals, and sensing devices. 

Keywords:  

 Hydrogels, Hybrid hydrogels, Rheology, Elastic behavior, Viscous behavior, 

Activation energy, Congo red, Methylene blue, Zwitter-ionic terpolymeric hydrogels, 

Bingham model, modified Bingham model, Ostwald power law model, Free radical 

polymerization
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INTRODUCTION
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1. INTRODUCTION 

1.1  Polymeric Hydrogels 

 Three dimensional cross-linked polymeric grids with a unique characteristic to 

imbibe a huge sum of water in their internal assembly are termed as hydrogels. These 

special materials show swelling when come in contact with water and expel the 

trapped water content again when certain external environmental conditions/triggers 

are sensed. They are hydrophilic in nature and allow water molecules to get 

penetrated into their bulk in hydrated environment and when temperature rises, the 

entrapped water molecules are forced to get expelled out. Due to some sole chemical 

and physical attributes of polymer hydrogels, particularly the water-rich nature, they 

have dragged special attention of the researchers to utilize them in wide varieties of 

applications including biosensors, biomedicines [1, 2], soft electronics, controlled 

drug delivery system, paints, waste water treatment, tissue engineering, super-

absorbent polymers, wound dressing, petrochemical industry, textile industry, and 

contact lenses etc [3-5]. Beside these extraordinary applications of polymeric 

hydrogels, they are adding their contribution in agriculture and hygiene products as 

well. They are now considered beneficial materials for irrigation purposes especially 

arid land or where water level is very low [6]. Biomedical applications have been 

particularly power-driven by the prospect of synthesizing polymer networks with 

swelling/de-swelling properties receptive to stimulating factors like temperature, pH, 

light, or specific biomarkers [7]. Very high absorption capability of hydrogels 

promotes the absorption of low molecular weight medicines and metabolites which 

ease further the delivery of the medicines to the targeted area of a body [8]. 

 Polymeric hydrogels are synthesized by three dimensional set-up of 

hydrophilic polymers made up of synthetic or natural ingredients. The formulation of 
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hydrogels comprising of one, two or more polymeric units is possible by cross-linking 

them via weak bonding that may be hydrophilic, hydrophobic, hydrogen bonding or 

strong chemical covalent and ionic bonding forces. The hydrophilic parts of hydrogels 

may include some functional groups like hydroxyl (–OH), sulpfonic (-SO3), carboxyl 

(-COOH), amine (-NH2) or amide (-CONH2), which turn the hydrogels more into 

promising and effective materials for industrial use [9]. Polymeric hydrogels may be 

neutral (i.e non-ionic), ionic (including anionic or cationic), amphoteric electrolyte 

(ampholytic) containing together acidic and basic clusters or zwitter-ionic 

(polybetaines) comprising equally negatively and positively charged collections in 

each one structural repeating unit. They can be casted in any mold/shape according to 

the need and demand such as sheet, film, and sphere-shaped etc. [10]. 

 Hydrogel is thought to be an intermediate phase showing the properties of 

both solid and liquid by linking polymer chains via physical/chemical interactions or 

it may be taken as scrambled web wrapped up in continuous phase (i.e liquid). The 

liquid component of hydrogels prohibits the entangled network from becoming 

compact solid mass and on part of the solid phase, out flow of the liquid is restricted. 

The chemical formulation and some other dynamics are very much important for the 

hydrogels to demonstrate varying consistent performance from gluey to somewhat 

rigid mass but yet they appear as flexible and soft materials just like jelly [11]. Some 

other researchers have given hydrogels different concepts for understanding their 

behavior and natural mode of reflection. 

 According to Thomas Graham who coined the term gel for the first time in 

1861, it is the continuous solid phase dispersed all the way through in liquid to result 
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in a frame work of liquid or hydrogels are jelly like materials exhibiting negligible 

flow in steady state [12]. 

 Herman explained it as a comprehensible structure of two or additional 

constituents bearing the characteristics like that of a solid, where equally the two parts 

i.e. discontinuous and continuous expand systematically in the system [11]. 

 Ferry took hydrogels in a very precise manner as “The hydrogels are 

significantly cross-linked networks expressing zero flow in firm state” [13]. 

 Properties of hydrogel systems are well determined by chemical as well as 

physical interactions present among the constituents of hydrogels. Chemically cross-

linked hydrogels present a proper shape and these chemical links promote these 

hydrogels to express both fluidity and elasticity to reflect visco-elastic behavior [14, 

15]. There are some other stimuli responsible for tuning the properties of hydrogels 

which are temperature, pH, degree of cross-linking, functional groups, ionic strength 

of solution, light, pressure and types of monomers [16]. All these environmental 

triggers control hydrodynamic radii of the polymeric hydrogels i.e. expansion in 

hydrodynamic radius occurs on absorption of water and contraction is evidenced on 

expulsion of water molecules. This swelling and de-swelling mechanism keeps on 

going reversibly when changes in external environment of the polymeric hydrogels 

are sensed [17]. 

 Mechanically hydrogels are weak materials which limited their use as 

mechanical stuff [18]. However, on the other hand polyampholite hydrogels, hydrogel 

composites and double network hydrogels have come up as potential structural 

materials owing to superior mechanical properties and toughness [19, 20]. 
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 There are some technical features of ideal hydrogels which can be 

programmed as under [21]: 

 The maximum absorption capability (highest equilibrium swelling ratio) in 

saline 

 Preferred rate of absorption (ideal particle dimension and permeability) reliant 

on the function prerequisite 

 The principal penetrability under weight 

 The least solvable content and remaining monomer 

 The economic cost value. 

 The maximum strength and steadiness in the swelling atmosphere and 

throughout the storage. 

 The uppermost biodegradability with no development of lethal species in the 

devastation 

 pH impartiality following inflammation in aqueous medium. 

 Odorlessness, Colorlessness and outright safe 

 Stable to light 

 Reversible potential (if necessary) the hydrogel desires to be intelligent/smart 

to spring back the absorbed solution content or to sustain it; subjected to the 

requisite (e.g., in farming or sanitized use). 

Evidently, it is impractical that hydrogel samples would at once achieve entirely 

the above stated mandatory characteristics. Actually, the synthetic constituents for 

attaining the supreme level of some of these topographies will lead to inadequacy of 

the rest of others. Consequently, in exercise, the fabrication reaction variables (i.e. 

monomers, cross-linker and initiator) must be optimized first in such a way that a 
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suitable sense of steadiness among the properties is attained. For example, a sterile 

product of hydrogels essentially owns maximum absorption rate, the least re-wetting 

capability, the lowermost lasting monomers, and the hydrogels operating in drug 

supply must be absorbent and responsive to either temperature or pH or both. 

1.2 Classification of Polymeric Hydrogels 

Different exciting ways have been adopted so far to classify polymeric 

hydrogels to make them easy to understand. Classification based on different modes is 

very helpful in understanding and making it very easy for the researchers to utilize 

them properly in various applications. Before designing a material, its applications are 

focused thoroughly which widens its uses and effectiveness. 

a) Hydrodynamic radii or size based classification 

b) Source of origin based classification 

c) Internal configuration of particles based classification 

d) External environmental stimuli based classification 

e) Classification according to polymeric composition 

1.2.1 Hydrodynamic Radii or Size Based Classification 

 Any change in external environment i.e. pH, temperature, composition, ionic 

strength and pressure of polymeric hydrogels may lead to bring variation in 

hydrodynamic radii of the materials. Swelling/de-swelling of polymeric hydrogels 

results an increase or decrease in their hydrodynamic radii by absorption and 

desorption of water contents. This swelling and de-swelling of the hydrogels classify 

them into three major sub classes which are named as macrogels, microgels and 

nanogels. 
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(i) Macrogels 

 The polymeric hydrogels come up with a dimension greater than 1 millimeter 

(mm) and pore size 50 nanometer (nm) or greater are placed under the class of 

macrogels. They are distinct from microgels and may have artificial or natural origin. 

They have the skill to attain the shape of the container in which they are stored. Their 

big enough diameters make them visible to humans through naked eye. These 

polymeric hydrogels require a bit longer time to react to external stimuli and attain 

swelling equilibrium due to great dimensions. Macro hydrogels having pore size lying 

in the range of 1-100 micrometer (µm) or greater are named as super macro porous 

hydrogels [22].  

(ii) Microgels 

 Polymeric microgels are cross-linked latex entities that appear to have 

dimensions in the range between 1nm-1µm. In contrast to polymer macrogels, they 

respond very actively and efficiently to any variation in outdoor environmental 

conditions like pH, ionic strength, temperature, light, pressure and concentration. 

Very small sized particles of microgels present large surface area for efficient 

absorption and restricted visco-elastic properties. They are also recognized as smart 

materials, intelligent gels or polymer hydrogels because of the fact that they take 

delivery of wide range of stimuli and counter accordingly by demonstrating variations 

in their chemical and physical character. Researchers have paid special consideration 

to synthesize polymer hydrogels, unveil their different properties and make their 

possible uses in various areas of interest [23]. 

 The two terms gels and hydrogels reflect closeness in meaning making 

difficult to understand the difference between these two terms. However, they may be 



 7 

of the same chemical nature but yet they are physically distinct and needs to clarify 

one term from the other. 

 “The gels are semi solid arrangements consist of insignificant quantities of 

solid distributed in comparatively greater sum of liquid/water, presenting more solid 

like behavior than liquescent like while the hydrogels are considered as chemically 

cross-linked complex structures of hydrophilic polymers and are additionally compact 

than gels” [16]. 

 Weak forces of attraction like Vander waals interactions and hydrogen bonds 

approve hydrogels with cross-linking and making them available to use in different 

fields. 

(iii) Nanogels 

 The nanogels are considered as three dimensional hydrogel components in the 

size of nanoscale range synthesized by crosslinking swellable polymeric networks 

with great capability to absorb water, lacking dissolving into the liquid media. These 

nanogels are polymeric materials are found with particles size ranging from 1-100 

nm. Nanogels are mostly spherical in shape but can be fabricated in any other shape 

by tuning their composition. Hydrophilicity of nanogels introduces high 

biocompatibility with extraordinary stacking capacity for visitor molecules. The 

exceptional physical properties of nanogels offer them distinctive compensations over 

additional brands of nanomaterial for biomedical uses [24, 25]. They are materials 

which are the most active recipients of stimuli and respond much faster than the above 

stated macrogels and microgels. The nanogels show less rebuilding capability owing 

to loss of polymeric materials during centrifugation and washing for the elimination 

of surfactants. Literature study revealed that the widely held testified nanogels and 

microgels are of neutral, anionic and cationic character [22, 26, 27]. 
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1.2.2 Source of Origin Based Classification 

For thorough understanding of the nature and properties of polymer hydrogels; 

it is of worth importance to know about their source of origin. On the bases of source 

of origin; polymeric hydrogels are categorized into two major sets i.e. natural and 

synthetic hydrogels. 

(i)  Natural Polymeric Hydrogels 

Polymeric hydrogels which have natural origin are placed in the category of 

natural polymeric hydrogels. They are special materials with gluey, sticky properties 

and considerably weak due to biodegradability and biocompatibility [28]. Cytoplasm 

which is the basic part of every living cell is an exciting example of natural polymeric 

hydrogels. Some other examples of natural polymeric hydrogels include Aloe vera, 

Jelly fish, sea algae, clay, collagen, gelatin, chitosan, silk fibroin, hyaluronic acid and 

polysaccharides. Naturally derived polymeric hydrogels are classified into three sub-

classes i.e. polysaccharide based hydrogels, protein based materials and the third one 

derivative of de-cellularized tissue [29]. 

 Mostly natural polymeric hydrogels are extracted from animals, which is why 

chances of a disease transfer exist there. Another shortcoming associated with the 

natural polymeric hydrogels is their reduced substandard mechanical potency, trouble 

in monitoring their degradation and arrangement due to their fabrication methodology 

which serve to narrow down their applications in many fields [30, 31]. However, 

investigators around the globe made some noteworthy efforts with regards to 

methodology of production, fabrication, and adjustment of natural hydrogels in a 

preferred way, which could possibly be helpful in eliminating these restrictions in the 

near future [32]. In recent times, a wide range of approaches have been adopted to 

synthesize regular polymer-based hydrogels with outstanding automated skills, which 
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normally reflect stiff, reinforced and stretchable behaviors [33]. Natural polymers are 

beneficial in that they bear a resemblance to extracellular matrix (ECM) structures, 

are non-hazardous, and do not excite immunological or inflammatory reactions [34].  

(ii)  Synthetic or Artificial Polymeric Hydrogels 

 Synthetic polymeric hydrogels show different characteristics due to a variety 

of chemical arrangement, synthesis procedure, and aquatic content or cross‐linking. 

Alteration in biochemical arrangement or even a variation in one of 

the blending factors may result into new smart biomaterials. They are formulated 

either in laboratory or industrial level and are inert when compared with naturally 

occurring biomaterials. Chemical polymerization method is preferred for the synthesis 

of synthetic hydrogels because of the reason that materials prepared by this 

methodology absorb greater water content and are highly durable [34]. 

 The hydrophobic property gives more strength to them than naturally 

occurring polymeric hydrogels. They exhibit slow degradation rate due to greater 

mechanical strength [35]. Polyvinyl alcohol (PVA), polyacrylamide (PAAm), poly 

(N-isopropyl acrylamide) (PNIPAM), polyvinyl chloride (PVC) and polyethylene 

glycol (PEG) are usually used to prepare synthetic polymeric hydrogels. All the 

constituents possess unique reflection when sensing of environmental stimuli is done 

[36]. This reflection of the hydrogels can be better understood in perception of critical 

phenomena and volume phase transition. Sudden moves between the phases are as an 

outcome of uneven model of distinctions in volume and several other features of 

polymeric hydrogel materials. At high temperature or under the stress of different 

stimuli of pH, electromagnetic field, light etc. the two segments of these hydrogels 

remain indistinguishable. While considering the medical applications of cross-linked 
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polymeric materials, it can be assumed that natural-based polymeric materials are 

biodegradable, biocompatible and undamaging for the human body. Such features 

make them superior materials over synthetic compounds but greater mechanical 

stability of synthetic materials making their way easy to use them in various industrial 

applications. [37]. Few common examples of synthetic polymeric hydrogels include 

baby lotions, toothpastes, ointments, hair gels and face creams. 

1.2.3 Internal Configuration of Particles Based Classification 

 Literature reports several views while classifying hydrogels into various 

classes. Among these various views, polymeric hydrogel materials are itemized into 

physical and chemical hydrogels by keeping their internal configuration in focus.  

This is the internal configuration which determines the basic properties of polymeric 

hydrogels. Internal configuration may be permanent sometimes but most often it is 

temporary which configures in accordance with the sensing external stimulus. 

(i) Physical Polymeric Hydrogels 

 Physical polymeric hydrogels are resulted when weak forces of attraction like 

Vander Walls forces, electrostatic interactive forces, hydrophobic forces and 

hydrogen bonding come in action. Ionic attractions are more common in these types 

of hydrogels. Physically cross-linked hydrogels or rescindable gels have grown worth 

due to their virtual easiness of creation and the benefit of not consuming cross-linking 

managers throughout their production procedure. The choice of hydrocolloid form 

depends on concentration and pH can result in the configuration of a wide variety of 

gel surfaces and is at present an area getting significant consideration, in the 

pharmaceutical, nutrition and biomedical applications since the usage of cross-linkers 

are mostly avoided [38]. 
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 Physical polymeric hydrogels can experience a transition from runny to a gel 

in reaction to a modification in environmental setting such as ionic concentration, pH, 

temperature, or supplementary conditions like mixing of two constituents [38, 39]. 

Physically cross-linked polymeric hydrogels have opened a gateway to the researcher 

to apply them in controlled drug delivery system by encapsulation of drugs, cells, and 

proteins. The affected area is targeted first with the delivery of encapsulated drug and 

secondly the drug is released on timely dissolution of polymeric network. 

 There are few well established conventional methods which are practically 

experienced to obtain physically cross-linked polymeric hydrogels. According to the 

application; specific method among these applied methods is opted to produce these 

physical hydrogels. These methods not only determine the application of these 

hydrogels but also control various physical properties of the hydrogels. For example; 

Poly(vinyl alcohol) (PVA) hydrogels organized by freeze-thawing technique is a 

prevalent illustration. These hydrogels are inter-connected by hydrogen bonding, 

display supplementary permeable, soft, rubbery and superior flexible appearances 

than PVA hydrogels made-up by additional processes [40]. 

 Stereo-complex formation based method is another well-defined technique 

which is carried out to generate polymer hydrogels for well-ordered drug distribution 

system. This method is advantageous because of the fact that hydrogels are easily 

synthesized simply by dissolving each product in aqueous medium and then mixing the 

solution. One major constraint of stereo-complexation is, however, the comparatively 

constrained collection of polymer configurations that can be utilized [41]. 

 Ionic interactions produce ionic polymers cross-linked by adding up bivalent 

or trivalent counter ions systems. This scheme of creation triggers the standard of 
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developing a polyelectrolyte solution with multivalent ions that are oppositely 

charged. Examples of the hydrogels that fit in to this grouping are: poly-

[di(carboxylatophenoxy) phosphazene] calcium salt (CPP-Ca) and chitosan-glycerol 

phosphate salt (CGP) [42]. 

 Physically cross-linked semisolid compositions may possibly be arranged 

through hydrogen bonding connections. The most excellent illustration of such 

hydrogels is the development of hydrogen-bond CMCe (carboxymethyl cellulose) set-

up by diffusing CMCe in 0.1 molar HCl. In this course of reaction the sodium ions are 

substituted in CMCe by hydrogen present in the acid [43]. 

 Another exercised scheme of production of physical hydrogels is the maturation 

method which is a heat-induced aggregation procedure that fallouts in hydrogels with 

perfectly ordered molecular proportions. The greatest illustration of these hydrogels 

structure is the heat-prompted gelation of Gum Arabic (GA). This trend is practically 

pragmatic due to the aggregation of the proteinaceous constituents existing in gum 

Arabic, tempted by heating management. Owing to this sort of combination, molecular 

weight increases and subsequently leads to the creation of hydrogels with enhanced 

water binding capacity and enhanced mechanical properties [44]. 

(ii) Chemical Polymeric Hydrogels 

 The chemical reaction is used as a tool to synthesize chemical polymeric 

hydrogels by creating permanent cross-linking junctions. Conventionally; Poly 

condensation, vulcanization or copolymerization chemical methods are considered for 

the production of these types of chemical polymeric hydrogels. Branched network 

collected of lined flexible chains bridged by covalent linkages and fenced by massive 

sum of water contents are the resultant products using these stated methods of 
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preparation. They may also be named as strong chemical polymeric gels. They come 

up with relatively more stability than physically cross-linked polymeric hydrogels due 

to covalent character. When an active functionality is introduced deliberately into 

their network structure, then their permanent geometry does not remain sustained and 

it changes accordingly. Chemical cross-linking leads in a set-up with a comparatively 

improved motorized stability and reliant on type of chemical connections in the 

structural blocks and the cross-links, somewhat stretched degradation time can 

happen. Various other methods are described in collected works for gaining usual 

cross-linked polymeric hydrogels [11, 38]. 

 Grafting methodology encompasses the polymerization of a monomer on the 

mainstay of a long chain macromolecule. Furthermore, grafting may be chemical 

grafting or radiation based grafting; reliant on the type of initiator used for 

stimulation. In this chemical grafting, long chain macro-molecular backbones are 

made active by the reaction of a chemical substance. Embedding of acrylic acid 

(AAc) onto granulated maize starch in hydrated media instigated by ceric ion is a 

well-known example of grafting technique [45]. Grafting initialized by applying 

highly power-driven radiation, like electron beam and gamma is the radiation 

grafting. Carboxy-methylcellulose (CMCe) grafted with acrylic acid in the existence 

of electron beam emission, in aqueous medium is the radiation grafting. The electron 

shaft of light was applied to instigate the free radical polymerization (FRP) of acrylic 

acid on the major spinal column of CMCe [46]. 

By applying free radical polymerization method; biochemically cross-linked 

polymeric hydrogels can be achieved from monomers with low molecular masses in 

the existence of cross-linking agents along with other constituents. This one method is 
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the most extensively applied technique for the production of polymer hydrogels. This 

is a very effective scheme of preparation that comes up with immediate development 

of the hydrogels, even under minor settings. Fabrication of polymer hydrogels by 

using the free radical initiator like ammonium persulfate (APS) or potassium 

persulfate is very common example of this method of preparation [47, 48]. 

1.2.4 External Environmental Stimuli Based Classification 

Environmental triggers are very interesting for classifying polymeric hydrogels 

into various classes. These external environmental stimuli may include temperature, 

pH, ionic strength, pressure, light and electric charge etc. Polymeric hydrogels are 

given special names on the bases of these driving forces/stimuli i.e. thermally 

responsive hydrogels, pH sensitive hydrogels, ion-activated hydrogels, pressure 

simulative hydrogels, photo sensitive hydrogels and electric signals receptive 

hydrogels. These stated driving stimuli determine the characteristics of polymeric 

hydrogels and are quite helping in specifying their applications. 

(i) Thermally Responsive Polymeric Hydrogels 

 There is lying a common phenomenon that solubility of a substance increases 

proportionally when temperature is changed in rising pattern. But there are certain 

substances that reflect deviance from this general principle. These are those 

substances who observe lower critical solution temperature (LCST) or volume phase 

transition temperature (VPTT) which is the temperature at which swelling or de-

swelling of hydrogels is noticed. When the temperature of the system rises beyond the 

LCST, these thermally sensitive hydrogels expel the absorbed water content and de-

swell and reverse reaction happens to occur when temperature goes down again. This 

special kind of observable fact is known as negative or inverse temperature 
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dependence. The first thermo sensitive polymeric hydrogel was synthesized and 

reported by Pelton and Chibante by following emulsion polymerization [49]. 

Thermal responsive hydrogels can be sub-alienated into negative thermally-

sensitive and positive thermally-sensitive hydrogels rendering to their thermo-

receptive assembly [50]. Polymer hydrogels with LCST can generate negatively 

thermo-sensitive hydrogels i.e. the polymers contract laterally with the temperature 

raise. These are the hydrogels mainly comprised of either hydrophobic or mixture of 

hydrophilic and hydrophobic monomeric units. The best supporting mechanism to this 

behavior of these materials is the revocable development and cracking of hydrogen 

attachment among water molecules and hydrophilic assemblies of the polymer chains. 

Hydrogen bonding among hydrophilic groups of the polymer backbones and water 

molecules become strengthened when the temperature is lowered, leading to the 

dissolution in aqueous medium. Conversely, on the other hand when temperature rises 

the hydrophobic connections amongst hydrophobic groups become reinforced and the 

hydrogen bonding loses their strength which results in gelation. Positive temperature 

responsive hydrogels boost up their solubility in water as the temperature shifts from 

lower end to higher, possessing upper critical solution temperature (UCST) [51]. 

a.  Negative Thermal Responsive Polymeric Hydrogels 

 In negatively sensitive polymeric hydrogel systems, the poly (N-isopropyl 

acrylamide) (PNIPAM) based hydrogels are perhaps the most widely explored 

thermo-sensitive materials. The homo-polymer and co-polymers of PNIPAM are 

frequently studied for controlled drug delivery system, tissue engineering and cells 

encapsulation. Polymers of PNIPAM show a sharp phase transition just because of the 

reason that they hold a hydrophilic amide group and a water repellant isopropyl 
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cluster with the LCST around 32 ºC. lower than the LCST, the polymer displays an 

elastic, prolonged coil arrangement in aqueous medium ascribing to the creation of 

hydrogen bonding among water molecules and polar groups of the polymer [52]. 

Going beyond the LCST, the hydrogen bonding of the cross-linked complex system 

ruptures, the PNIPAM hydrogels eject the water and contract quickly, resulting in the 

transitions from a flowing fluid to a compact gel-like substance. The LCST of 

PNIPAM is closed to the physique temperature which offers the advantage to alter it 

easily by co-polymerizing with some other hydrophilic co-monomers. 

Copolymerizing PNIPAM with additional hydrophilic monomers enhances water 

uptake capacity of the polymer, and the resilient polymer-water interactions shift 

LCST from lower to higher level. By introducing added hydrophobic monomers may 

result in a poorer LCST as equated with PNIPAM. The hydrogels based on PNIPAM 

co-polymerized with acrylic acid (AAc) and propylacrylic acid (PAA) was 

synthesized to regulate the LCST nearer to physical temperature. Though, polymers 

of PNIPAM have an appropriate LCST, the scientific usages of thermo-sensitive 

hydrogels based on PNIPAM and its derivatives are restricted for the reason to the 

lacking of biocompatibility [53]. By adjusting balance between hydrophilic and 

hydrophobic components of the hydrogels, VPTT can be modified in a wider range 

for many applications [51, 54].  

b.  Positive Thermal Responsive Polymeric Hydrogels 

 Mostly natural polymers like gelatin, amylose, amylopectin, agarose, and 

several cellulose byproducts can produce a thermo reversible gel structure by letting 

down temperature of the system, fall in the category of positive thermo-sensitive 

hydrogels. Gelatin is taken as an illustrative example. Gelatin which possess thermo 

reversible characteristics, is a denatured protein gained from the fractional hydrolysis of 
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collagen. When the temperature crosses the limit of 40 ˚C, the alignment varies from a 

helix to unsystematic springy coil, transform into flowable fluid phase. When the 

temperature comes down i.e lower than UCST (35 ˚C), a few sections of the gelatin 

molecule are again spinned into helical coil and hydrogen bonding are cross-linked 

among the nearby three left-handed helical divisions to shape a firm collagen super coil 

configuration, thus configuring a three-D complex structure. Interstitial sites among 

super coiled chains are captured by water molecules with the establishment of hydrogen 

bonding combined with NH2 groups. As soon as the cross-linking density approaches 

firm level, the whole arrangement transforms into solid gel structure. 

The three-way spiral pattern in gelatin drives the nucleation and development of 

the crystallites throughout the gels creation [55]. 

(ii) pH Sensitive Polymeric Hydrogels 

 Numerous physical and chemical stimulating factors have been applied for the 

induction of a range of responses of the smart polymeric hydrogel network systems. 

The reacting responses of polymeric hydrogels are totally dependent on physical and 

chemical stimuli. Among physical stimuli, the most common triggers are temperature, 

solvent composition, electric charge, pressure, light, but the chemical stimuli include 

pH, ions as charged particles, precise molecular recognition events. The occurrence of 

pendent acidic groups like sulphonic, carboxylic acids or alkaline ammonium salts 

which may have the ability to donate proton or act as proton acceptor, induce pH 

sensitive character in the hydrogel materials.  

 Hydrogels receptive to the pH of the external solution are labeled as pH-

sensitive polymeric hydrogels, which contain ionic pendant groups on their polymer 

network arrangement. Three dimensional cross-linked polymeric hydrogels 

possessing a number of ionizable units reveal a variety of differences in 
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absorption/desorption mechanism which depend on pH of the environment. A range 

of colloidal solutions with different pH will behave differently while absorbing water 

content [56]. 

 It is a principle in common that swelling of polymeric hydrogels is greater if 

pH of the solution is high and vice versa. This progressive development in swelling of 

hydrogel particles is the outcome of larger dissociation of ionizing groups present in 

solution. It means that hydrogels with greater number of ionizable groups swell to a 

greater extent than the hydrogels with lower number of ionizable groups. The most 

suitable justification to this swelling can be made as: greater ionization results in 

greater electrostatic repulsion of the charged groups with closed polymeric chains. 

From this discussion; it can be concluded that poly-electrolytic hydrogels exhibit 

more swelling than non-electrolytic polymeric hydrogels [57]. 

 The pH- responsive polymeric hydrogels are synthesized by co-polymerizing 

the main monomer and co-monomer bearing ionizable functional groups which impart 

functionality in hydrogels. Commonly used functional co-monomers are acrylic acid 

(AAc), methacrylic acid (MAAc), maleic acid (MAc), allyl-acetic acid (AAAc) and 

vinyl-acetic acid (VAAc). As the pH changes to higher degree; these functional co-

monomers transform polymeric network into charged cluster due to which 

electrostatic repulsions come into action with greater intensity and the hydrogels start 

to swell. The poly (N-isopropylacrylamide-co-acrylic acid) hydrogel system is very 

common which behaves equally as thermo sensitive and pH responsive structure [58]. 

(iii) Ions activated or Electrically-Active Hydrogels 

 The electrically active polymeric hydrogels react to demonstrate a variation in 

volume phase transition when electric current as stimulus is applied to them. Just like 
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pH sensitive polymeric hydrogels; they do have ionizable groups and their synthesis is 

carried out by copolymerization of functional co-monomers with the key monomers. 

They show contraction and expansion in hydrodynamic radii in response to electric 

current to nullify its effect. Sodium acrylic acid-co-acrylamide is a typical example of 

this class of hydrogels. 

Hydrogels are nowadays synthesized from different types of monomers which 

may have electrical charge on them when dissolved in water or may lack electrical 

charge if neutral monomer is used during their synthesis. Based on the choice of 

monomers, the hydrogels may be of different natures. 

 Neutral or non-ionic hydrogels (i.e. they carry no charge on them) 

 Cationic hydrogels (i.e they bear positive charge on them) 

 Anionic hydrogels (i.e. they are negatively charged) 

 Amphoteric/Ampholytic hydrogels (i.e. they hold both basic and acidic 

groups) 

 Zwitter-ionic hydrogels (polybetaines) (i.e. both cations and anions are part of 

their structural organization) 

(iv) Pressure Simulative Hydrogels 

 The application of pressure as stimulating agent on polymeric hydrogels 

brings volume phase transitions in them. Such types of stimulus receptive materials 

are named as pressure simulative polymeric hydrogels. Thermodynamic 

measurements based on a theory of uncharged microgels evolved the thought of 

volume phase transition in hydrogels caused pressure as stimulating trigger. 

According to the theoretical understanding; the hydrogels will shrink at low pressure 

and at higher pressure they will swell again. All the thermal sensitive hydrogels 
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reflect pressure sensitivity also because of shifting of the lower critical solution 

temperature to somewhat elevated digit with pressure, Poly (N-isopropylacrylamide) 

(PNIPAM) hydrogels [59, 60]. 

(v) Photo Receptive Hydrogels 

 The interface of light with light sensitive hydrogels can result in diverse 

reactions, some of which are evident with the naked eye. These take account of 

hydrogel formation or degradation, network expansion or contraction and chemical 

alterations in the network system, which then have an instant consequence on 

materials properties. Photo receptive hydrogels, as superficially tunable materials, 

majorly contribute to the field of soft smart materials in regard to the various 

applications. Variations in volume phase transition are evidenced after detection of 

light by these hydrogels. Photoresponsive hydrogels can demonstrate volume changes 

via swelling or contraction due to uptake of water or discharge upon photo irradiation, 

respectively [61]. Light acts as supporting agent to create cross-linkings in hydrogels 

during their production. Light sensitive chromospheres which are either dyes or metal 

nanoparticles are incorporated by absorption to produce photo receptive polymer 

hydrogels. The light active hydrogels on which light is forced to fall temporarily and 

transport in definite quantity with greater precision may be found advantageous over 

other rest of the hydrogels. These may possibly be UV-active or visible photo-

triggered. Certain factors like low cost, safe, clean, easy availability and trouble-free 

handling make visible light useful to use. Annihilation of light is the outcome of 

dispersion or absorption phenomenon. No absorption is taken place in visible light 

constituency of electromagnetic spectra if polymers under consideration have low 

refractive index. However; PNIPAM hydrogels are exceptions which are efficient 

light scatters in photo scattering experiments even with low refractive index [62, 63]. 
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1.2.5 Classification According to Polymeric Composition 

 This is another special class of polymeric hydrogels which is totally based on 

types of constituents used to compose hydrogels. A brief introduction to these 

hydrogels is given as under. 

(i) Homo-Polymeric Hydrogels 

 Homo-polymeric class of hydrogels is categorized as polymer system derived 

from single species of monomer, which is a fundamental operational component of 

any polymer network. Homo-polymers may acquire cross-linked skeletal construction 

dependent upon the nature of the monomer and method of polymers creation [21, 64]. 

(ii) Co-Polymeric Hydrogels 

 Co-polymeric hydrogels involve two or more than two monomeric species of 

dissimilar natures with at least one hydrophilic constituent, prearranged in a casual, 

block or irregular design alongside the chain of the polymeric complex [65]. 

(iii) Multi-Polar Inter-Penetrating Polymer Network (IPN) Hydrogels 

 Multi-polymer Inter-penetrating polymeric network is a significant class of 

hydrogels which is composed of two autonomous cross-linked manufactured and/or 

natural polymer components, shaped in a complex structure. The semi IPN hydrogels 

comprised of one cross-linked polymeric constituent and the second additional part is 

non-cross-linked macromolecule [21, 66]. 

 Beside all these types of hydrogels, they may be categorized as amorphous on 

non-crystalline, semi crystalline and crystalline hydrogels. All of them have their own 

advantage and found beneficial applications on industrial scale. They not only made 

human life comfortable but contributed a lot in the generation of revenue. 
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Table 1.1: Classification of Polymeric Hydrogels on Diverse Criteria 

Source 
Natural 

Artificial 

Degree of swelling 

Low swelling 

Intermediate swelling 

High swelling 

Superabsorbent with extraordinary 

swelling 

Porosity 

Nonporous 

Micro porous 

Macro porous 

Super porous 

Cross-linking 
Chemical (Covalently) 

Physical (Non-covalently) 

Biodegradability 
Biodegradable 

Non-biodegradable 

1.3  Hybrid Hydrogels 

 Polymer hydrogels are three dimensional cross-linked components that display 

the capacity to swell and preserve a considerable proportion of water inside their 

chemical structure, however remain suspended in aqueous medium. When these 

hydrated polymeric network systems entrap metal nano-particles in their bulk either 

physically or chemically; then they are termed as hybrid hydrogels [67]. The 

entrapped metal nano-particles in the interior of three dimensional polymer networks 

add additional features in polymer hydrogels and formulate hydrogel nano-

composites. These materials with added characteristics which are superior over the 

properties of inorganic nano-particles and pure hydrogels separately have been 

successfully used in the field of catalysis [68]. 
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 Noble metal nano-particles are now being replaced by transition metal nano-

particles due to easy preparation, low-priced and possessing matching catalytic 

properties. The main issue associated with transition metal nano-particles is their 

instability which dragged the reasearcher’s attentions to tackle it and create nano-

particles with improved properties for monetary growth. The great pace of research 

work in this special area of interest has developed transition metal nano-particles with 

extra ordinary catalytic performance. However; when they are applied practically in 

catalysis, they begin to agglomerate which reduce their use in catalysis. This issue is 

successfully handled by the use of polymer hydrogels which provide supporting 

template to metal nano-particles and enhance their stability [69]. 

 The polymeric hydrogels are easy to load with metal nano-particles and may 

be used multiple times after the creation of hybrid hydrogels. The surface of polymer 

hydrogels is easy to charge with the attachment of negatively charged species which 

takes further the responsibility of drawing positively charged metal ions by 

electrostatic attractive forces. Finally these captured metal ions by hydrogels are 

reduced by reducing agent and convert them into reduced metal nano-particles. The 

polymer hydrogels which act as supporting template keep metal nano-particles in 

stabilized form without affecting their catalytic performance [70]. 

1.3.1 Conventional Methods Used for the Preparation of Polymer Hydrogels 

 Various methodologies are applied conventionally to synthesize polymeric 

hydrogels. The preparatory method is chosen according to the nature of the constituents 

used in hydrogels and the suitable desired applications. Among these well applied 

techniques of synthesis; few are very widely applicable due to easy processing and less 

time consumption. These are: free radical polymerization method, solution 

polymerization, suspension polymerization and emulsion polymerization method. 
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1.3.1.1 Free Radical Polymerization (FRP) Method 

 Free radical polymerization is a fundamental synthesis mean for getting an 

extensive range of different polymeric hydrogels. The creation of three dimensional 

cross-linked polymer networks is done through free radical which initiates the 

polymerization process by attacking monomers and cross-linkers. This is a multi-stepped 

reacting procedure which goes through initiation, propagation and termination steps. 

 Initiation is the primary phase of polymerization course of reaction. During 

initiation stage, a dynamic center is formed from which a polymer chain is created. It 

is not mandatory that all monomers should be prone to all kinds of initiating species. 

Radical instigation remains in the best working on the instauration point of carbon–

carbon double bond of vinyl monomers and the carbon–oxygen double bond in ketones 

and aldehydes. Initiation involves two stages where in the initial stage, one or 

two radicals are generated from the originating particles while the slater phase 

involves, transfer of radicals from the initiator molecules to the monomeric 

components existing. 

 Initiation is carried out in many ways. They are produced thermally by 

homolytic decomposition of initiator. Homolytic decomposition leads to the 

development of two free radicals which then act as active species to attack the main 

monomer [71]. 

 Photo-initiation cleaves the bond homolytically to produce two radicals. A 

suitable photo-initiator structure should accomplish the following requirements. 

 Extraordinary absorptivity in the wavelength range from 300 nm to 400 nm. 

 Well-organized production of radicals capable of attacking the un-saturation 

of vinyl monomeric units. 

https://en.wikipedia.org/wiki/Polymerization
https://en.wikipedia.org/wiki/Vinyl_group
https://en.wikipedia.org/wiki/Ketones
https://en.wikipedia.org/wiki/Aldehydes
https://en.wikipedia.org/wiki/Radical_(chemistry)
https://en.wikipedia.org/wiki/Absorbance
https://en.wikipedia.org/wiki/Alkene
https://en.wikipedia.org/wiki/Vinyl_group
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 Sufficient solubility in the binder system (pre-polymer + monomer). 

 Should not convey staining or distasteful aroma to the treated substance. 

 The photo-initiator and any resultant derivatives should be harmless. 

 Sonication is another way where highly intense ultrasound at frequencies far 

past the human audible range (16 kHz) are applied to a monomer. Initiation starts with 

the effects of cavitation (i.e. the creation and falling down of openings in the fluid). 

The falling down of the openings causes elevated native temperatures and stresses. 

Excited electronic states are formed at the end, which then lead to the rupturing of 

bond and radicals creation. 

 Electrochemical method goes through electrolyzing a solution holding 

mutually the electrolyte and monomer. A monomer molecule receives an electron at 

the cathodic region to turn into radical anionic specie. The monomeric grain provides 

an electron at the anodic end to create a radical cation. These counter radical ions then 

start free radical polymerization reaction. Metal surfaces are coated with polymer 

films by electrochemical initiation methodology. 

 The Dissociation of a persulfate in the liquid medium is of use in emulsion 

polymerizations method, where radical distributes uniformly into a hydro 

repellent monomer holding droplet. 

 In ionizing radiation sources like α-, β-, γ-, or x-rays are used to make 

discharge of electrons from the introducing molecules, followed by their division and 

capture of electron to produce a radical. 

 In all of the above stated methods of radicals generation, the efficiency of 

initiators is kept focused. This is due to the side reactions which affect the efficiency 

of radical’s synthesis. The efficiency factor “f” is assigned a maximal value of 1 but 

it’s typical value lies in the range of 0.3-0.8. 

https://en.wikipedia.org/wiki/Prepolymer
https://en.wikipedia.org/wiki/Sonication
https://en.wikipedia.org/wiki/Electrochemistry
https://en.wikipedia.org/wiki/Electrolyte
https://en.wikipedia.org/wiki/Hydrophobic
https://en.wikipedia.org/wiki/Ionizing_radiation
https://en.wikipedia.org/wiki/Alpha_Particle
https://en.wikipedia.org/wiki/Beta_Particle
https://en.wikipedia.org/wiki/Gamma_Ray
https://en.wikipedia.org/wiki/X-ray
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 Side reactions and primary rejoining of two radicals earlier than chain’s 

initiation occurs within the solvent cage suppress the efficiency of initiator. 

 During the propagation step of polymerization, a polymer uses upto most of 

its spell in propagating its chain size. Once the radical motivator is created, it starts 

attacking a monomer. In an alkene monomer, single electron couple is detained firmly 

in the middle of two carbon atoms in sigma linkages. The additional one pair is seized 

with a loose knot in pi bonding. The free radical makes use of single electron from the 

pi bond to shape a comparatively additional steady connection with the carbon atom. 

The extra electron goes back to the next carbon atom, resulting the entire molecule in 

active radical specie. This starts on the polymer chain propagation. Once a chain has 

been initiated, it then continues to propagate until all the monomers are utilized or till 

occurrence of the termination. They may be extending from a small number of 

monomers to several thousands of propagation stages depending on numerous 

features such as radical and chain reactivity, the temperature and solvent. 

 The propagation step of reaction would theoretically carry on until the entire 

monomers are consumed. However, pairs of radicals may show tendency to interact 

with each other and thus wipe out their activities. The final termination can take place 

through disproportionation or combination. In the case of combination or pairing, two 

growing polymer chains react with each other to form a single non interactive grown 

polymer chain. 

M
●
 + N

● 
  M-N 

 However, when disproportionation occurs, a hydrogen atom is moved from 

one radical to the other to produce two polymers, one with no unsaturated end and the 

other with an unsaturated ending and each with an initiator part [71, 72]. 

https://en.wikipedia.org/wiki/Monomer
https://en.wikipedia.org/wiki/Sigma_bond
https://en.wikipedia.org/wiki/Pi_bond
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1.3.1.2 Solution Polymerization Method 

 A process for fabrication of an addition polymer by means of heating the 

monomer, solvent, initiator, and catalyst jointly, with polymerization continuing as 

the solvent is removed. Solution polymerization makes use of solvent in the reacting 

chamber to improve heat transport. At the commencement of the scheme, the solvent 

and initiator are transferred into the reactor. Initiator decomposes first to form primary 

free radicals to initiate the polymerization process. These free radicals will then 

interact with the added monomers in the reactor in homogeneous solution till the 

finishing of the course of reaction [73]. The inert solvent serves to absorb the heat 

released during the reaction. Careful selection of solvent is made to evade chain 

transference reactions that might restrict the expansion of the polymer. However, the 

solvent may be taken out after hydrogel formation through a supplementary hydration 

step in aqueous medium [74]. 

 

 

Polymerization    

  

 

Polymer + Solvent 

Fig. 1.1:  Schematic representation solution polymerization 

Solvent 

 

Initiator 

 

Monomer 

https://www.sciencedirect.com/topics/chemical-engineering/monomer
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1.3.1.3 Emulsion Polymerization Method 

  Emulsion polymerization is a heterogeneous free radical polymerization where 

monomers, cross-linker and initiator are allowed to mix in the presence of surfactants like 

Cetyl trimethylammonium bromide (CTAB) or Sodium dodecylsulphate (SDS). The 

surfactant’s particles are very helpful in stabilizing the polymeric hydrogel particles and 

restrict them from agglomeration. The polymerized product come up in spheres as 

monodispersed polymer particles and free surfactant’s particles are then removed from 

the finished product by filtration through dialysis membrane [75]. It is considered an 

important manufacturing process used to construct a diverse variety of polymers of 

manifold applications. In addition, it has considerable advantages over bulk and solution 

polymerization practices. These advantages are resulted more often from the multiphase 

and compartmentalized character of the emulsion polymerization which allows for 

fabrication of polymers of high molecular weights at high polymerization rates at the 

same time, delivering a high flexibility to product qualities. Mono-dispersed polymer 

particles gained by this method are in the size range of tens to several hundred 

nanometers, even though much bigger particles can be synthesized by special procedures. 

 

Fig. 1.2: Schematic Representation Emulsion Polymerization 

https://www.sciencedirect.com/topics/chemical-engineering/emulsion-polymerization
https://www.sciencedirect.com/topics/computer-science/polymerization-rate
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1.3.1.4 Suspension Polymerization Method 

 The suspension course of reaction is used to stimulate radical polymerization 

through a vinyl group monomer. It is a heterogeneous polymerization procedure in 

which the monomer or the blend of monomers is mixed in an aqueous medium with 

mechanical stirring to form spheres of polymers. Simply, a polymerization 

progression where an unsolvable monomer is distributed and hanged by nonstop 

sturdy shakeup in aqueous phase, generally water, and it turn into monomer bead with 

the size range of 0.01~1mm. Adding to that, in this type of polymerization soluble 

initiator (i.e. azobisisobutyronitrile or benzoyl peroxide) is added in the monomeric 

units. Spherical particles are gained by conducting suspension polymerization with 

employing vinyl acetate, styrene and methyl methacrylate etc. as a monomer, in this 

case, it is termed as bead, granular or pearl polymerization [76]. This method is 

practical in the manufacture of numerous marketable resins, including polyvinyl 

chloride (PVC), a broadly useable plastic, styrene resins with polystyrene (PS),  

prolonged polystyrene and high-impact polystyrene (HIPS), as well as poly(styrene-

acrylonitrile) (PSAN) and poly(methyl methacrylate) [77]. Suspension polymerization 

has many advantages over other applicable polymerization practices; since water is 

typically the continuous phase, it acts as a very efficient heat-tranfer medium which is 

highly cost-effective and more eco-friendly as compared with other the solvents used 

in solution polymerization. Moreover, temperature and viscosity control is quite easy. 

Comparing with the emulsion polymerization method, cleansing and handling of the 

polymer is greatly easier since very small quantity of catalyst is employed and the 

resulting material is a 100% solid resin [77, 78]. 

https://en.wikipedia.org/wiki/PVC
https://en.wikipedia.org/wiki/PVC
https://en.wikipedia.org/wiki/Polystyrene
https://en.wikipedia.org/wiki/Polystyrene#Expanded_polystyrene
https://en.wikipedia.org/wiki/Polystyrene#Expanded_polystyrene
https://en.wikipedia.org/wiki/Polystyrene#Copolymers
https://en.wikipedia.org/wiki/Styrene-acrylonitrile_resin
https://en.wikipedia.org/wiki/Styrene-acrylonitrile_resin
https://en.wikipedia.org/wiki/Poly(methyl_methacrylate)
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Fig. 1.3: Suspension Polymerization 

1.4 Applications of Polymeric Hydrogels 

 Polymeric hydrogels are special category of materials bearing unique 

characteristics of biocompatibility, chelating nature, desirable physical and physiological 

nature are now extensively used in many fields. Hydrogels have the advantages of easy 

handling, greater adsorption capacity, and ease in retrieval related to supplementary 

adsorbent materials that involve zeolite, activated carbon, biomass, silica gel, and 

inorganic minerals. For these causes, hydrogels have attracted researchers to show 

increased concern for ecological remediation applications over the past few years. 

Explorations are constantly being made in all directions at a faster rate for the widespread 

applications of polymer hydrogels. 

 Eco-friendly nature of polymer hydrogels assisted them in finding wide 

variety of applications in medicine, food industry, purification processes, catalysis, 

paint industry, environmental area, tissue engineering, agriculture and sensing devices 

[79]. They not only have the capability to carry genes, proteins, and drugs but also 
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equipped with the ability to release them in organized manner at the targeted area of 

interest. Polymer hydrogels strengthen the structural toughness of the tissues by 

providing frame work to tissues and are used as sensors [76]. They are used in wound 

dressing medicines, contact lenses, pampers and as competent adsorbents for 

successful exclusion of heavy metal ions and organic dyes molecules from drinking 

water [38,79,80]. 

 

Fig. 1.4:  Applications of Polymer Hydrogels 

1.4.1 Applications of Polymeric Hydrogels in Controlled Drug Delivery 

 Polymeric hydrogels have gained special interest of researchers to use them 

effectively in therapeutic activities. Hydrogels offer spatial and chronological control 

over the discharge of numerous remedial agents which include cells, micro-molecular 

drugs and macro-molecular drugs. Due to their tunable physical properties, 

manageable degradability and potential to shield labile drugs from degradation, 
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hydrogels function as templates on which different physiochemical interactions with 

the encapsulated medications follow to discharge drugs in controlled pattern [81]. 

 There are some hydrogels with micro pores and low degree of cross-linking 

take a bit shorter time to respond in the release of drugs. In contrast to that, hydrogels 

like liposome react after taking longer time interval depending upon the desired kind 

of drug.  Few of the polymeric hydrogels, go through step wise drug release profile 

along with an unnecessary eruption in the beginning of controlled drug process like 

Poly lactic acid (PLA). 

 Synthetic polymer hydrogels present them as promising materials for loading 

the drugs. When drugs are encapsulated in the core of hydrogels, they attain much 

more special characteristics of swelling and de-swelling when exterior stimuli like 

pH, temperature and ionic strength are changed. Once the external trigger is sensed, 

the hydrogels respond accordingly to nullify its effect and release the drug at the 

targeted area of interest. Controlled drug delivery system keeps the drug safe from 

hydrolysis, toxicity, enzymatic and chemical degradation and enhances the discharge 

rate and drugs bioavailability [58, 63]. 

1.4.2 Applications of Polymeric Hydrogels in Coating 

 The modern developments in paint industry have widened applications of 

polymeric hydrogels. Rheological properties of paints have improved by the use of 

hydrogels which provided researchers with fascination to explore further about the 

hydrogels and make them available for coating purposes. 

 It is commonly experienced that paints are synthesized from conservative alkyd 

resins which become fragile after some time and their long-lasting characteristics are lost 

due to progressive cross-linking in the open atmosphere. When polymeric hydrogels in 
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minute quantities are applied with paints, they attain enough resistance to unfavorable 

weather conditions and enhance the paints durability [82]. 

1.4.3 Applications of Polymeric Hydrogels in Catalysis 

 New strategies have been adopted in biochemical reaction engineering in order 

to smooth the progress of the management as well as to pick up the effectiveness of 

chemical reactions (aided synthesis). These improvements are generally keen to 

convene the requirements of green chemistry. Polymer hydrogels offer their fruitful 

utilization in catalysis due to some unique features of swelling on low temperature 

and de-swelling on elevated temperature. Therefore, this reversible character of 

hydrogels transform them into effective catalysts which are recoverable on rising 

temperature and reusable on simply by adding water to their aqueous solution [83]. 

1.4.4 Ecological Pollution 

 The terrestrial and aquatic animals, plants and nonliving components interact 

with each other showing their dependency on one another. This interaction of all these 

components forms an ecosystem or simply environment. The natural environmental 

system is heavily damaged by anthropological activities of excessive discharge of 

industrial effluents in water streams, hazardous gases in atmosphere, progressive 

urbanization, industrial developments and uncontrollable population growth. These 

ecological concerns have dropped the quality of life, transformed the safe 

environment into unsafe zone for living organisms and last but not the least that is 

shortening of life span of all the organisms [84]. 

1.4.5 Applications of Polymeric Hydrogels in Removal of Heavy Metal Ions 

 Currently, Water pollution has gained the status of global issue which is 

continuously exposing man’s life to death threat. Industrial growth is benefiting life 
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on earth but causing water pollution simultaneously which intended researchers to put 

their best in its control. 

 Heavy metal ions are the main sources of water’s contamination which expose 

living organisms to severe health problems when they consume contaminated water. 

Lead (Pb
2+

) is one of the cumulative poisons through food uptake or drinking water 

that is serious threat to central nervous system, may cause malfunctioning of kidney 

and affect immunization. Silver (Ag
+
) particles are extremely lethal to mammalian 

cells. Silver particles have been evidenced to harm cells of brains, stem and liver. 

Even with extended contact with colloidal silver or salt deposits of metallic silver 

beneath the peel causes dermal infections like argyria or argyrosis [85]. In its bulk 

usage, silver is enormously toxic to marine organisms, algae, plants, fungi, 

crustaceans and microorganisms like nitrogen fixing heterotrophic and topsoil 

forming chemolithotrophic bacteria. Serious attention is needed to pay to solve this 

hazardous environmental issue and extinguish its aftershocks. 

The reduced metal ions in aqueous solution are transformed into metal particles 

which perform as catalysts in a variety of reactions. The difficulty associated with 

metal nanoparticles is their short term stability, imperfect use due to high surface 

energy, spontaneous oxidation and aggregation in a little while which limit their 

applications as catalysts. Previously stated stabilizing agents for metal nanoparticles 

applied by researchers are misceles, dendrimers, block copolymers and hydrogels etc. 

Among them, hydrogels have fascinated the devotion of scientists working in the area 

of catalysis, degradation and adsorption of dyes. Hydrogels deter the aggregation of 

metal nanoparticles by making hydrogel materials with improved viscosity. Hydrogels 

avoid metal nonoparticles from spontaneous oxidation; provide metal nanoparticles 

with more stability and multi time using capabalities [86, 87].  
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Polymeric hydrogels not only serve to adsorb heavy metal ions present in 

aqueous solution but when environmental conditions are changed, they release the 

adsorbed metal ions also. The elimination capacity of heavy metallic ions and 

efficiency of hydrogels can be improved simply by high charge densities. This can be 

done by introduction of vinyl monomeric units into hydrogels. Some of the 

researchers have extracted Pb(II) from aqueous solutions at lower values of pH 3. 

Some of the polymeric hydrogels have established applications in chromatographic 

practices i.e gel permeation chromatography and gel filtration chromatography that 

are applied in fractionation of proteins and some water soluble macromolecules and 

investigation of molecular weight distribution of carbon-based soluble polymers 

respectively. 

The hydrogels act as hybrid hydrogels after capturing the metal ions from the 

water and then reducing these metallic ions to their metal nanoparticles by means of a 

reducing agent. The hydrogels with captured metal particles now act as catalyst as 

well in the degradation of organic dyes. The designed hydrogels are predictable to 

grant metal ions with a stabilized template for the shaping the metal nanoparticles. 

Hydrogels with trapped metal nanoparticles in their bulk will configure them as smart 

hybrid hydrogels with excellent catalytic capability. The hybrid hydrogels are 

possible to actively play their role in degradation of organic pollutants and are to be 

re-used many times with no any loss in their competence. 

1.5 Xanthan Gum Based Terpolymeric Hydrogels 

 Over the earlier few decades, biopolymeric hydrogels have appealed the 

consideration of the researchers due to their exceptional properties like swell ability, 

nontoxicity, biodegradability, and biocompatibility. These biopolymer based 
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hydrogels are now successfully considered for the adsorption of heavy metals and 

dyes present in aqueous media [88, 89]. 

 Polysaccharide like xanthan gum (Gx) possessing acidic nature has found a 

wide range application in biomedical region [90]. Gx is a heteropolysaccharide 

released by the bacterium Xanthomonas campestris. It consists of 1,4-linked b-

Dglucose remains, and its anionic nature is attributable to the pyruvic acid and 

glucuronic acid group in the side chains [91]. The Gx is harmless, economical, 

hydrophilic, stable, and eco-friendly [87]. Gx is used as thickening agent in foodstuff 

industry, cosmetics and drilling fluids. These stimuli responsive materials are now 

assigned as smart materials due to the existence of active functional groups on the 

chain. These Xanthan based hydrogels can be synthesized both physically and 

chemically. The former hydrogels are considered to be unstable because of their low 

mechanical stability against long term exposure. The hydrogels synthesized by 

chemical modification provide multiple centers for grafting/crosslinking with acrylic 

monomers like acrylic acid. 

 NIPAM is a thermo-sensitive monomer which responds reversibly in 

swelling/de-swelling manner with change in temperature. Due to thermo sensitive 

nature of the NIPAM makes it very useful material which a smart material demands. 

The swelling/hydrophilicty of the NIPAM is due to the amide functional groups while 

the hydrophobicity is ruled by the isopropyl side groups which turn NIPAM into 

amphiphilic in nature. This de-swelling performance of the NIPAM can be 

enlightened by the inter and intra molecular hydrophobic interactions among 

isopropyl units beyond the lower critical solution temperature (LCST) i.e. 32 °C [92, 

93]. However, the swelling is due to the interactions among the amide groups and 

water molecules. 
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 Acrylic acid is pH sensitive, which in combination with the NIPAM makes 

hydrogels both thermo as well as pH sensitive and widen their applications in various 

fields. Therefore, a novel terpolymeric system of these three Poly(Gxco-NIPAM-co-

AAc) hydrogels is synthesized in the company of N,N′-methylene bisacrylamide 

(MBA) as a cross-linker and ammonium persulphate (APS) as initiator to find best fit 

area for multipurpose use [94]. 

 The present research study emphasizes on the syntheses of terpolymeric 

hydrogel system, detailed rheology and investigation of thermodynamic parameters, 

which will benefit many researchers to make possible uses of terpolymeric hydrogel 

systems in drug delivery, sensing materials, electrical devices, cosmetics, etc. [75, 95]. 

 Rheology is the learning of flow behavior of a material which gives a 

thorough idea about the internal structure, its chemical makeup and provides a 

gateway for monitoring the gelation process. The rheological studies add further 

strength to use of these hydrogels in drug delivery system by tuning and controlling 

rheological and volumetric changes of these hydrogels. Hydrogels arrangement and 

rheology responsiveness to external environmental stimuli are indispensible 

components for designing these hydrogels with required properties on micro and 

macro levels [96]. Many attempts have been made in this context but still no literature 

is available on the rheology of Poly(Gx-co-NIPAM-co-AAc) terpolymeric hydrogels. 

1.6 Zwitter-Ionic Terpolymeric Hydrogels 

 The modern world has been diverted towards the excessive usage of dyes in 

various industries like paper industry, ink, textile, food processing industries, 

pharmaceuticals, leather and cosmetics. This dependence on dyes in these industrial 

products is because of relaxed accessibility and very low price of dyes. India has 
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developed as major producer of pigments and dyes to fulfill global demand of not 

only textile manufacturers but many other industries also [97]. The textile industry 

drains a lot of effluents into water streams, lakes, rivers and other water reservoirs 

which are the main carrier sources of dyes. These dyes offer extreme danger to 

human’s health and marine environment due to high toxic effects, poor degradation, 

highly soluble nature in water and complex composition [98, 99]. Water contaminated 

with dyes; when consumed by aquatic and terrestrial living organisms are exposed to 

severe health problems. Methylene blue (MB) which is a basic dye; causes heart 

related issues, vomiting, jaundice, tissue breach trembling and Heinz body 

development in humans [100]. Similarly, Congo red dye shows extreme stability and 

high resistance to degradation which makes it lethal for living organisms and becomes 

carcinogenic. Long time exposure to these dyes may cause irreparable damage to 

aquatic as well as terrestrial ecosystem [97]. Congo red assists platelets aggregation 

that leads to allergy and sometimes benzidine is produced which is the root cause of 

bladder cancer in human beings. In developing countries, most of the industries 

discharge their wastes/effluents into water streams and reservoirs without any proper 

treatment. Therefore, it has become a hot burning issue to pay attention to this serious 

environmental matter of concern which is playing its major role in creating problems 

to all living organisms. Factors distressing heavy metals and dyes absorption by 

hydrogels are their structure and composition, the nature of pollutant, primary 

proportion of toxins in the feed solution, handling time, temperature and pH of 

contaminant solution [101]. In the last few decades, various technological 

advancements have been made to solve this problem effectively like ozonation, 

advanced oxidation, catalytic treatment, osmosis, adsorption, polymeric hydrogels, 

activated carbon and superabsorbent. Among these methods the synthesis of 

superabsorbent polymeric hydrogels, have drawn the care of the scientists because of 
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their easy formulation, simple handling and synthesis in very short interval of time 

[102]. These polymeric hydrogels can be blended by physical as well as biochemical 

method with the only difference that the former method of preparation leads to 

somewhat unstable materials while the later one gives rise to stable products [103]. 

These materials are very much effective in waste water treatment by applying the 

adsorption technique. They also made their entry possible in numerous biomedical 

applications like wound dressing, tissue engineering, artificial skin and drug delivery 

system [103]. They offer porous surface texture, charged surface for interacting with 

oppositely charged dye molecules due to which removal of toxic dyes, macro and 

micro pollutants in water and heavy metal ions becomes very simple and trouble free 

[104, 105]. In broad spectrum, polymeric hydrogels are three dimensional networks 

having extremely good elastic properties and capability to captivate and preserve a 

large amount of water into their internal make up [103]. From economic point of 

view, multi time use and regeneration of polymeric hydrogels in the adsorption of 

pollutants from water does not affect their adsorption capacity very much [106]. The 

swelling and absorption of water content onto the surface and bulk of hydrogels is 

ascribed to the presence of hydrophilic part in their back bone which favors 

absorption [107]. The occurrence of hydrophilic functional active sites i.e carboxyl (–

COOH), sulphonic (–SO3H), amine (–NH2), hydroxyl (–OH) and amide (–CONH2) 

turn hydrogels to count them into a class of effective materials for the exclusion of 

charged organic pollutants and heavy metals through encapsulation procedure [108]. 

During the synthesis of hydrogels for selective application, it is the composition 

which is needed a lot to be focused. Combination of two or more monomers in 

hydrogels formation adds some unique characteristics to them to act according to the 

external environmental triggers. 



 40 

 Here, in our case hydrogels comprising of three monomeric systems is focused 

for multi-directional use. The three monomers selected were Acrylamaide (AAm), (3-

Acrylamidopropyl) trimethyl ammonium chloride (3-APTMACl) and 2-Acrylamido-

2-methylpropane sulphonic acid (2AMPS). All the three monomers contribute in 

making polymeric hydrogels responsive to pH and dyes contents in water. 2AMPS 

enhances swelling ability of the hydrogels due to hydrophilic active functional groups 

in it, and as it is anionic in nature, therefore it actively plays its role in the eradication 

of cationic dyes from water bodies [109]. The presence of acidic group improves the 

hydrophilicity and hence swelling property moves in rising direction [106]. On the 

other hand 3-APTMACl bears cationic character which adds fruitful characteristic to 

hydrogels for removal of dyes with negative charge on them [110]. Both these 

monomers are pH responsive and hence this pH sensitivity behavior is expected to be 

a part of the zwitter-ionic terpolymeric hydrogels. The pH sensitivity is due to the 

protonation and deprotonation of –SO3H group when alteration in pH is taken place. 

The third monomer i.e AAm is hydrophilic and highly soluble in water which favors 

the permeation of water molecules in the bulk of hydrogels even at neutral pH. 
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1.7 Aims and Objectives 

Aims and objectives of the current research work are to: 

 Synthesize two sets of terpolymeric hydrogels 

 Convert hydrogels into smart hybrid materials as catalyst and analyze the 

efficiency of the hydrogel catalysts for the reduction of dyes in aqueous 

medium 

 Perform rheological study to understand the internal structure and mechanical 

properties of the smart hydrogels for various applications 

 Apply various rheological models for better understanding of the hydrogels 

 Apply hydrogels for the removal of Congo red dye via absorption 

 Comparison of the efficiency of catalytic materials for reduction of Methylene 

blue (MB) and Congo red (CR) 
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2. LITERATURE REVIEW  

 Zahoor et al; (2015) synthesized Poly(N-isopropylacrylamide-co-acrylic acid) 

[P(NIPAM-co-AAc)] microgels via precipitation polymerization technique and 

effectively fabricated copper nanoparticles (CuNP) inside microgels using in-situ 

reduction mode. The prepared materials were characterized for functional group 

determination by Fourier Transform Infrared Spectroscopy (FT-IR) while 

hydrodynamic radii were discussed through Dynamic Light Scattering (DLS) and 

UV-visible spectrophotometric analysis for catalytic studies. They noticed that the 

hydrodynamic radii are in direct relation with pH of aqueous medium at 25˚C. The 

microgels after incorporation of CuNP were named as hybrid microgels i.e Cu-

P(NIPAM-co-AAc)  and effectively used for the catalytic reduction of 4-nitrophenol 

(4NP). The value of apparent rate constant (Kapp) in the attendance of Cu-P(NIPAM-

co-AAc) hybrid microgels catalyst improved with increasing catalytic dosage, 

temperature and concentration of sodium borohydride (NaBH4) during the entire 

course of catalytic degradation of 4NP [111]. 

A special class of hydrogels comprised of Poly(acrylamide-co-acrylic acid) 

P(AAm-co-AAc) were organized by free radical polymerization in the presence of 

ammonium peroxodisulphate (APS) and N,N,Nʹ ,Nʹ -tetramethyl ethylene diamine 

(TEMED) as redox initiators by Seddiki et al; (2017). Differential scanning calorimetry 

(DSC), dynamic rheology, FT-IR and water absorption capacities were used as 

characterization techniques for exploring the detailed picture of prepared product. The 

results revealed that the strong interactive forces between the two monomers resulted 

into a very stable coploymeric system. DSC study reflected in a single glass transition 

temperature (Tg) which supported the idea of complete miscibility of the two 
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monomers. Rheological investigations showed the dependency of storage modulus and 

linear visco-elastic region on increasing concentration of Acrylic acid (AAc) and 

suggested stable structure of the hydrogels with good mechanical strength. The P(AAm-

co-AAc) hydrogels were quiet effective in water absorption and pH sensitivity observed 

was due to the introduction of acrylic acid [112]. 

Tanzil et al; (2019) designated the manufacturing of innovative zwitter-ionic 

superabsorbent polymeric hydrogels (ZI-SAH) by free radical polymerization technique 

for taking away of dyes like crystal violet (CV) and congo red (CR) from liquid 

solutions. The ZI-SAH was comprised of pH-sensitive cationic monomer (3-

Acrylamidopropyl) trimethyl ammonium chloride (3-APTMACl) and anionic monomer 

2-Acrylamido-2-methylpropane sulphonic acid (2AMPS). The surface morphology of 

the ZI-SAH was explored by scanning electron microscopy (SEM), FT-IR for 

functional groups identification and for visco-elastic properties; rheological study was 

focused. The results satisfied entire expectations and ZI-SAH were found dependent on 

pH. Oppositely charged dyes CV and CR from aqueous solutions were efficiently taken 

out by ZI-SAH at two different pH values i.e. 5 and 9. The hydrogels were found 

swollen upto 3112% at pH 5 and 3715% at pH 9. The adsorption efficiency of ZI-SAH 

for CV calculated was 13.6 mg/g and 9.07 mg/g for CR with percent elimination 97% 

and 89% respectively. Thermodynamic constraints namely ∆G˚, ∆H˚ and ∆S˚ were also 

calculated and spontaneity of adsorption process confirmed by negative value of free 

energy. The property of repeated use of ZI-SAH with removal capability greater than 

75% turned these materials into cost effective ones and can be effectively applied for 

the adsorption of both cationic as well as anionic dyes from aqueous media [9]. 
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Luqman et al; (2016) introduced the synthesis of smart  poly(N-

isopropylacrylamide-vinylacetic acid-acrylamide)  poly(NIPAM-VAA-AAm)  microgels  

with  varying concentration of  vinyl  acetic  acid by well accepted method of 

conventional free radical polymerization. The synthesis of the microgels was then 

followed by incorporation of silver nanoparticles (AgNP) by in-situ reduction 

methodology and sodium borohydride (NaBH4) was applied as reducing agent for the 

said purpose. The polymerization of NIPAM and incorporation of AgNP inside the 

microgels matrix was confirmed by FT-IR. With the help of dynamic laser light scattering 

(DLLS); hydrodynamic radii of the particles were studied while UV-visible 

spectrophotometer was applied for exploring the optical properties. The hybrid microgels 

showed good catalytic properties and the apparent rate constant Kapp was found doubled 

for microgels with 12% vinyl acetic acid (VAA) as compared to microgels with 4% VAA 

content [113]. 

Environment friendly UV assisted polymerization procedure was followed by 

Manja and co-workers; (2012) to prepare poly (N-isopropylacralymide) hydrogels 

in the presence of N,N´-methylenebisacrylamide (MBA) as cross-linker. FT-IR as 

confirmatory tool was used to determine the mechanism of polymerization and 

crosslinking whereas, in addition to that for detailed surface morphological 

characterization; SEM was taken into consideration. It was established that cross-

linker concentration manages the hydrogel structural organization and swelling 

properties. By increasing the cross-linker’s (MBA) concentration in polymerization 

leads hydrogels to show heterogeneity instead of homogeneity as in the case of less 

amount of MBA. The degree of swelling of the hydrogels also declined with greater 

concentration of MBA [114]. 
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Huang and co-workers; (2019) provided a green and cost-effective approach 

for the provision of modifiable synthetic polymer based polymeric materials in 

aqueous solution that may possibly be operated as ecofriendly adsorbents for water 

purification. An innovative spherical hydrogel capsule (SHC) was equipped via a 

simple scheme by fractional ionic cross-linking of carboxylated chitosan (CCS). 

Then, 2-acrylamido-2-methyl-propanesulfonic acid (2AMPS) and acrylic acid (AA) 

were selected as monomers to plan P(2AMPS-co-AA) hydrogel materials by means of 

the SHCs as detrimental mini-reactors. Unlike feed monomeric molar fractions of 

core/shell designed CCS/P(2AMPS-co-AA) hydrogel materials were produced by the 

use of free radical polymerization. Right after eradicating the shells of the core/shell 

subdivisions, the acquired P(AMPS-co-AA) units were additionally operated as 

adsorbents. The supreme adsorption measurements of the metallic ions of Ni
2+

, Cd
2+

, 

Cu
2+

 and Ag
+
 calculated were 171.6, 220.5, 366.0, and 668.4 mg/g, correspondingly. 

Adding to that, the adsorption capacity towards methylene blue (MB) attained as 

much as 2970 mg/g, and the elimination ratio to MB by the particle supports was 

greater than 92% [3]. 

Chemically cross-linked Xanthan Gum (Gx) based polymeric hydrogels in the 

presence of harmless cross-linker Citric acid (CAc) were easily formed in heating 

environment by Bueno and fellows; (2013). The cross-linked hydrogels were provided 

with highly cross-linking density which became evidenced by tensiometric results which 

revealed lower degree of swelling. Tensiometry,  a  detailed,  accurate  and  highly 

sensitive  practice,  was  followed  to  learn swelling  degrees  and  dispersion  

mechanisms  of  water,  which  was quasi-Fickian in the start,  organized  by  wicking 

properties,  fluctuating  to irregular,  depending  on  hydrogels  composition. A desirable 

behavior in the hydrogels was introduced due to ester linkages hydrolysis which promotes 
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swelling degree under alkaline pH. This behavior under high pH standards develops 

controlled drug delivery system and protects the drug by preventing its delivery in small 

intestine. Beside this, the extent of swelling capacity also found dependent on ionic salts 

and hydrogels composition [91]. 

Malana et al; (2012) worked with the objective to expose the comprehensive 

and wide-range rheological characterization of terpolymeric hydrogel networks by 

means of various monomers with changed concentrations of acrylic acid. The acrylic 

acid hydrogels accompanied by physical cross-links in the gel network systems, 

displayed significant temperature dependency specifically with comparatively greater 

concentration of acrylic acid at higher shear rates. Flow curve data at different 

temperatures indicated that these hydrogels reveal a rational pseudoplastic shear 

thinning performance. Altogether these hydrogels entail suitable yield stress to shatter 

their complex configurations. Modified Bingham model was found the best fit to their 

hydrogel samples. The rheological analysis specified that the hydrogels may be 

effectively beneficial in controlled drug delivery at a specific site [115]. 

The research work conceded out by Mittal and his team members; (2016) 

reported the employment of gum xanthan-grafted-polyacrylic acid and Fe3O4 magnetic 

nanoparticles based nanocomposite hydrogel (NCH) for the greatly efficient removal of 

methyl violet (MV) from aqueous media. The blended NCH was explored by means of a 

variety of instrumental practices, for instance FT-IR, X-ray diffractometry (XRD), 

SEM/EDS, Transmission electron microscopy (TEM) and BET. Adsorption conduct of 

NCH was considered for the captivation of MV dye and it was proven efficient in 

removing almost 99% dye from the dye containing solution. The course of adsorption 

tracked Langmuir isotherm model (Qe=642mg/g) and pseudo second-order kinetic 
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model. Thermodynamic revisions pointed towards that the adsorption phenomenon was 

spontaneous and endothermic. Furthermore, the adsorbent material was found effective 

and operated successfully for five complete cycles of adsorption-desorption of dye 

particles [116]. 

Robina et al; (2016) developed monodispersed multi-responsive poly(N-

isopropylacrylamide-acrylic acid-acrylamide) [P(NIPAMAAc-AAm)] polymer 

microgels through precipitation polymerization. The silver nanoparticles (AgNP) 

were engineered into the microgels via conventional in-situ scheme of reduction. 

Various instrumental analysis were carried out to explore latent characteristics of the 

prepared materials. The hybrid microgels revealed active thermo and pH sensing 

abilities in aqueous media.  They  came up with  extended  span  stability  under 

different  settings  of  pH  of  the  medium. Extra ordinary catalytic performance of 

these hybrid microgels turned them into highly beneficial products for the reduction 

of nitroarenes like o-nitroaniline (o-NA), p-nitroaniline (p-NA), nitrobenzene (NB) 

and p-nitrophenol (p-NP). It was concluded that the p-nitroaniline presented growing 

rate of reduction with  increasing catalyst dosage and pH of the medium [86]. 

Currently available superabsorbent hydrogels which are commercially used in 

one-use diapers have shortcomings, for example mechanically feeble strength, low 

biocompatibility, and deficiency of antimicrobial action, which tempt dermal aversion 

of body. To tackle stated issues of concern, Peng et al; (2016) have introduced 

innovative cellulose built hydrogels simply through chemical cross-linking of 

quaternized cellulose (QC) and intrinsic cellulose in NaOH/urea aqueous solution. 

The hydrogels demonstrated high superabsorption characteristics, great mechanical 

potency, decent biocompatibility and exceptional antimicrobial efficiency against 

Saccharomyces cerevisiae. The existence of QC in the hydrogel set-up enhanced their 
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swelling proportion through electrostatic repulsive forces of quaternary ammonium 

clusters. Moreover, it awarded their antimicrobial movement by attraction of 

segments of anionic bacterial membrane into inner stomas of poly cationic hydrogels 

resulting in the distraction of membrane. Likewise, hydrogels exhibited improved 

swelling properties, mechanical performance and antibacterial action. The obtained 

information facilitates and encourages the industry to make profitable use of these 

hydrogels in disposable diapers to promote hygiene and better health [117]. 

Hydrogels are considered as resourceful materials and by selective reaction 

parameters and standard polymerization procedures; they can be arranged in different 

dimension, surface charge density, morphology and permeability according to the 

need. Rehman and coworkers; (2016) focused on the synthesis of cationic poly(3-

acrylamidopropyl) trimethyl ammonium chloride i.e. P(3APTMACl)) microgels by 

photo assisted inverse emulsion polymerization method. The cationic microgels have 

got the application in remediation of water containing arsenate anion as water 

contaminant. The capability of the microgels to absorb toxic arsenate anions from 

aqueous media was studied. They explored that the current materials were more 

efficient and active in taking away of the arsenate anions than cryogels of the same 

cationic monomer. The absorption efficiency of cationic microgels touched the peak 

percent removal value of 97.25% in just one hour. Two well-known adsorption 

models i.e. Langmuir and Freundlich adsorption isotherm models were applied to 

adsorption of arsenate anions by cationic P(3APTMACl) microgel materials. It was 

found that Langmuir isotherm model offered improved fitting to the data with greater 

value of regression coefficient (R
2
=0.998) than the Freundlich isotherm model. It was 

established that the adsorbent materials can be used frequently with insignificant loss 

in their adsorption capability [118]. 
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To get temperature sensitive polymeric material that is able to get attached to 

specific metals and with also tuned lower critical solution (LCST) activity, Xanthate-

functional polymers were considered. Xanthates are well-designed groups bearing R-

OCSS
-1

 group which induce additional characteristic features to temperature sensitive 

polymeric materials. Wei et al; (2016) reported a simple and adaptable synthesis of 

Poly(N-isopropylacrylamide) (PNIPAM) copolymers with varying concentration of 

xanthate functionalities in the range of 2 to 32%. It was observed that functionalizing 

polymers with 2% xanthate shoot-up LCST by 5 ˚C comparative to the polymer with 

no xanthate. Further incorporation of xanthate contents lead broadening of the LCST 

range and reached a critical level (≥18%) where no further transition in LCST 

observed. It was also noticed that these functional smart polymers showed affinity 

toward copper iron sulfide as compare to quartz (SiO2) planes, most probably due to 

the interfaces among xanthate and specific metal centers [119]. 

Senatore et al; (2013) elaborated that the successful microencapsulation of a 

liquid responsive constituent of the powder covering design (i.e., a liquid cross-linker) 

can enhance stability of the powder chemically as well as physically. To serve the 

said purpose, they followed the use of spray drying microencapsulation technique 

which is relatively cheap, straightforward and environment friendly. Epoxidized 

linseed oil (ELO) cross-linker was selected to encapsulate it in microparticles of 

encapsulant Poly(N-vinyl pyrrolidone) (PVP) with diameter of 16mm. A prediction 

was made by Arrhenius law that reacting ELO with PVP, glass transition temperature 

(Tg) of the polymer encapsulant can prompt the softening of polymeric capsule. It 

was determined that the formulations with encapsulated ELO particles depicted 

greater chemical stability than those with free ELO components. It was also 

established by their findings that the addition of PVP tends the complex viscosity to 
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rise in the same manner as inorganic fillers do and the Tg of PVP guaranteed fine 

shield upon storage and melt extrusion. Whereas; sufficiently low Tg is the key factor 

which favors the discharge of cross linker upon curing [120]. 

Luqman et al; (2019) investigated rheology and applied rheological models 

to explain the fundamental features of graphene oxide doped poly(2-acryloamido-2-

methyl propyl sulfonic acid) [GO@p(2AMPS)] composite hydrogels. Modifed 

Hammer’s method was opted for the manufacture of graphene oxide (GO) and 

described by X-ray diffraction. The GO-hydrogels were created in GO dispersed 

medium by addition of 2AMPS as a monomer using free radical addition 

polymerization method. Instrumental techniques like SEM, FT-IR and Rheometry 

were taken into consideration to characterize these materials. The flow curve and 

oscillatory frequency sweep studies of the [GO@p(2AMPS)] hydrogels indicated that 

the materials behave like pseudo-plastic thixotropic materials. The elastic (G′) and 

viscous (G″) moduli revealed that the [GO@p(2AMPS)] appeared as flexible, 

semisolid and pseudo-plastic composite hydrogels in appearance. They explored that 

the composite hydrogels require activation energy as external source to break the 

inner association of the gels. Creep recovery experiments highlighted that when 

external stress is relaxed, then they recover their natural network again. Furthermore, 

the damping factor (tan δ) was close to 0.3, which showed upgrading of the damping 

of particles due to interconnecting and dispersion of GO subdivisions in the gels 

network [121]. 

Applying different cross-linking ratio, Ozay and his team; (2009) first 

synthesized hydrogel materials of 2-acrylamido-2-methyl-1-propanesulfonic acid 

(2AMPS) and used further as a model to get magnetic nanoparticles. The composite 
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hydrogel materials with magnetic properties were employed additionally to remove 

lethal metal ions such as Cd(II), Co(II), Fe(II), Pb(II), Ni(II), Cu(II) and Cr(III) from 

liquefied media. Adsorption studies expressed that composite hydrogel networks with 

magnetic characteristics can efficiently be operated for taking away of contaminants. 

The outcomes further tested that magnetic iron particles containing p(2AMPS) 

hydrogel systems offer considerable advantages over conventional practices. 

Langmuir and Freundlich adsorption models were considered for lethal metallic ions 

omission and equally the two isotherms were acceptable sensibly glowing for the 

metal ions adsorption and offer their easy separation along with multiple time usage 

up to five repeated cycles [108]. 

Feng et al; (2018) developed a new scheme of synthesis of therapeutic 

adhesives from soybean protein (SP) sources by mixing them with changed 

concentrations of Xanthan gum (Gx). The adhesive features of prepared materials 

were tested with physicochemical considerations and an in-vitro bone adhesion test. 

The judgments demonstrated that the highest adhesion power was accomplished in 

5% SP adhesive by adding the 0.5% of Gx, which was 2.6 times greater when 

compared with the SP alone. The addition of Gx meaningfully served to increase 

hydrogen bonds and zero-shear viscosity, along with β-sheet content but reduced the 

α-helix content in the secondary construction of protein. Noteworthy interactions 

between SP molecules and Gx were found by X-ray diffraction. More viscous and 

compact surface of SP adhesives improved by XG was detected by scanning electron 

microscopy observations, which were promising for the adhesion among adhesives 

and bones [122]. 
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Rheological investigations of polymeric composites produced by using ex-situ 

diffusion of graphene oxide (GO) in poly(3-acrylamidopropyl trimethyl ammonium 

chloride (3-APTMACl) cationic hydrogels pattern were explored by Tanzil et al; 

(2019). Polymer synthesis and survival of GO in hydrogels set-up was confirmed by 

FT-IR analysis. The rheological analysis like frequency sweep curves (shear 

measurement) and oscillatory sweep (dynamic mechanical analysis) were done in 

temperature range from 20 to 45 °C. The elastic (G′) and viscous (G′′) moduli as 

function of angular frequency, yield stress, tangent loss, retention property and 

damping factor were in addition investigated to substantiate visco-elastic nature of the 

GO@p(3-APTMACl) hydrogel composites. Upon applying various rheological 

models; the samples data illustrated greatest fitting in the modified Bingham model. 

The model vindicated pseudo-plastic semi-solid behavior of GO@p(3-APTMACl) 

composite hydrogels in the interior of linear visco-elastic region (LVER). The 

synthesized product exhibited excellent mechanical properties which are essential for 

drug delivery and ecological applications [96]. 

Thermo-sensitive poly(N-isopropylacrylamide) (PNIPAM) and water resisting 

poly(ethyl acrylate) (PEA) were used by Liu et al; (2006) to construct pH-induced 

thermo responsive amphiphilic gels for controlled drug delivery by interpenetrating 

polymer network (IPN) technique. Acrylic acid (AAc) with 5 mol% concentration 

and N, N-dimethyl aminoethyl methacrylate (DMA) were merged into PNIPAM chain 

by copolymerization to acquire pH-induced thermo responsive functionality at 

physical temperature. It was established that the IPN hydrogels exhibited pH-induced 

thermal sensitivity at physiological temperature. Immersing the amphiphilic gels with 

IPN construction in water, the hydrophobic components shaped by PEA reflect with 

the ability to perform as a pool for water resisting drugs, from which the drug could 
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be discharged gently. Controlled discharge actions of the IPNs using the drug 

daidzein (DAI) as a model molecule, were investigated. It was found that the 

existence of lastingly hydrophobic PEA complex can certainly reduce delivery rate of 

DAI and to certain degree control damaging surge effect of PNIPAM-based networks 

in aqueous state. The drug discharge mechanism from the IPNs appears to trail 

pseudo-zero-order liberation kinetics, despite of the hydrogels in inflated or 

contracted status [50]. 

Mittal and  his coworkers (2014)  reported effective use of  Gum  xanthan  

(Gx)/Fe3O4 magnetic  nanoparticles  (MNPs)  filled  hydrogel nanocomposites for the 

active removal  of  malachite  green  (MG)  from  aqueous  solution. Gx-cl-P(AAc-co-

AAm)/Fe3O4 hydrogel  nanocomposites  were  made-up  by adding  Fe3O4 magnetic  

nanoparticles  contained by  the  polymer  matrix  of  the  hydrogel  of gum  xanthan  

with  co-polymer mixture of poly(acrylic acid-co-acrylamide). The greatest adsorption 

capacity was perceived in the neutral solution of pH=7 with 0.2 g/L of Gx-cl-P(AAc-

co-AAm)/Fe3O4hydrogel nanocomposites. Adsorption isotherm records were fitted 

with using five isothermal representations like Langmuir, Temkin, Freundlich, Flory–

Huggins and Dubinin–Kaganer–Radushkevich isothermal models. It was revealed that 

adsorption progression was proven to follow Langmuir isotherm equation with 

extreme adsorption capacity of 497.15 mg/g. The mechanism of adsorption 

investigated by various kinetic models like pseudo first order, pseudo second order, 

Elovich, liquid particle diffusion and intra-particle diffusion models. Moreover, 

adsorption kinetics measurements fitted satisfactory with pseudo second order kinetic 

model while; the thermodynamic results demonstrated endothermic and spontaneous 

adsorption phenomenon.  It was further concluded that Gx-cl-P(AA-co-AAm)/Fe3O4 

hydrogel nanocomposites can be used multi times for the adsorption of MG [123]. 
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Gum xanthan-grafted-polyacrylic acid  and  Fe3O4 magnetic nanoparticles  

based  nanocomposite  hydrogel  (NCH) were synthesized and used successfully for  

the  extremely  efficient  elimination  of  methyl  violet (MV)  from  aqueous  

solutions.  A number of techniques, for example FTIR, XRD, SEM-EDS, TEM and 

BET were taken into consideration to characterize NCH.  Results obtained from the 

adsorption behavior of NCH explored that the NCH was quite effective and removed 

99% of MV dye from the aqueous solution. Adsorption course of action followed 

Langmuir isotherm model (qe= 642 mg/g) and pseudo-second-order kinetics. 

Thermodynamic readings proposed that the adsorption progression was spontaneous 

and endothermic. Likewise, the adsorbent was effectively applied for consecutive five 

rounds of reversible adsorption-desorption [116]. 

Bhattacharya et al; (2012) prepared polyacrylic acid/Poly (vinyl alcohol)-

Xanthan gum interpenetrating network (PAA/(Gx-PVA)IPN) superabsorbent 

composite showing biocompatible and decomposable characteristics. The whole 

development was carried out via chemically cross-linking and polymerization process 

by (Gx-PVA)IPN in the occurrence of solution of monomers. It was viewed through 

FTIR investigation that the IPN had been consistently distributed into PAA solution, 

thus shaping the superabsorbent composite. Porous surface texture was noticed by 

SEM analysis for superabsorbent composites with low MBA content and found 

convenient for water molecules to penetrate into polymer network. The 

superabsorbent based on biodegradable natural polymers displayed enhanced 

balanced water absorptivity and water retaining capacity. This brand of PAA/(Gx-

PVA)IPN superabsorbent polymeric composite can be useful as possible biomaterials 

for the progress of innovative drug transport system [124]. 
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To develop recyclable three-dimensional network structures replicating 

hydrogel properties, unsaturated Xanthan derivatives were used via esterification 

under different settings by Hamcerencu et al; (2007). Xanthan gum byproducts with 

unlike degrees of substitution were achieved by reacting with an unsaturated organic 

acid (acrylic acid) or with acid responsive derivatives (maleic anhydride, acryloyl 

chloride). With increase in temperature and reaction duration, improved degree of 

substitution was evidenced. Acrylic acid and acryloyl chloride presented lesser 

reactivity than maleic anhydride. The study evidently indicated that revised 

Gx/NIPAM based hydrogels are prospective carriers in designing the well-ordered 

water-soluble drug distribution systems [125]. 

Gils et al; (2010) modified xanthan gum (Gx) polysaccharide to produce the 

hydrogels intended for the drug delivery applications. Graft copolymerization of 2-

hydroxyethyl methacrylate (HEMA) and acrylic acid (AAc) on to Gx (Gx-g-Poly 

[HEMA-co-AAc]) was done and superporous hydrogels (SPH) were effectively 

prepared in an advanced manner using conventional chemical cross-linker, initiator 

and accelerator. SPH were explored by FT-IR, SEM, TGA, GCMS and HPLC. The 

synthesized SPH were positively laden with Doxofylline (DF) drug and formulation 

H10 exhibited greater % drug content (98±2.3) and % drug entrapment competence 

(83±2.0). The swelling revisions of SPH were done in simulated media and swelling 

of SPH in simulated intestinal fluid (SIF) media was set up much greater than that of 

simulated gastric fluid (SGF). 1:2 (v/v) ratio of HEMA: AA (H10) swelled to its 

maximum in both the simulated media. From the in-Vitro drug ejection investigation 

in pH progressive media, the formulation H10 revealed relatively higher discharge 

prolonging up to 24h. From  the  drug  release  kinematic  study,  Higuchi model  was  
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found  to  be  the most excellent amongst  the entire models while the mechanism of 

DF release from the SPH template was of diffusion nature [126]. 

Hong et al; (2018) industrialized “single polymeric component”, alginate-

boronic acid (alginate-BA) hydrogels bearing extraordinary multi functionalities all 

together, such as self-healing, high stretchability, shear-thinning, pH-responsiveness 

and glucose-sensitivities, adhesion properties, and restructuring properties. Multi 

functionalities of alginate-BA hydrogel is caused by the revocable intra and 

intermolecular interactions by vibrant equilibrium of boronic acid−diol complexation 

and detachment, which was established through single molecular level Atomic Force 

Microscopy (AFM) drawing experimentation. They also noticed that the alginate-BA 

gels reflected with boosted in vivo retentions along gastrointestinal (GI) region. The 

results recommend that the alginate-BA hydrogels comprised of exceptional potential 

for wide-ranging variety of applications, including pressure sensitive biological gums 

to biomedical platforms that need self-healing, stretchability and multi responsive 

nature [127]. 

Rida et al; (2018) prepared a set of three polymeric hydrogels consist of 

Poly(methacrylic acid) (P(MAA)), poly(acrylamide) (P(AAm)) and poly(3-

acrylamidopropyltrimethyl ammonium chloride) P(3-APTMACl) as negatively 

charged, neutral and hydrogels with positive charge, correspondingly. The 

manufactured hydrogels have got the aptitude to use as active absorbents for the 

elimination of certain heavy metal ions, for example Cu
2+

, Co
2+

, Ni
2+

and Zn
2+

 from 

liquid solutions. Absorption analysis stated that the absorption of selected metallic 

ions by hydrogels trailed the sequential order Cu
2+

>Ni
2+

>Co
2+

>Zn
2+

. To explain the 

detailed pathway of absorption, both commonly used Freundlich and Langmuir 
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absorption model isotherms were considered. Hydrogels with trapped metal ions were 

converted into hybrid hydrogels by reduction of the metal ions into metal particles. 

The production and analysis of surface texture were studied using FT-IR and SEM 

respectively. However, the absorbed metal particles were determined with thermo 

gravimetric analysis (TGA) and atomic absorption spectroscopy (AAS). The hybrid 

hydrogels were additionally applied as catalysts to reduce macro (methylene blue, 

methyl orange and congo red) and micro (4-nitrophenol and nitrobenzene) pollutants 

in the aqueous solutions. The hybrid hydrogels responded actively as catalyst during 

the reduction of pollutants and their catalytic performance dropped negligibly after 

multi time application [128]. 

Sahiner et al; (2015) tried to apply Poly((3-Acrylamidopropyl) trimethyl 

ammonium chloride) (p(3-APTMACl)) cryogels as super porous polymeric set-up for 

the eliminating deadly arsenate ions out from aqueous media. The swift swelling in 

aqueous medium took about 7 seconds, which was very valuable leading to rapid 

arsenate adsorption by p(3-APTMACl) materials within half an hour compared to 12 h 

for majority of common p(3-APTMACl) hydrogels. The highest adsorption capability 

of about 120 (mg/g) arsenate was achieved for p(3-APTMACl) cryogels. Langmuir and 

Freundlich adsorption isotherm models were considered for adsorption of arsenate 

anions by prepared cryogels. The results came out with the findings that the adsorption 

of arsenate ions by p(3-APTMACl) cryogels are characterized more satisfactorily via 

Langmuir than Freundlich adsorption isotherm with R
2
= 0.998. In addition, mag-p(3-

APTMACl) cryogels were prepared, and presented to be very helpful in the rapid 

exclusion of fatal arsenate anions. The mag-p(3-APTMACl) cryogels together with 

adsorbed arsenate ions were eliminated by an outwardly applied magnetic field, with 

some decline in the anions adsorbing capability. It was further validated that p(3-
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APTMACl) cryogels can be used repeatedly in five consecutive cycles for the 

adsorption of arsenate anions from aqueous solutions with no considerable failure in 

adsorption capability, from 113.47 ±9 to 102.67±6 mg/g [129]. 

Development of a new equation has been done by Nasiri et al; (2010) which 

is proficient of defining the rheological factors and mainly, the yield stress of drilling 

fluids. It was observed that the advanced correlation improved the calculation of the 

rheological parameters of solutions by counting a logarithmic term. The velocity 

profiles and pressure decline data attained for numerous drilling fluids in annulus 

geometry expressed the correctness of fresh equation in judgment with the already 

available calculations [130]. 

Early investigations demonstrated that Iron micro- and nanoscale particles 

applied for drinking water remediation and therapeutic purposes are prone to hasty 

accumulation and sedimentation. Guar gum (GG) and Xanthan gum (Gx) can get 

better the steadiness of concentrated iron micro and nanoparticles (e.g., 20 g/L). Xue 

and coworker; (2012) developed a new strategy to design materials with the 

improved capability to stabilize zero-valent iron (ZVI) particle suspensions and 

prevent them from aggregation and sedimentation as well. All this was achieved by 

introducing a very little quantity of Gx into the GG solutions. (Gx/GG weight ratio 

1:19; 3 g/L of total biopolymer concentration) can appreciably develop the potential 

of biopolymer to stabilize greatly concentrated iron micro- and nanoparticle solutions. 

The synergistic outcome among Gx and GG units produces visco-elastic gel that is 

able to sustain 20 g/L iron particles suspended for over 24 h. The results stated that 

the stabilization efficiency of this gel was credited to the (i) better static viscosity of 

the blend, (ii) existence of a polymer configuration the yield stress of which contrasts 
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the downhill stress exercised by iron subdivisions, and (iii) adsorption of GG 

molecules on the superficial of the ZVI particles [87]. 

Kankeu et al; (2015) reported the exclusion of heavy metal charged particles 

from mine solutions consuming the gum karaya (GK)-grafted poly(acrylamide-co-

acrylic acid) integrated iron oxide magnetic nanoparticles (Fe3O4 MNPs) hydrogel 

nanocomposites [i.e., GK-cl-P(AAm-co-AA)/Fe3O4] and inorganic coagulants like 

polyferric chloride (PFCl), Al2(SO4)3, FeCl3 and Mg(OH)2. The graft co-

polymerization of the P(AAm-co-AA) with GK and fruitful integration of Fe3O4 

MNPs inside the hydrogel polymeric network was verified through various 

characterization means such as FTIR, XRD, TEM and SEM. The elimination of metal 

ions tracked the order Pb
+2 

>Cr
+6 

>
 
Ni

+2
 with the most favorable settling time of 15 

minutes. They drew the conclusion that the prepared hydrogel nanocomposites show 

immense potential as an adsorbent and flocculent for the exclusion of suspended 

particles and heavy metal ions and can be successfully used to enhance the worth of 

mine effluents prior to expulsion in the ecosystem [131]. 

Kasgoz et al; (2006) adopted free radical solution polymerization technique to 

prepare hydrogels of two monomeric units of acrylamide (AAm) and maleic acid 

(MAc). The hydrogels were designed for the abstraction of heavy metal ions from waste 

water. AAm alone came up with very low absorption capacity but much improved 

absorption capability was shown when cross-linked with Mac. The enhanced absorption 

ability was credited to increased number of carboxylic groups which are very active 

receptive of heavy metal charged particles. Two adsorption isotherm models were 

applied on investigational data and it was demonstrated that the Freundlich isotherm 

model was the best model for copper Cu
2+

 ions while the Langmuir model was found 
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finest for lead Pb
2+

 ions. These hydrogels expressed regenerative capability over 95% 

and also repeated application with negligible loss in efficiency [132]. 

Saruchi et al; (2014) synthesized a novel interpenetrating polymer nthe etwork 

(IPN) system comprised of Gum tragacanth (GT), poly(acrylic acid) (PAAc), and 

poly(acrylamide) (PAAm), by means of cross-linker glutaraldehyde. Response surface 

methodology is an efficient investigational tool for making the best use of drug uptake 

capacity. It was found that the IPN demonstrated preferred swelling aptitude and also 

pH receptiveness towards the controlled discharge of the anti-hypertensive medicine 

losartan potassium. The concluding discharge of drug from the medium taken place 

after 34 hours, which expressed that the manufactured device could be utilized as 

carrier of a drug for the sustained acquittal of losartan potassium [133]. 

Disha et al; (2016) focused on preparion of xanthan gum based 

polysaccharide hydrogels with polymer systems and evaluation of their physical and 

chemical features. Xanthan gum (Gx) was taken in different concentrations with a 

vision to prepare different variations of biodegradable polymeric cross-linked 

polymeric hydrogels. Analysing  all  the  data,  they concluded  that,  hydrogels with 

comparatively  greater Gx concentration were more useful  end products in contrast 

with additional variants of polymer hydrogels. The explanations behind the efficiency 

of these hydrogels were attributed to biodegradability, poorer humidity, greater 

viscosity and superior cross-linking polymeric network morphology [134]. 

Ray et al; (2010) developed Xanthan gum and poly vinyl alcohol (PVA) 

based pH responsive interpenetrating network (IPN) system via emulsion 

polymerization technique in the existence of glutaraldehyde as cross-linker to 

transport a classical anti-inflammatory pills i.e. diclofenac sodium (DS) to the 
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intestine. Fourier Transform infrared (FT-IR) spectroscopy confirmed the 

establishment of interpenetrating network and the chemical strength of DS after 

diffusion of microspheres. Molecular dispersion of DS in the IPN system was testified 

via differential scanning calorimetry (DSC) and X-ray diffraction (XRD) 

investigation [135]. 

Unique Xanthan gum hydrogels, xanthan gum-graft-2-acrylamido-2-methyl-1-

propane sulfonic acid (Gx-g-P[2AMPS]) hydrogels and xanthan gum-graft-2-acrylamido-

2-methyl-1-propane sulfonic acid/montmorillonite (Gx-g-P(2AMPS)/MMT) composite 

hydrogels were generated by Jalali et al; (2016). The structural and morphological 

investigations were done using Fourier transform infrared spectroscopy (FT-IR) and 

scanning electron microscopy (SEM). The designed composite materials were used for 

the treatment of water containing Cu(II) ions. The porous surface of composite hydrogels 

supported adsorption of metal ions at optimized conditions of temperature (45 ˚C), 

contact time (5 hours), pH (5.2) and dose of hydrogels (0.2 g/50 mL). Maximum 

adsorption capacity noticed for Gx, (Gx-g-P(2AMPS)/MMT) and (Gx-g-P[2AMPS]) 

were 24.57 mg/g, 29.49 mg/g and  39.06 mg/g respectively. Langmuir isotherm model 

and pseudo second order kinetics was tracked by adsorption of Cu(II) ions. It was further 

concluded from the positive value of entropy (S˚) and non-positive value of Gibbs free 

energy (G˚) that the entire adsorption process was spontaneous [136]. 

The rheological performance of nano-antifreeze involving 50%vol. water, 

50%vol. ethylene glycol and dissimilar measures of functionalized double walled 

carbon nanotubes has been scrutinized practically by Izadi et al; (2018). In the first 

step, Nano-antifreeze models were organized with solid volume portions of 0.05, 0.1, 

0.2, 0.4, 0.6, 0.8 and 1% by two-step methodology. Then in later stage, the dynamic 
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viscosity of the nano-antifreeze samples was determined at different shear rates and 

temperature range. At this point, the outcomes confirmed that the base fluid expressed 

the Newtonian behavior, but non-Newtonian for the rest of other nano-antifreeze 

samples. Applying the power law model, it was endeavored to find the constants like 

consistency index and power law index by applying the predetermined viscosity and 

shear rates. The acquired values exposed that consistency index greater than before 

with growing volume fraction, whereas reduced with increasing temperature. Shear 

thinning behavior of all the samples was confirmed by the value of power law index 

which came out less than 1 [137]. 

Rheological properties of poly(vinyl alcohol) solution (with and without 

sodium borate), hyaluronic acid solution and xanthan gum solution in both the linear 

and non-linear regions were examined by Hyun et al; (2002). Amongst the 

rheological measurements; the large amplitude oscillatory shear (LAOS) behavior, it 

was proven that there occur at least four categories of LAOS performance: (i) strain 

thinning (G
/
, G

//
 lessening); (ii) strain hardening (G

/
, G

//
 increasing); (iii) weak strain 

overshoot (G
/
 decreasing, G

//
 increasing followed by decrease) and (iv) strong strain 

overshoot (G
//
, G

//
 increasing followed by lessening). It was recommended that the 

LAOS performance can be successfully used as a means to categorize complex fluid 

solutions [138]. 

Eddy et al; (2014) analyzed Eucalyptus citriodora gum in multi directions 

using physicochemical, spectroscopic and rheological investigations. The company of 

certain carboxylic acids, pyran-4-one, 1,3-dioxolane, benzofuran and 1,2-ethanediyl 

acetate confirmed by GCMS examination and FT-IR spectrum exposed functional 

groups that are shared to polysaccharides. Scanning electron microscopy of the gum 
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also discovered the presence of particles accumulations with certain interior 

connections contained by the system. The pH, concentration, temperature and crowd 

of some electrolytes (KCl, CaCl2, AlCl3 and urea) have left an impact on rheological 

properties of the gum. From rheological study, it was recognized that Eucalyptus 

citriodora gum appears as shear thinning, non-Newtonian polymer and behave as 

pseudo-plastic material in nature [139]. 
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3. EXPERIMENTAL 

3.1 Materials Used for Preparation of Poly(Gx-co-NIPAM-co-AAc) 

 Hydrogels 

 The purification of monomer N-isopropylacrylamide (NIPAM, 99%, Sigma) 

was carried out by recrystallization using a mixture of hexane-acetone in equal ratio 

(1:1 v/v). Acrylic acid as pH sensitive (AAc, 99.5%, Sigma), N, N′-methylene-bis-

acrylamide (MBA, Sigma), Xanthan gum (Gx, Merck), Ammonium persulfate (APS, 

25%, Merck) and surfactant sodium dodecyl sulfate (SDS, Merck) were altogether 

employed as picked up. The chemical cross-linker N,N′-methylene bisacrylamide 

(MBA), ammonium persulphate (APS) as a redox initiator were used in both sets of 

hydrogels. Sodium Dodecyl sulfate (SDS) as surface active agent for particle size 

stabilization and N, N, N', N''-tetra methylethylene di-amine (TEMED) was served as 

accelerator. 

3.2 Materials used for Synthesis of Zwitter ionic terpolymeric 

 Hydrogels (ZHG) 

  (3-Acrylamidopropyl) trimethyl ammonium chloride (3-APTMACl, 75 wt%; 

Sigma Aldrich), 2-Acrylamido-2-methylpropane sulphonic acid (2AMPS, 98% Alfa 

Aesar) and Acryl amide (AAm, BDH) were taken to use as cationic, anionic and 

neutral monomers separately. N,N
/
-Methylene-bis-acrylamide (MBA, 99% Sigma 

Aldrich) as chemical cross-linking agent, initiator in the form of Ammonium 

persulfate (APS, 98% Sigma Aldrich) and N,N, N
/
,N

//
-tetramethylethylenedi-amine 

(TEMED, Reagent grade Scharlau) was applied as accelerator. Silver nitrate (AgNO3, 

Acros Organics) was employed as metal ion source, Sodium borohydride (NaBH4 

98%; Sigma Aldrich) was opted for reduction purpose, Congo red dye (CR, Sigma 

Aldrich) as a source of water pollutant was selected and applied. The Milli-Q grade 

water was used all over in the synthesis of hydrogels. 
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Chemical Formula 

Sodium Dodecyl 

sulfate 

(SDS)  

N-

Isopropylacrylamide 

(NIPAM) 
 

Acrylic Acid (AAc) 

 

2-Acrylamido-2-

methylpropane 

sulphonic acid (2-

AMPS) 
 

N, N' -Methylene-bis-

acrylamide (MBA) 

 

Sodium borohydride 

(NaBH4) 

 

Ammonium 

persulfate (APS) 

 

N, N, N', N'-tetra 

methylethylene di-

amine (TEMED) 

 

Methylene blue (MB) 
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Congo red (CR) 

 

Acrylamide (AAm) 

 

(3-Acrylamidopropyl- 

trimethylammonium 

chloride (3-

APTMACl)  

Xanthan Gum (Gx) 

 

Silver nitrate 

(AgNO3) 
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3.3 Preparation of poly(Gx-co-NIPAM-co-AAc) hydrogels  

 The hydrogel materials were produced by going through emulsion 

polymerization method in the existence of surface active agent. The intention behind 

preferred methodology was that to yield fine size hydrogel particles. Proper amount of 

xanthan gum (Gx) was first added into beaker containing 30 mL milli-Q water and 

stirred vigorously till getting the homogenized solution (solution A). When the 

bubbles in the beaker disappeared, this homogeneous solution was then transported to 

a 250 mL three neck round bottom flask. Another 60 mL solution (solution B) 

containing preweighed monomer NIPAM, cross-linker MBA, and surfactant SDS was 

mixed with the former solution to get solution C (i.e. mixture of solution A and 

solution B). The flask was then located in a 2-litre oil bath filled with silicon oil to 

make sure consistent heating all the way through the experimentation. A magnetic bar 

was dipped in solution and the entire set-up was positioned on a hot plate. In the last 

step the comonomer AAc taken by micro pipette was introduced carefully and slowly 

into the above solution to avoid air bubbles trapping. A reflux condenser was joined 

with the central stem of the container. The second neck was coupled with nitrogen 

cylinder to ensure uninterrupted purging and the third neck was retained sealed by a 

septum. To eliminate dissolved oxygen, the solution was agitated at 650 rpm with 

parallel purging with nitrogen for 60 minutes. For prompting the reaction, after 1 h 10 

mL newly organized solution of ammonium persulfate (APS) was added by means of 

a syringe through the wrapped inlet. The temperature for polymerization was fixed at 

70 °C till finishing of the process. The entire course continued for 8 hours with 

nonstop stream of nitrogen. Once the process ended, the temperature of the reacting 

blend was fallen gradually to room temperature with steady purging and stirring for 

next half hour duration. The polymerized blend attained was initially refined to get 

SDS liberated and free monomeric components via three sequential centrifugation, 
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decantation and re-dispersion in deionized watery environment. The resulting latex 

was permitted for supplementary refinement by dialysis for 14 days. A 12,000–14,000 

cut-off film was utilized in dialysis alongside regularly exchanging water (i.e. twice a 

day). A share of the final semi solid like material was preserved firmly in 10 mL 

sample flask for rheological examinations and FT-IR analysis. Various hydrogel 

compositions prepared are given in table 3.1. 

Table 3.1: Feed composition of poly(Gx-co-NIPAM-co-AAc) hydrogels 

Sample 
Xanthan 

(g) 

NIPAM 

(g) 

AAc 

(µL) 

MBA 

(g) 

SDS 

(g) 

APS 

(g) 

Solution 

(mL) 

MG07 0.4 1.4 50 0.033 0.055 0.137 100 

MG08 0.5 1.4 50 0.033 0.055 0.137 100 

MG09 0.6 1.4 50 0.033 0.055 0.137 100 

 

3.4 Synthesis of Zwitter-ionic terpolymeric hydrogels (ZHG) 

 The Zwitter-ionic terpolymeric hydrogels coded as ZHG-01 and ZHG-02 with 

varying concentrations of 2AMPS were synthesized by adopting free radical 

polymerization method. 1 g of AAm was first liquefied in 20 mL Milli-Q water 

followed by the addition of appropriate amount of 2AMPS. The mixture was vertexed 

and upon dissolution of both the monomers, the third monomer 3-APTMACl was 

added to the mixture. The addition of 0.1 g of MBA as cross-linker and 50 µL of 

TEMED as accelerator was ensured. Finally, 2 mL solution containing 0.137 g of APS 

was charged to start polymerization. The whole assembly was retained in oven at 60 ˚C 

for half an hour. The resultant ZHG were washed with water to make sure the removal 

of un-reacted monomeric units and then dehydrated in vacuum oven at preset 40 ˚C for 

next level use. The hydrogels having lesser amount of 2AMPS was coded as ZHG-01, 

whereas the other system with greater amount of 2AMPS was assigned with ZHG-02. 
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Table 3.2: Feed composition of Zwitter-ionic terpolymeric (ZHG) hydrogels 

Sample 

code 

AAm 

(g) 

2AMPS 

(g) 

3AMTCl 

(µL) 

MBA 

(g) 

APS 

(g) 

TEMED        

(µL) 

ZHG 01 1 0.15 50 0.1 0.137 50 

ZHG 02 1 0.30 50 0.1 0.137 50 

3.5 Characterization 

3.5.1  Fourier Transform Infra-Red (FT-IR) 

 FT-IR spectroscopic measurements of Poly(Gx-co-NIPAM-co-AAc) hydrogels 

were done for functional groups determination by absorption of electromagnetic 

radiations in the range of 500-4000 cm
-1

, at a resolution of 4 cm
-1

 with 100 accumulations 

using Schimadzu, IR Prestigue-21 instrument. 

Similarly, the hydrogels ZHG-01 and ZHG-02 were passed through various 

characterization techniques in order to explore their nature and behavior when 

exposed to external environmental triggers. Fourier Transformation Infra-Red (FT-IR) 

spectroscopy of the hydrogels (i.e. before and after dye’s entrapment) was recorded 

with Perkin Elmer Spectrum version 10.5.1 for structural determination and validation 

of the presence of various functional groups. 

3.5.2 Scanning Electron Microscopy (SEM) 

 SEM analysis was executed for Poly(Gx-co-NIPAM-co-AAc) hydrogels and 

zwitter-ionic terpolymeric hydrogels to discover the dimensions of particles using 

scanning electron microscopy (SEM, JSM-5910, and JEOL). 

3.5.3 Ultra violet (visible) Spectroscopy 

 A UV-visible spectrophotometer was run to monitor the absorption of CR dye 

in aqueous medium by ZHG-01 and ZHG-02 hydrogels. UV-visible spectral band for 

the catalytic reduction of dye was also recorded and used for further calculations. 
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Catalytic activity of Xanthan gum based terpolymeric hydrogels was also 

investigated through UV-Visible absorption spectroscopy. Methylene blue was 

chosen for this study to investigate the catalytic performance of the Gx based 

terpolymeric hybrid hydrogels. To transform polymeric hydrogels into polymer 

hybrid hydrogels, incorporation of metal nanoparticles was mandatory to serve the 

materials for desired purpose of catalysis.  

3.5.4 Synthesis of Poly(Gx-co-NIPAM-co-AAc)-Ag Hybrid hydrogels 

 A solution of silver salt was prepared initially at room temperature. 20 mL 

solution of the polymer hydrogels was collected and diluted further upto a volume of 

100 mL. Then known quantity (i.e 15 mL) of the ter-polymer hydrogels solution was 

taken in three-neck round bottom container and 5 mL of salt solution was mixed with 

it and stirred for 4 hours to get ensured maximum entrapment of silver metal ions. The 

mixing of salt solution with polymer hydrogels solution was purged by N2 supply for 

2 hours to avoid entrapment of air particles. The freshly prepared solution of reducing 

agent sodium borohydride (NaBH4) (0.2g/10 mL) was then introduced drop wise with 

great care into the mixture of two solutions. A clearly visible change in color of the 

mixture was obvious indication of reduced metal nanoparicles which were entrapped 

by the hydrogels during the mixing process. This appearance of the color confirmed 

the availability of the hydrogel particles as sourcing materials for the production of 

metal nanoparticles into the pores of hydrogels and successful transformation of the 

hydrogels into hybrid hydrogels. The reaction was kept running till the disappearance 

of hydrogen bubbling in reaction mixture. The hybrid hydrogels were then separated 

out and dialyzed through dialysis membrane for one hour under constant stirring to 

get rid of free particles. The prepared material was then stored for further catalytic 

operations. 
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3.5.5 Synthesis of Zwitter-ionic Poly(3-APTMACl-co-2AMPS-co-AAm)-Ag 

Hybrid Hydrogels 

 The dried form of ZHG hydrogels were weighed and added to the salt solution of 

silver salt. The mixture was stirred for 12 hours to get fully swollen hydrogels with 

entrapped metal ion particles. After 12 hours of continuous stirring, the freshly organized 

solutioin of NaBH4 was added slowly to the mixture containing ZHG hydrogels. Soon 

after the addition of reducing agent drop wise, the mixture turned yellow in color showing 

the successful fabrication of silver nanoparticles in the bulk of hydrogels and hence 

making the zwitter-ionic polymeric hybrid hydrogels. Nitrogen supply was ensured 

during stirring and formation of AgNPs. The same dialysis procedure was done, dried at 

room temperature and preserved for further investigations. 

3.5.6 Study of Catalytic Activity 

 The manufactured hybrid polymeric hydrogel substances were applied to serve 

as catalysts for the reduction of organic dyes i.e Methylene blue and Congo red. 

While monitoring the reduction process via UV-visible absorption spectroscopy, it 

was clearly evidenced that no prominent variation in color of the dye detected in the 

absence of reducing agent and catalyst. However, reduction and degradation were 

seen in the spectra when catalyst was introduced in the dye’s solutions. 

 Dyes solutions of known concentrations were prepared and quartz cuvette was 

filled with them to measure the UV spectrum of each separately. Two peaks at two 

different wavelengths (λmax at 291 and λmax at 664) were observed for Methylene blue 

(MB) while only one peak at λmax at 499 in case of Congo red (CR) dye was recorded. 

 Once corresponding peaks of dyes solutions were recorded, NaBH4 in minute 

quantity was added to the solutions of both dyes for the purpose of knowing that 
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weather reduction occurs to happen or not if no catalyst is used. The same results 

came out which means there would be no change in color and hence no degradation 

will be occurring if the process runs in the absence of catalyst. In the end when very 

little amount of polymer hybrid hydrogel was added then rapid disappearance of the 

colored peaks witnessed which meant reduction is taken place. 

3.5.7 Rheology 

 The Rheometer (Anton-Paar Physica MCR 301, Germany) was used to get 

rheological data of the prepared hydrogels. The Rheometer was joined to a pump for 

aiding to cause necessary pressure, has in built inter cooler system and Peltier 

temperature control system for maintaining the temperature. The results were 

scrutinized with the assistance of computer attached to Rheometer using rheoplus 

software. Similary PP25 measuring system was also allied to the Rheometer. The 

Rheometer was quite supportive in generating fully determined torque i.e. 200 mN · 

m, higher speed level of about 3000 mm/min and angular frequency with a highest 

value of 628 rad/s which is very effective in viscosity and storage modulus statistics 

examination. 

 Two different rheological measurements have been taken into consideration 

for investigating the flow behavior of the hydrogels under study i.e. Flow cure and 

Frequency sweep assessments at temperature in the range from 20 to 40 °C. Flow 

curve elaborates the dependence of shear stress and viscosity on shear rate, while 

frequency sweep highlights the dependency of storage modulus, loss modulus and 

complex viscosity on angular frequency and shear rate. The two moduli have also 

been considered as a function of shear stress which throws light on the physical 

dominancy of the materials i.e. whether the material behaves as solid or favors to 

behave like liquid. 
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 The rheological measurements have also been considered for thermodynamic 

parameters like energy of activation and impact of temperature on viscosity of the 

synthesized hydrogels.  

 Different models which are most frequently used in rheology were applied to 

get a clear picture of behavior of the hydrogels. These models were Bingham model, 

Modified Bingham model and Ostwald power law. These models are good tools for 

describing the flow mechanism, nature (shear thinning and shear thickening) of the 

hydrogels. The yield stress which determines the minimum force required for a 

material before starting it to flow is obtained from Bingham plastic model. 

 Oscillatory rheology is very helping tool that describes the elastic modulus, 

viscous modulus which gives information about energy stored and energy dissipation 

in our samples, respectively. 

3.5.8 Swelling Capacity Measurement at Different pH 

 For swelling capacity measurement, freshly prepared hdyrogels (ZHG) were 

cut into small pieces and dried in oven at 40 ˚C in oven for whole day round the 

clock. For the hydrogels to swell; the dried hydrogels were weighed first and 0.028 

grams of the hydrogels were put in 10 ml milli-Q water at different pH ranging from 

3-11. The solutions were shaken in a shaker at room temperature for 24 hours in order 

to permit hydrogels to attain maximum equilibrium swelling. The hydrogels were 

taken out at different intervals of time, superficial attached water molecules were 

dried by tissue paper and weighed in the last step. After when there was no change 

noticed in their final weight, the percent swelling capacity was calculated with the 

help of following equation: 
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   (1) 

Where Ms is weight of swollen hydrogels and Md represents the weight of dehydrated 

hydrogels. 

3.5.9 Dye’s Absorption Experiment 

The synthesized ZHG-01 and ZHG-02 terpolymeric hydrogels were employed 

as absorbents for the absorption of Congo red (CR) dye in aqueous solutions. To serve 

the said purpose, stock aqueous solution of CR (500 ppm) was first prepared and then 

a series of the dye solutions were arranged with changed concentrations (i.e. 5 ppm, 

10 ppm, 15 ppm and 20 ppm). 0.1 M HCl and 0.1 M NaOH were got ready for pH 

regulation. The pH 5 was adjusted and recorded by pH meter. The maximum 

absorption capacity of the hydrogels for the dye was desired. Very little amounts of 

the hydrogels were taken and added to 20 mL CR dye’s solution (pH 5) contained in 

four 50 mL volumetric flasks. The flasks were placed in a shaker and shaken up for 

14 hours which is the equilibrium time for maximum swelling. UV-visible 

spectrophotometer was used to monitor the dye’s absorption progression. The 

characteristic λmax for CR was noticed at 499 nm. The maximum absorption capacity 

of the hydrogels was calculated and analyzed. Finally hydrogels were sedimented by 

centrifugation at 6000 rpm for 10 minutes and separated through filtration. The ZHG 

with entrapped dye contents were dried up in oven at 40 ˚C and grinded in mortar for 

advance characterization analysis. Percent dye removal was calculated via following 

mathematical equation. 

    (2) 

Where Co is the initial concentration and Cf shows final equilibrium concentration of 

CR dye after treating the aqueous dye solution with the hydrogels. 
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4. RESULTS AND DISCUSSION 

4.1 Fourier Transform Infra-Red (FT-IR) Spectral Analysis 

 Fourier transform infrared spectroscopy is a very special kind of analytical 

technique which is used to identify molecular interactions among molecules laterally 

with chemical structure of unidentified substances and makes it easy to recognize them. 

Different types of molecular substances with various chromophores are studied to 

analyze with FT-IR spectroscopy. FT-IR is ordered into three distinctive functional 

groups regions (1300-4000 cm
-1

) as most of major distending vibrations underlining 

different dynamic sites fall in this region. The second region is finger print region which 

is low frequency region that ranges from 900 cm
-1

 to 1300 cm
-1

 while third one region 

lie in the range of 650-900 cm
-1

. 

4.1.1 FT-IR Spectral Analysis of Terpolymeric Hydrogels 

 The Figure 4.1 represents transmittance mode FT-IR bands of microgels with 

varying concentrations of Gx, while keeping the concentrations of other species 

constant. The FT-IR band of Gx has displayed the distinctive peaks at 3313, 3298 and 

3303 cm
-1

 due to –OH and N-H stretching respectively, 2888 & 2890 cm
-1

 due to C-H 

widening means of CH2 groups [112]. Peaks viewed at 2986, 2984 & 2976 cm
-1

 are 

allocated to the –OH stretching of acrylic acid C-H elongating of CH3 [3, 123].  The 

characteristic absorption bands emerging out at 1633, 1634 & 1637 cm
-1 

are 

designated to stretching of carbonyl group of amide-I O=C-NH of NIPAM and AAc 

[111]. The peaks become visible at 1462, 1460 & 1467 cm
-1

 signifying amide-II 

validated to N-H in-plane twisting vibrations. The peaks seemed at wave numbers 

1353, 1367 and 1360 cm
-1 

are assigned to the broadening of isopropyl –CH(CH3)2 

entities of NIPAM. The appearance of apexes at 1247, 1252 & 1251 cm
-1

 reflecting 

the existence of C-O-C group of Gx [124]. Peaks observed at 1154, 1152 & 1149 cm
-1 
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are assigned to CO stretching regions as composite bands causing from C-O & C-O-C 

stretching vibrations which approves the correlation of all peaks with literature and 

successful copolymerization [116]. 

 

Fig. 4.1: FT-IR spectra of prepared Poly(Gx-co-NIPAM-co-AAc) hydrogels 

4.2 Scanning Electron Microscopy (SEM) Analysis 

 Scanning through electron microscopy (SEM) is a quite helping qualitative 

practice mainly applied to determine the monodispersity, uniformity in shape, 

structural information, particles dimensions, and grade of aggregation [140]. 

 A standard scanning electron microscope functions well when vacuum is 

ensured to some high level. The fundamental standard is that a ray of electrons is 

produced via an appropriate spring, characteristically a tungsten strand or a field 

radiation shooter. This beam of electrons is fast-tracked via a higher voltage (i.e. 20 

kV) and permit through a structure of openings and electromagnetic lenses to create a 

tinny beam of electrons. The beam then examines the surface of the substance by 

means of scan coils. Electrons are released from the sampling by the stroke of the 

scanning stream of light and composed by a properly placed sensor. 
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 To learn about the size of the prearranged hydrogels, SEM is very much 

effective tool to use. All the three hydrogels have only the difference in concentration 

of Xanthan gum (Gx), while other parameters along with reagents were kept 

unchanged. Figure 4.2 displays the surface morphology of the prepared hydrogels. It 

is clearly seen from the SEM images that the growth in hydrogel particles noticed 

with a possible reason of increasing amount of Gx in hydrogels. Initially, MG07 with 

least amount of Gx showed average particle size approximately 10 µm, whereas little 

greater sized particles 15 µm for MG08 and the highest growth in size 30 µm 

observed for MG09 due to the highest concentration of Gx in Hydrogels. Another 

possible reason for the largest size particles may be stirring and sonication time. More 

time needed for the dissolution of Gx in hydrogels with maximum concentration 

which lead to the particles with maximum size growth [141]. 

 

Fig. 4.2: SEM images of prepared Poly(Gx-co-NIPAM-co-AAc) hydrogels 

MG07 

 

MG09 

 

MG08 
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4.3 Rheological Studies 

4.3.1 Viscosity Versus Speed of Rotation (rpm) 

 Viscosity is the degree of speed at which the intermediate coatings travel with 

respect to each other. It is the shearing which the material practices during the flow. 

This shearing is the result of applied shear stress which is the force per unit area and 

is mandatory for a material to start flowing. Viscosity of a material depends on the 

supremacy of intermolecular striking forces, which may be influenced by their 

conformation, dimension, and shape and likewise the kinetic energy of the particles, 

which depend on the temperature. Therefore, any factor that can affect composition, 

molecular shape and kinetic behavior will surely distress viscosity. Viscosity is an 

important parameter which is quite helpful in determining the flowing tendency of the 

material. One of the tests is plotting viscosity versus speed of rotation and the plot 

gives the idea of the flow of the hydrogels. The plots in fig. 4.3 clearly indicate a 

linear relation between viscosity of the hydrogels and speed of rotation at 25 ˚C, 

which is an indication of non-Newtonian flow behavior. The values of R
2
 in the range 

of 0.955 to 0.965 for linear fit further strengthen our findings [142]. All the three 

systems i.e MG07, MG08 and MG09 expressed same kind of trend. 

 
Fig. 4.3:  Viscosity vs. speed of rotation for prepared Poly(Gx-co-NIPAM-co-AAc)  

       hydrogels at 25°C 
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4.3.2 Viscosity Versus Shear Rate 

 The viscosity against shear rate plot provides information about the flow 

behavior of hydrogels. If viscosity remains unchanged with increasing shear rate, then 

the material under consideration is Newtonian. If it fluctuates with the applied shear 

rate, the material follows non-Newtonian behavior. The plots of viscosity vs. shear 

rates for Poly(Gx-co-NIPAM-co-AAc) hydrogels MG07, MG08 and MG09 at distinct 

temperatures 20, 25, 30, 35 and 40 °C are categorized by shear thinning behavior as 

shown in figures 4.4, 4.5 and 4.6 respectively. It is evident from the plots that initially 

viscosities at all temperatures tend to increase followed by region where no change in 

viscosities observed and finally a regular trend of decrease in viscosities revealed. The 

initial rise in viscosities against shear rate is attributed to the fact that the hydrogels 

tend to oppose the flow because of the strong interactions among hydrogel particles. 

The second region shows the Newtonian behavior at reduced shear rates as it is 

mandatory criteria for a material with Newtonian behavior to show. As the shear rate 

continually increased further, the polymer hydrogel chains are forced to melt flow in 

the direction of functional shear rate and the Poly(Gx-co-NIPAM-co-AAc) hydrogels 

indicated shear thinning non-Newtonian conduct at all temperatures [138]. This shear 

thinning character of the Poly(Gx-co-NIPAM-co-AAc) hydrogels in this region is due 

to the reduction in intermolecular attractions by the microstructural anisotropy, which 

resulted from shear distortion. At the same value of shear rates, viscosity is further 

dependent on the temperature and decreased with escalation of temperature, owing to 

the flagging and infringement of the intermolecular forces of attractions. The structure 

of the Poly(Gx-co-NIPAM-co-AAc) hydrogel molecules changes from a unbending, 

well-ordered helical alignment at lower temperatures to an elastic, tangled structure at 

higher temperatures [143]. 
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Fig. 4.4:  Viscosity as a function of shear rate for prepared Poly(Gx-co-NIPAM-co  

     AAc) (MG07) hydrogels. 

 

 
Fig. 4.5: Viscosity as a function of shear rate for prepared Poly(Gx-co-NIPAM-co- 

   AAc) (MG08) hydrogels 
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Fig. 4.6:  Viscosity as a function of shear rate for prepared Poly(Gx-co-NIPAM-co- 

    AAc) (MG09) hydrogels 

4.3.3 Shear Stress Versus Shear Rate 

 The rheograms for shear stress against shear rate are accessible in diagram 4.7 

for all the three synthesized Poly(Gx-co-NIPAM-co-AAc) hydrogels. It is in general 

that for non-Newtonian hydrogels, the shear stress is directly correlated with the shear 

rate. It is obvious from the plots that the shear stress tends to increase with increasing 

shear rate, which endorses the shear thinning non-Newtonian behavior of the 

hydrogels. Conversely, the Newtonian fluids oppose the change in shear stress when 

shear rate is increased. To analyze the flow behavior of the hydrogels, various 

rheological models were taken into consideration i.e. Bingham model, Modified 

Bingham model and Ostwald power law. 

From the table 4.1 the values for Power law index or fluidity index (n) are less 

than 1, which suggest the shear thinning non-Newtonian behavior of all the three 

hydrogel samples. The stronger hydrogels have low value for fluidity index because 

of reinforced non-covalent forces of attraction among adjoining subdivisions, which 

rise life spell of provisional entanglement connections. The lowering of fluidity index 
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with increasing temperature, indicated transformation of weak hydrogels into stronger 

hydrogels. This discussion concludes that the stronger hydrogels favor jellification of 

drug carriage scheme on the skin with temperature. The Modified Bingham model 

(Equ. 3) and the Ostwald power law (Equ. 1) models describe flow behavior more 

satisfactorily than the Bingham model (Equ. 2). On comparing the three models, the 

correlation coefficients obtained for Modified Bingham model suggest best fit for our 

rheological data. Using the Ostwald power law equation, the Rate index or fluidity 

index values came out far beyond 1, which strengthens the idea of pseudo plastic 

shear thinning of the hydrogels. The disadvantage of using the Ostwald power law 

model is that it certainly not account for the yield stress, which limits its application in 

rheology. 

The yield stress is the measure of force which a material requires before starting 

it to run. It is reflected as the best criteria for representation of semisolid systems, 

affecting their spreadibility and preservation [143]. Generally, the low values for yield 

stress indicate the more viscous properties. These yield stress values are owing to 

inter and intra-molecular H-bonding. In our case all the samples showed low values 

for yield stress measurements. It is obvious from the table 4.1 that the consistency 

index is decreasing when temperature is increased; similarly from table 4.2 the yield 

stress also depicted the decreasing trend with growing temperature. Our findings 

displayed moral agreement with the literature [115, 144]. 

τ = K · γ
n
     (1) 

τ = τB + µp · γ     (2) 

τ = τB + µMB· γ + C γ
2
    (3) 

As for as the consistency index (K) is considered, it is apparent from the values which 

depicted overall decreasing trend for all hydrogels materials at temperatures going 

from 20 to 40 °C. The decreasing trend is graphically shown in figure 4.8. 
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Fig. 4.7: Shear stress as a function of shear rate for prepared Poly(Gx-co-NIPAM-co-

AAc) hydrogels 

 
Fig. 4.8: Consistency index as a function of temperature for prepared Poly(Gx-co- 

      NIPAM-co-AAc) hydrogels 
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Table 4.1: Thermo rheological properties of hydrogels by using Ostwald power law model 

Samples MG07 MG08 MG09 

Temperature (ᵒ C) 20 25 30 35 40 20 25 30 35 40 20 25 30 35 40 

Power law index (n) 0.438 0.381 0.408 0.379 0.395 0.381 0.335 0.328 0.345 0.326 0.233 0.244 0.252 0.242 0.245 

Consistency index 

(K) (Pa.sn) 
1.260 1.509 1.315 1.332 1.176 4.084 4.342 3.923 3.602 3.163 3.579 3.351 3.311 3.214 2.986 

Correlation 

coefficient (R
2
) 

0.804 0.893 0.899 0.895 0.884 0.888 0.880 0.856 0.849 0.849 0.998 0.997 0.997 0.998 0.997 

 



 85 

 

Table 4.2: Bingham plastic and modified Bingham plastic model and yield stress values 

Sample 
Temperature 

ᵒ C 

Bingham Model 
Modified Bingham 

Model 

Yield 

Stress (τᵒ ) 
R

2
 

Yield 

Stress (τᵒ ) 
R

2
 

 

 

MG07 

20 0.101 0.796 0.314 0.912 

25 0.179 0.889 0.324 0.962 

30 0.119 0.895 0.278 0.971 

35 0.125 0.891 0.270 0.965 

40 0.070 0.879 0.234 0.965 

 

 

MG08 

20 0.611 0.884 0.760 0.961 

25 0.637 0.875 0.759 0.939 

30 0.593 0.850 0.730 0.932 

35 0.556 0.843 0.713 0.941 

40 0.500 0.842 0.645 0.936 

 

 

MG09 

20 0.480 0.865 0.608 0.940 

25 0.450 0.877 0.579 0.949 

30 0.445 0.883 0.576 0.954 

35 0.428 0.870 0.563 0.946 

40 0.393 0.879 0.534 0.949 
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4.3.4 Complex Viscosity versus Angular Frequency 

 Oscillatory rheology of Poly(Gx-co-NIPAM-co-AAc) hydrogels has been 

focused to explore the influence of angular frequency on complex viscosity, storage 

modulus and loss modulus to get clear idea about viscous and elastic actions in details. 

The rheogram of complex viscosity vs. angular frequency is given in figure 4.9. The 

results undoubtedly point out the crumpling of complex viscosities with the promotion 

of temperature. This downward dipping of complex viscosities laterally with 

temperature can be explained by unrestricted volume perception. It recommends that 

the growing temperature allow extreme thermal motions of the particles and extra 

permitted apartment of polymers which weaken the intermolecular and inner molecular 

resisting forces associated with viscosities. The hydrogels presented linear dependence 

of complex viscosities on temperature. In entire plots, viscosities dropped to a bare least 

digit and raise once more later passing through the lowest minimal point. The primary 

reduction is credited to the rolling of samples as an outcome of weakening of cross-

linking and then the escalation is attributed to the transformation of hydrogels in more 

solid like material due to the cross-linking again [120, 145] and loss of trapped water 

molecules in their pores due to the rising temperature. At higher angular frequencies, 

the hydrogels show no more dependency on growing temperature which means the 

hydrogels are transformed from more viscous liquid to elastic semi-solid due to resilient 

interactions among the chains. The figure 4.9 is the best reflection of the complex 

viscosity versus angular frequency plots for MG09 at different temperatures. The rest of 

other two hydrogel systems behave in similar way as MG09. 
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Fig. 4.9: Complex viscosity as a function of angular frequency for MG09 at different  

    Temperatures 

4.3.5 Moduli as a Function of Angular Frequency 

 To make possible use of hydrogels and thorough understanding of their 

structure, dynamic mechanical characterization is proved an effective tool for the said 

purpose. Frequency sweep tests in terms of binary dynamic mechanical properties (the 

elastic moduls G′ or dynamic rigidity and viscous modulus G′′) were performed to 

study the deformed structures of Poly(Gx-co-NIPAM-co-AAc) hydrogels, when 

passed through shear strains at different temperatures. G′ means reversibly stock up 

energy, while G′′ means irreversibly energy loss. At all temperatures, the graphs for 

loss and storage moduli against angular frequency demonstrated that the loss shear 

modulus G′′ was nearly an order of magnitude lower than shear storage modulus G′. 

This kind of behavior of a material is clearly an indication of dominant mechanical 

rigidity and visco-elastic behavior. Greater the values of G′ means greater intensity of 

the gel network system and more stability associated with them. 



 88 

 The results suggest that our present material displayed more solid like character 

than viscous response; and this brand of dynamic reaction is a distinguishing character 

of gel-like materials. Moreover, the regulating values of both moduli at ω = 0 were 

different and greater than zero demonstrating also the gel-like framework [145]. 

Plots of moduli versus angular frequency at 20, 25, 30, 35 and 40°C are 

explained in figure 4.10. The G′ shoot upward in response to the increasing angular 

frequency and negligible change in the viscous modulus G′′ showing that there is no 

appreciable change in energy dissipation. The chemical cross-linker MBA is 

responsible for the growing storage modulus which ensures physical/chemical links 

among the chains present in hydrogels. Thus the G′ correlates with the gels 

transformation from hydrophilic to hydrophobic, distorted, rigid, agglomerated and 

closely packed gels due to increasing inter-particle hydrophobic attractive forces of 

attractions on rising temperature beyond the volume phase transition temperature 

(VPTT). However; the dynamic rigidity is the reflection of resilient solid like 

performance which arises from complex structure. The growing temperature plays a 

vital part in enhancing the effects of settling, boosting flexibility and converting 

hydrogels into solid state. The maximum elastic modulus and least viscous modulus 

have been evidenced at 35 °C, which can be utilized for capacitance applications [96, 

121, 146]. 

 The resultant values for tan δ in table 4.3 at different temperatures were also 

measured which expressed increasing trend and confirmed their effective utilization in 

capacitance applications. 
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Fig. 4.10: Moduli as a function of angular frequency for MG09 at different temperatures 

Table 4.3: Frequency Dependence tan δ of MG09 at Different Temperatures 

Sample MG09 

Temperature (˚C) 25 30 35 40 

Tanδ 0.0066 0.0135 0.0380 0.050 
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4.3.6 Moduli as a Function of Shear Stress 

 The rheograms for elastic and viscous moduli against shear stress at 

temperature ranging from 20 to 40°C for MG09 are given in figure 4.11. The apparent 

trend of two moduli at all temperatures exhibited a clear difference i.e. a decline in the 

start followed by constant region by both the moduli. The elastic moduli have 

expressed greater values than viscous moduli over the entire stress range. The greater 

values of storage moduli than loss moduli mean that more solid like behavior is 

dominant over viscous behavior; which confirm the visco-elastic nature of the 

prepared hydrogels. Our results found matching agreement with the outcomes found 

in literature [143]. 

 

Fig. 4.11: Moduli as a Function of Shear Stress for MG09 at Different Temperatures 
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4.4 Thermodynamic Parameters 

4.4.1 Effect of Temperature on Viscosity and Energy of Activation 

Viscosity is dependent on temperature which has a direct influence on the 

activation energy of molecular motions. The viscosity of the hydrogels affected 

inversely when the temperature is increased. The dependency of polymer hydrogels 

viscosity on temperature can be best explained by the Arrhenius-Frenkel-Eyring 

equation that may be written as under: 

η = A exp (Ea/RT)   (4) 

where “A” is the Arrhenius constant and is associated to the degree of orderliness or 

disorderliness of the system, T is the temperature and R is the gas constant. The 

logarithmic form the Arrhenius-Frenkel-Eyring equation is as follow: 

log(η) = log(A) + (Ea/2.303 RT)  (5) 

The plot of log(η) versus inverse of temperature i.e. 1/T (fig. 4.12) showed linear 

trend for all the Poly(Gxco-NIPAM-co-AAc) hydrogels with different concentration 

of Gx confirming that there is no order-disorder transition [147]. Activation energies 

calculated from the slopes of the plots are 13.87 kJ/mol and 11.86 kJ/mol for MG09 

and MG08, respectively as shown in table 4.4. The plot also reflected that the 

apparent energies of activation of flow showing direct relation with the concentration 

of the hydrogels. The hydrogels with high concentration of Gx came up with higher 

activation energy than the hydrogels with lower concentration of the Gx. This is due 

to the intramolecular and intermolecular forces of attractions, which resulted due to 

the greater amount of the Gx in MG09 than MG08 [148]. 
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It is concluded from the discussion that activation energy is the function of 

various factors which regulate the elasticity and interactions of polymer hydrogels. 

Our results are in respectable agreement with the collected works [142]. 

 

Fig. 4.12 Effect of Temperature on Viscosity of Hydrogels (a) MG08 and (b) MG09 

Table 4.4: Arrhenius Parameters for poly (Gx-co-NIPAM-co-AAc) Hydrogels 

Sample Intercept Arrhenius factor (A) Slope 
Ea 

(kJ/mol) 
R

2
 

MG08 -0.582 0.262 619.63 11.86 0.91 

MG09 -0.8105 0.155 724.30 13.87 0.81 

 

4.5 FT-IR Spectra of Zwitter-Ionic Terpolymeric Hydrogels 

 Poly(3-Acrylamidopropyl) trimethyl ammonium chloride-co-2-Acrylamido-2-

methylpropane sulphonic acid-co-Acryl amide) Poly(3-APTMACl-co-2AMPS-co-

AAm) terpolymeric hydrogels were produced by free radical polymerization. APS 
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was used as initiator, MBA as cross-linker and TEMED was taken as accelerator. The 

recorded FT-IR spectra for hydrogels showed all the respective peaks which represent 

the functional groups present in copolymeric hydrogels. 

4.5.1 FT-IR of ZHG-01 before and after Dyes Removal 

 The terpolymeric hydrogels were passed through FT-IR examination in 

ordered to confirm the hydrogels formation and their interaction with dye during the 

absorption process. The FT-IR spectral analysis was held by PE (Perkin Elmer 

spectrophotometer. The FT-IR spectra of pure ZHG-01 and that of ZHG-01 after dyes 

entrapment was analyzed and shown in fig.4.13. A peak at 1087 cm
-1 

which is the 

representative peak of Sulphonic (–S=O) group bending vibration exist in pure ZHG 

01, which was disappeared after CR entrapment and new peak at 1117 cm
-1

 is 

appeared. This advent of new peak at 1117 cm
-1

 may possibly be endorsed to the 

interaction of CR Sulphonic (-S=O) group of dye molecules with ZHG-01 system. 

Another peak was detected at 1188 cm
-1 

which was due to occurrence of -C-N 

stretching vibration which becomes widened after entrapping dyes molecules. Peak at 

1419 cm
-1

 and 1449 cm
-1

 is the  widened and decrease of the intensity of peak after 

dye entrapment is attributed to the aromatic ring –C=C- asymmetric deformation 

vibration. Similarly, peak at 2934 cm
-1

 was observed which shows –C-H stretching 

vibration of –CH2 (methylene) group in the hydrogels. Peak at 3185 cm
-1

 and 3336 

cm
-1

 designate the N-H stretching of amide group in the system and -OH group which 

is very broad and strong, respectively. 
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Fig. 4.13: FT-IR Spectra of ZGH01 before (black) and after (red) Entrapment of CR 

4.5.2 FT-IR Analysis of ZHG-02 before and after CR Entrapping  

 The materials were synthesized in the same practice as declared in section 

(FT-IR of ZHG-01 system). The characterization was held by Perkin Elmer 

spectrophotometry and the spectra were analyzed as shown in fig. 4.14. Peak at 3185 

cm-1 was observed before and after entrapping, which is the characteristics stretching 

vibration of amide group –N-H part. However this peaks become broader after 

entrapping of CR dye molecules. The peak 3044 cm-1 in the pure ZHG-02 system 

were due to presence of –C-H stretching vibration of –CH2 group and become 

disappear after entrapping dyes, show the interaction of CR with the ZHG-02 . 

Another new peak at 1438 cm-1 was observed after entrapping of CR by the gel, 

which is due to the presence of –C=C- of Azo group of CR aromatic deformation 

bending vibration. Peak at 1408 cm-1 become decrease after dyes entrapment. This 

peak is probably attributed Sulphonic group (-SO3) of Congo red as well as that of the 

hydrogel functionalities. An appearance of new peak at 1107 cm-1 which is attributed 
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to the presence of -SO3 group bending after CR entrapment indicate the clear 

interaction of dyes with gel active surface sites. Similarly, peak at 1076 cm-1 in the 

pure hygorgel was existed and show the presence of -SO3 groups of AMPS monomer 

presnt in ZHG-02 synthesized materials. 

 
Fig. 4.14: FT-IR spectra of ZHG-02 before (black) and after (red) entrapment of CR 

4.6 Morphology of Zwitter-Ionic Terpolymeric Hydrogels 

 The morphological analysis of Zwitter-ionic terpolymeric hydrogels (ZHG-01 

and ZHG-02) before and after the CR dye absorption was approved by scanning 

electron microscopy (SEM). The micrographs collected from SEM for the hydrogels 

before dye’s absorption are presented in fig. 4.15 (a and b) which revealed a rough 

surface morphology and presenting their suitability for the adsorption of water, metal 

ions and dyes particles present in watery solutions. As a general concept, the 

hydrogels with more cracks and rough surface texture will be more efficient materials 

for adsorption process. The presence of cracks on the surface of prepared hydrogel 
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systems further gives strength to the active penetration of metal ions and dyes 

particles in adsorption process and promotes active purification of aqueous solutions. 

These cracks and discontinuities are considered to be introduced by chemical cross-

linking of different polymeric chains [98]. The SEM micrographs of hydrogels in 

fig.4.15 (c and d) after applying in the dye’s absorption process expressed the 

attachment of dye’s particles in aggregates. Initially, the cracks on the surface of 

hydrogel particles were filled by penetration of small particles of CR dye and then 

additional particles get attached to surface of hydrogels due to the charged surface. 

The attachment of dye’s particles on the surface of hydrogels confirms the 

effectiveness of our material for the deduction of dyes from aqueous solution. Similar 

kind of results are also reported in literature [149]. The results obtained from FTIR 

analysis are endorsed by SEM study. 

 

Fig. 4.15: SEM Images of Zwitter-Ionic Terpolymeric Hydrogels 

b  

d c 

a 



 97 

4.7 Swelling Study 

4.7.1 Effect of pH on Swelling 

 Among various other possessions of hydrogels, swelling is considered as one 

of very important characteristics which turn out to be very fruitful in removal of 

unwanted materials from aqueous solutions. The proposed mechanism behind the 

swelling of hydrogels is the absorption due to the pores present in the hydrogels 

matrix, relaxation effect due to the unfolding of the long polymer chains and repellant 

forces due to charges present on functional groups which cause hydrogels to swell up 

to their maximum. As pH has profound effect on the swelling of hydrogels, therefore, 

ZHG-01 and ZHG-02 were investigated under dissimilar pH standards (i.e. 3, 5, 7, 9 

and 11). The hydrogels with 0.028 grams were put into 10 ml water at the selected pH 

values and kept for shaking for 14 hours. The swollen hydrogels were taken out and 

superfluous water molecules on the exterior of hydrogels were wiped though tissue 

paper and weighed. It was observed (as given in fig. 4.16) that both ZHG-01 and 

ZHG-02 hydrogels exhibited pH dependency and swelled at any pH showing 

maximum percent swelling i.e. 2068% and 3710% at pH near 7 for ZHG-01 and 

ZHG-02 respectively. The existence of ionizing groups like (-N
+
(CH3)3 and -SO3H), 

resulted in electrostatic repulsive forces in three dimensional set-up of hydrogels 

which forced the dry collapsed hydrogels to swell up to their highest degree. These 

repulsive forces boost up the hydrophilic character of the terpolymeric hydrogels. As 

a result of this character, water molecules easily penetrate into the bulk of hydrogels 

and thus they swell up. The first rise in swelling of the hydrogels is endorsed to the 

protonation of –NH2 group of acrylamide which made the hydration of hydrogels 

easier. This swelling is further assisted by ionizable group (-N
+
(CH3)3) of 3-
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APTMACl in response to repulsive forces originated at pH 3 to 7. Then from pH 7-9, 

decrease in swelling ratio is ascribed to the deprotonation of –NH2 groups and thus 

enforces the hydrophobic nature in the hydrogels and hence decrease in swelling is 

observed. However, at further high pH i.e from 9-11, again swelling of the materials 

is evidenced. This increase in swelling is supported by the deprotonation of -SO3H 

which generate negatively charged -SO3 groups which cause the repulsive forces 

become active again and increase the swelling proportion of the hydrogels. On 

comparing the two hydrogels systems, it is clearly visible from the plot that ZHG-02 

has higher degree of swelling than ZHG-01. This is because of the reason that ZHG-

02 contain greater amount of 2AMPS than ZHG-01. Our results in table 4.5 are 

endorsed by the available cited literature [9, 150]. 

 

Fig. 4.16: Effect of pH on Swelling of ZHG-01 and ZHG 02, Dose of ZHG 0.028  

       Grams, Room Temperature 



 99 

Table 4.5: Percent Swelling of ZHG-01 and ZHG-02 at Different pH Values 

pH Weight of Dry Hydrogels % Swelling ZHG-01 % Swelling ZHG-02 

3 0.028 896 1415 

5 0.028 975 1525 

7 0.028 2068 3710 

9 0.028 1404 1542 

11 0.028 1457 1757 

 

4.7.2 Effect of ZHG Dosage on Percent Removal of Congo red 

 The percent removal of CR dye was investigated by changing dose of the two 

hydrogels in aqueous solutions containing the same dye under same conditions of 

temperature, pH and concentration. Same volume of 20 ppm aqueous solution of CR 

was taken in four different glass bottles for loading ZHG-01 in different quantities 

ranging from 0.01 g to 0.04 g. Similarly four different glass bottles containing equal 

volumes of CR aqueous solution were also loaded with ZHG-02 in different sums in 

the range from 0.01 to 0.04 g. Both the two batches of dye samples with hydrogels 

were allowed to shake for 14 hours to get swollen up to their upper limit. UV-visible 

spectral analysis was conducted to evidence not only progress of diffusion but 

successful removal of CR from the water also. It is evident from table 4.6 that the 

percent removal of CR is improved from 27% to 72% for ZHG-01 while much better 

percent removal of CR (i.e 45% to 97%) was observed for ZHG-02.  This 

improvement in the capture of dye’s particles is attributed to the greater amount of 

hydrogels applied. By increasing the hydrogels measure in dye’s solution promotes 

greater sorption phenomenon as shown in fig. 4.17. Resulting greater sorption process 

may possibly be justified through the availability of greater number of active sites 
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which are provided by the use of hydrogels in greater quantity. Thus it can be 

concluded that both the sorption and diffusion are backing up to the greater percent 

removal of the dye’s content present in aqueous solution [110]. 

 On comparing the hydrogels systems, it is clearly apparent from the fig. 4.18 

that ZHG-02 is found more effective material for absorption of CR than the ZHG-01. 

This effective response of ZHG-02 and more swelling behavior is due to the higher 

amount of 2AMPS which promotes more swelling due to the promotion of 

hydrophilic –CONH and –SO3H groups in larger number and hence ZHG-02 is 

blessed with higher efficiency for absorption than ZHG-01 [151]. 

 

Fig. 4.17: UV-Visible Plot showing the Removal of Congo red dye as a Function of  

        Dosage of ZHG-02 Hydrogels 
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Fig. 4.18:  Percent Removal of Congo red dye as a Function of Dosage of ZHG-01  

        and ZHG-02 Hydrogels. Conditions: Temperature: 25˚C, Equilibrium Time:  

        14 hours, Concentration of Congo red: 20 ppm, pH: 7, Dose Range: 0.01g to  

        0.04 g 

Table 4.6: % Removal of CR as Function of Dosage of ZHG-01 and ZHG-02 

Dose (g) % Removal by ZHG 01 % Removal  by ZHG 02 

0.01 27 45 

0.02 50 60 

0.03 63 68 

0.04 72 97 

 

4.7.3 Contact Time Study 

 The removal of a dye, metallic ions or any other pollutant from aqueous 

solution depends on the time of contact of hydrogel particles with particles of 

pollutants. Therefore, contact time was taken into consideration and studied 

thoroughly by formulating CR dye’s solutions with unalike concentrations i.e. 3 ppm, 

5.5 ppm, 7ppm and 10 ppm. The experimental procedure was carried out at 25 ºC in a 
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temperature controller shaker appliance for 14 hours as equilibrium time.  The loaded 

amounts of ZHG-01 and ZHG-02 both were 0.04 g for each CR solution with 

different concentrations. At first, the sorption occurred very rapidly but found at very 

low rate in the end. The reason behind rapid sorption in the start was due to the 

accessibility of vacant vibrant sites present on the exteriors and in the bulk of 

hydrogels which the dye’s particles occupied. Once these sites are occupied by dye’s 

particles, then further sorption rate becomes lower and lower till establishment of the 

equilibrium. The amount absorbed at time t (Qt) is plotted versus time of contact (t) 

which confirmed rapid sorption initially and came up with a very low rate with time. 

4.7.4 Batch Study 

 The batch absorption analysis was focused to unveil the absorption capability 

of both the synthesized hydrogels towards aqueous solution containing Congo red. 

Different concentrations of CR (i.e. 3 ppm, 5 ppm, 7 ppm and 10 ppm) were arranged 

by successive dilution of stock solution. The concentrations of experimental solutions 

were measured from calibration curve. Accurately weighed fixed amounts of ZHG-01 

and ZHG-02 were added to 20 ml CR dye solution in 50 ml sample bottles followed 

by keeping them on shaker at 200 rpm to reach the equilibrium swelling condition. 

The λmax was set at 497 nm which is considered as characteristic peak for Congo red. 

Initially, greater concentration was observed for CR before application of the ZHG-01 

and ZHG-02 in aqueous solution of CR. However, clear decrease in intensity of λmax 

at 497 nm was evidenced becoming constant at equilibrium which confirmed the 

successful omission of CR from its aqueous solution by hydrogels. The absolute 

absorption competence of CR by hydrogels was calculated by following mathematical 

expression; 

    (3) 
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where Qe represents the extent of CR absorbed in mg/g by both the hydrogels. 

Co is the initial concentration of CR before absorption, while Ce is the equilibrium 

concentration of CR in the remaining solution after its absorption, V represents the 

volume in ml of CR solution taken and m shows the mass in grams of dry hydrogels 

applied in batch experiment. 

4.8 Rheological Investigation of ZHG-01 and ZHG-02 

 Rheological characterization of polymeric hydrogels is of prime significance 

which unveils covered properties of those materials exhibiting deformation and flow 

characteristics when they are exposed to certain stimuli like temperature, shear rate, 

angular frequency and shear stress. Rheology provides insight about the flow 

demeanor of runny medium and semi-solid materials bearing non-Newtonian 

characteristics under shear force. That is why rheology is given special attention to 

characterize and understand deformation as well as mechanical properties of 

copolymeric substances like hydrogels, emulsions and many other materials. 

Mechanical strength and various other features of copolymer hydrogel systems can be 

better understood by carrying out rheolgical investigations using the relationships 

between shear rate and shear stress, loss/storage (G
/
/G

//
) moduli versus angular 

frequency and viscosity (η) versus shear rate (τ). Various rheological models proved 

their effectiveness in understanding the deformation and flow behavior of the 

hydrogels and hence considered for serving the said purpose. 

4.8.1 Flow Curve Study/Steady Shear Properties 

4.8.1.1 Viscosity versus Shear Rate/Effect of Temperature 

 Flow curve measurements consider the dependence of viscosity and shear 

stress on shear rate at some specific temperature. For a material to be Newtonian, it is 
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mandatory to resist any change in viscosity when shear rate in increasing order is 

applied to it. On the other hand, if it goes to change its viscosity under shear 

conditions, then it is said to be non-Newtonian material. 

 The rheograms of viscosity versus shear rate at four unlike temperatures (i.e 

20 
o
C, 30 

o
C, 35 

o
C and 40 

o
C) for ZHG-01 and ZHG-02 are given in figure 4.19. It is 

clear from the rheograms that viscosities of both the hydrogels are tending in declined 

mode when the shear rate goes on increasing. The deformation of intermolecular 

forces in hydrogels may possibly be the reason for decreasing viscosities of the two 

systems. Another reason for this lessening of viscosities with growing shear rates may 

be that of orientation of hydrogel units in the way of flow. The shear rate is fair 

enough to weaken physical forces like hydrogen bondings and due to the 

microstructural anisotropy compel them to start flowing in the course of shear rate and 

accordingly confirm virtual plastic expression [115]. 

 It can also be realized that viscosities of polymeric hydrogels displayed drop 

with escalating temperature at a shear rate keeping constant. Upon relating the 

rheological patterns it is perfectly obvious that at low values of temperature greater 

viscosities were witnessed which were dropped by increasing the degree of hotness. 

This was due to the transformation of hydrogels into fully collapsed semi-solid state 

systems due to the ejection of trapped water molecules from their interior complex 

network structure at higher temperature [143]. Comparing the plots it can be clearly 

seen that a regular reducing viscosity fashion is shown at the temperature in the range 

fron 20 
o
C to 40 

o
C. Our results here authenticate idea about the prepared materials 

that they follow non-Newtonian shear thinning behavior [5, 152]. 
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Fig. 4.19:  Effect of Temperature on Viscosity Versus Shear rate of ZHG-01 and ZHG- 

       02 Hydrogels 

4.8.1.2 Viscosity versus Shear Rate/Effect of Concentration 

 Steady state viscosity rheograms of ZHG-01 and ZHG-02 were drawn (fig. 4.20, 

4.31) to investigate dependency of viscosities of polymeric hydrogels on concentration of 

2AMPS in terpolymeric hydrogels at varying shear rate and maintaining constant 

temperature. The figures revealed clear drop in viscosities once shear rate was amplified. 

This articulates a direct association between the varying viscosity and shear rate and 

hence revealed non-Newtonian nature of the terpolymeric hydrogels. At very short shear 

rates, entirely the polymer hydrogels behaved like solid materials as they exposed greater 

viscosities (basic feature of solids) trailed by shrinkage in viscosities against excessive 

shear rate. The augmented confrontation to flow was owing to the resilient 

chemical/physical linkages amongst the monomeric entities crafted by the cross-linker N, 

N
/
-methylene-bis-acrylamide MBA or hydrogen bonds linking the nearby amide groups. 

However, at raised up shear rate the links amongst the inter-polymer and intra-polymer 

chains (H-bonding) were undermined and lastly shattered down which preferred alliance 

of hydrogels fragments in the track of run progressed by distortion and consequently fall 

in viscosity experienced. Both the testing ingredients were supposed to have shear-

thinning behavior. 
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 Equating the zwitter-ionic terpolymeric hydrogels, it can be understood that 

the ZHG-02 exhibited grander viscosities than ZHG-01 shear rates. This may be due 

to greater concentration of 2AMPS in polymeric hydrogels which was expected to 

have greater compatibility with 3-APTMACl and AAm due to its negatively charged 

character. At the temperature of 35
o
C, unpredicted trend was noticed where ZHG-01 

appeared with viscosities greater than ZHG-02 at lower shear rate values. After going 

beyond certain value of shear rate, the ZHG-02 adopted its usual behavior and came 

up with higher viscosities than that of ZHG-01. This unexpected and unusual trend in 

viscosities of both the hydrogels may be due volume phase transition temperature of 

the polymer hydrogels [115, 153]. 

 

Fig. 4.20 Effect of Concentration on Viscosity versus Shear Rate of ZHG-01 and  

       ZHG-02 Polymer Hydrogels at Different Temperatures 
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4.8.1.3 Shear Stress versus Shear Rate 

 The effect of shear rate on shear stress for ZHG-01 and ZHG-02 has been 

extensively studied at two different temperatures i.e. 25˚C and 35˚C. Graphical 

representation of shear stress against of shear rate are represented in figure 4.21 (a and 

b). From both the plots, it is observed that shear stress values are increasing with 

increasing shear rate. This trend of shear stress with shear rate reflected direct 

relationship between the two variables. Further, the uprising tendency of shear stress 

against shear rate endorsed the shear thinning non-Newtonian culture of two copolymer 

hydrogels. Conversely, the Newtonian materials move apart from any change in shear 

stress with variation in shear rate. To strengthen our findings, numerous rheological 

models like Bingham model, modified Bingham model and Ostwald power law model 

were also considered to our data and the mathematical outcomes are tabulated in table 

4.7 and 4.8. Various rheological parameters were determined using these models which 

give a clear picture and make discussion about the deformation and flow behavior of the 

hydrogels very easy to understand. The numerical value of flow index or fluidity index 

(n) in Ostawld power law model was determined and found less than 1 at all 

temperatures. Flow index lesser than 1 means shear thinning non-Newtonian flow of 

both hydrogels. Smaller value of flow index means stronger hydrogel formation due to 

strong non-covalent attractive forces among nearby particles and improves the life time 

of momentary entanglement connections. 

Yield stress which is the slightest stress mandatory for a material to initiate 

flowing. Yield stress serves as a good sign to characterize semi-solid materials, 

affecting their retention and spreadibility. Generally, smaller value of yield stress 

enhances the spreadibility with poor retention on the other side. Yield stress in our 

case is experienced due to the use of chemical cross-linker, intermolecular as well as 

intra-molecular hydrogen attachment and certain additional valence interactions. 
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Fig. 4.21: Shear Stress as a Function of Shear Rate for Prepared ZHG-01 and ZHG-02  

      Hydrogels at Different Temperatures 
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Table 4.7: Thermorheological properties of hydrogels (ZHG) by using Ostwald  

         power law model 

Samples ZHG-01 ZHG-02 

Temperature (ᵒ C) 25 35 25 35 

Power law index (n) 0.461 0.498 0.476 0.502 

Consistency index (K) (Pa.sn) 31.25 33.27 33.67 35.39 

Correlation coefficient (R
2
) 0.998 0.999 0.997 0.997 

 

Table 4.8: Bingham plastic and modified Bingham plastic model and yield stress  

        values 

Sample Temperature 

ᵒ C 

Bingham Model Modified Bingham Model 

Yield Stress (τ◦) R
2
 Yield Stress (τ◦) R

2
 

 

ZHG-01 
25 1.55 0.994 0.376 0.9999 

35 1.59 0.993 0.399 0.9995 

 

ZHG-02 

25 1.596 0.992 0.375 0.9998 

35 1.629 0.990 0.387 0.9983 

 

4.9 Viscosity versus Speed of Rotation 

The viscosity of a material becomes dependent on speed of rotation when the 

sample under investigation is placed on a smooth surface and the other surface rotates 

at some speed. The rheograms of viscosity versus speed of rotation were obtained at 

20 °C and 30 °C to watch and confirm the non-Newtonian visco-elastic behavior of 

the zwitter-ionic terpolymeric hydrogels. The rheograms in fig. 4.22 (a and b) 

obtained at two different selected temperatures expressed that the viscosities of both 

(ZHG-01 and ZHG-02) appeared linearly with the speed of rotation. This linear 
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relationship between the two parameters clearly indicated non-Newtonian flow 

behavior. The values of R
2
 were found very close to unity which meant the findings 

are correct [142]. 

The non-Newtonian flow behavior can also be described by sighting the outline 

of variation of speed of rotation with torque as revealed in figure 4.23A (a and b). The 

materials with such a pattern were characterized as non-Newtonian by 

Triantafillopoulos [142]. However, logarithmic plots for the same are also expressed 

in 4.23B with improved R
2 

values. From the discussion, it was concluded that both the 

zwitter-ionic terpolymeric hydrogels possessing non-Newtonian character. 

 
 

Fig. 4.22  Viscosity versus Speed of Rotation for Prepared ZHG terpolymeric  

         Hydrogels (a) at 20°C (b) at 30°C 
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Fig 4.23A:  Speed of rotation with torque for (a) ZHG-01 (b) ZHG-02 
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Fig. 4.23B: Speed of rotation with torque (logarithmic plots) for (a) ZHG-01 (b)  

         ZHG-02 



 113 

4.10 Oscillatory Frequency Sweep and Mechanical Dynamic Analysis 

 In oscillatory frequency sweep experiment the moduli were considered as a 

function of angular frequency at different temperature (i.e. 15, 20, 25 and 30 °C) for 

ZHG-01 and ZHG-02 polymeric hydrogels. However, the two hydrogel systems with 

the only difference of concentration of 2AMPS, behaved somewhat differently under 

same conditions of angular frequency and temperature. Talking about the ZHG-01 

hydrogel materials, it is clear from the rheograms in figure 4.24 that the storage 

modulus appeared greater than viscous modulus throughout the entire range of 

temperature from 15 to 30 °C. It was the same type of behavior that was noticed for 

MG09 hydrogels earlier. Any material with this kind of responsive nature is clearly an 

indication of visco-elastic behavior and leading mechanical rigidity as discussed 

already. Greater value of G′ points towards the greater intensity of the gel network 

systems and label them with better stability. At the start in short frequency range the 

two moduli (G′ and G′′) ran nearly parallel along each other but at high angular 

frequencies, these two moduli moved apart i.e. G′ in ascending and G′′ in descending 

way. The displaying of growing G′ and decreasing G′′ shows more elastic nature than 

viscous behavior of ZHG-01 hydrogels at higher angular frequency. These results 

suggest that ZHG-01 hydrogel materials demonstrated additional solid like character 

than viscous behavior; and such kind of dynamic reaction is a basic characteristic of 

materials with gel-like appearance. Studies in literature offer a possible justification to 

this increasing elastic nature of the hydrogels may be due to hydrophobic nature of (3-

APTMACl) in ZHG-01 [5, 96]. 

The rheograms for ZHG-02 hydrogels are represented in figure 4.25 which 

signify the behavior of ZHG-02 hydrogels. The short-range behavior of the materials 

is characterized by higher frequencies and is subjugated by a mutable response when 
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bend energy is higher compared to dissipated energy (G′ > G′′). In contrast to that, the 

long-standing presentation is symbolized by small frequencies and is ruled by a 

viscous response (G′ ˂  G′′). The crossover frequency point where (G′=G′′) recognizes 

the changeover between liquid-like and solid-like actions. The inverse of crossover 

frequency is the relaxation time which is the time for materials to adapt applied 

stresses or deformations. The curves revealed dominating viscous behavior over 

elastic in low angular frequency range at all temperatures but at higher frequencies, 

the elastic behavior prevailed. With improved concentration of 2AMPS in ZHG-02 

hydrogels, both the moduli increased with growing angular frequency but the 

crossover point lifted to lower frequencies. The shifting of crossover point from 

higher to lower frequency is the realistic and supporting evidence of more prevailing 

elastic nature over viscous behavior of the hydrogels. Similar kinds of results were 

also shown in literature which strengthened our findings [87]. 
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Fig.4.24: Moduli versus angular frequency for ZHG-01 at different temperatures 



 116 

 

Fig. 4.25: Moduli versus angular frequency for ZHG-02 at different temperatures 

4.11 Complex Viscosity versus Angular Frequency 

 The steady flow rheology or oscillatory study was performed to recognize the 

elastic and viscous property of ZHG-01 and ZHG-02 polymeric hydrogels, by 

reviewing the influence of angular frequency on complex viscosity of the hydrogels as 

assumed in figure 4.26. The results shown for both the two hydrogel systems 

undoubtedly expressed that the complex viscosity decreased initially with increasing 
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angular frequency and then rising trend was noticed along further increase in angular 

frequency and temperature. The first decrease in complex viscosity at all temperatures 

was due to the deterioration of intermolecular and intermolecular forces of attraction. 

The elevating temperature causes the molecules to attain excessive thermal 

mobilization which results in extra free volume is created for polymer chains to 

weaken all types of attractive forces. The diminution in complex viscosity is 

confirming the shear thinning behavior of the hydrogel systems. After a prominent 

decline in complex viscosity along the angular frequency, it rose again once after 

crossing the minimal point. The regaining of cross-linkings among the molecules is 

mainly accountable for the inclination of the complex viscosity along the angular 

frequency. The increase is attributed to the conversion of hydrogels into more solid 

like materials by expulsion of additional water molecule trapped in their pores. It was 

also concluded that complex viscosities remained no more dependent on the 

increasing temperature, suggesting more elastic behavior than viscous behavior. The 

results of both hydrogels were in worthy agreement with the outcomes found in 

literature and thus the authenticity of our data was confirmed [96, 143]. 

 

Fig. 4.26: Complex Viscosity versus Angular Frequency for Prepared Hydrogels 
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4.12 Moduli versus Shear Stress at Different Temperature 

 The rheological plots for viscous and elastic moduli versus shear stress at two 

different temperatures (i.e 25 and 35°C) for ZHG-01 and ZHG-02 polymeric 

hydrogels are given in figure 4.27. These results express the difference between the 

two moduli where elastic moduli for both the hydrogels at both temperatures have got 

higher values than loss moduli. It was explored from the literature that when G
/ 
>

 
G

//
, 

the materials will be having more elastic character than viscous behavior and vice 

versa. So it was concluded that both the hydrogel systems were behaving more 

elastically than viscous. However, focusing on ZHG-01, the gap between two moduli 

decreased and then remained nearly constant with no prominent change, suggesting 

that this system of hydrogels with low concentration of 2AMPS signifies more elastic 

nature. In case of ZHG-02, the elastic moduli decreased and in contrast to that the loss 

moduli shoot up which minimized the gap between two moduli. But still storage 

moduli attained greater magnitude than loss moduli. It suggested that in ZHG-02 

hydrogel materials, the elastic and viscous behaviors go along side by side with a little 

bit more elastic in appearance. This discussion made it easy to conclude that the 

ZHG-02 hydrogels present the visco-elastic behavior under the given range of shear 

stress [5, 143, 154]. 
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Fig. 4.27: Moduli versus Shear Stress for Prepared Hydrogels 

4.13 Effect of temperature on viscosity and energy of activation of 

ZHG-01 and ZHG-02 hydrogels 

 The impact of temperature on viscosity of ZHG-01 and ZHG-02 hydrogels is 

illustrated in figure 4.28. The same Arrhenius-Frenkel-Eyring mathematical equation 

used for Poly(Gx-co-NIPAM-co-AAc) hydrogels was applied to calculate the energy 

of activation “Ea” and Arrhenius factor “A” by plotting log(η) versus 1/T (K
-1

). The 

plots for both the hydrogels appeared in linear relationship with inverse of 
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temperature. The energies of activation calculated from the slopes of the plots for 

ZHG-01 and ZHG-02 were 132.282 kJ/mol and 204.085 kJ/mol respectively. In case 

of ZHG-02 the higher energy of activation than ZHG-01 is the sign of greater 

concentration which affect both the intermolecular and intramolecular forces of 

attraction. As ZHG-02 contains 2AMPS in greater amount than in ZHG-01, 

developed more interactions with cationic monomer (3-APTMACl) and caused ZHG-

02 to come up with higher activation energy [121, 148]. It was concluded that 

132.282 kJ/mol and 204.085 kJ/mol are essential to beat the inner resistance or need 

to breakdown intermolecular forces of ZHG-01 and ZHG-02 hydrogels respectively. 

The complete data is tabularized in table 4.9. 

 
Fig. 4.28: Effect of temperature on viscosity of prepared hydrogels 

 

Table 4.9: Arrhenius Parameters for ZHG-01 and ZHG-02 Hydrogels 

Sample Intercept Arrhenius factor (A) Slope Ea (kJ/mol) R
2
 

ZHG-01 -20.272 5.350x10
-21

 6908.69 132.282 0.87 

ZHG-02 -32.467 3.412x10
-33

 10658.77 204.085 0.92 
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4.14 Damping Factor 

 In rheological investigation, the damping factor (tanδ) is very much important 

parameter which is allied to flow of hydrogel materials. It satisfactorily explains the 

phase transformation behavior of the materials in polymeric hydrogel systems and is of 

great importance in cosmetic industry. The damping factor is the fraction of loss 

modulus to the storage modulus (G′′/G′) and its mathematical values gives better 

understanding to the phase behavior of the hydrogels. When the damping factor (tanδ) 

attains mathematical value greater than unity, then the materials will be having viscous 

behavior. However, when tanδ gets lower value than unity, then it will behave more 

elastically and if tanδ comes out unity, then it signs the interior abrasion is self-

regulating of the strain applied and offers the value of gel point. The rheograms for 

damping factor against angular frequency at various temperatures are plotted in figures 

4.29 (a) and 4.30 (a). The decreasing patterns of rheograms of both ZHG-01 and ZHG-

02 hydrogel systems indicated that the damping factor was dependent on angular 

frequency. Initially in ZHG-01, the damping factor resisted to show major change with 

increasing angular frequency but slowly decrease in damping factor at high angular 

frequencies showed phase transition from more viscous towards elastic behavior. This 

throws light on the fact that hydrogel materials are damped due to the interlocking and 

cross-linking provided by MBA as cross-linker. In ZHG-02 polymeric hydrogels, 

similar trend and behavior was evidenced from the plot [96, 121]. 

The effect of temperature on tanδ was also focused for both the hydrogel 

systems. It was clearly observed that the temperature has almost negligible effect on 

tanδ but at 30°C, prominent change in damping factor was clearly seen. It was 

concluded that at constant angular frequency, damping factor drops with increasing 

temperature from 15°C to 30°C. This may be due to the weakening of intermolecular 
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and intramolecular forces of attraction among hydrogel particles. From the tabulated 

data in table 4.10 and 4.11, tanδ values are less than 1, which is solid evidence that the 

materials are additionally firm and inflexible in nature with high aptitude of energy 

management [155]. The decreasing patterns of tanδ for both the hydrogels at constant 

angular frequency are explored in figures 4.29 (b) and 4.30 (b). The phase change of 

hydrogels and elastic behavior was confirmed by decrease in damping factor along the 

varying temperature at fixed value of angular frequency [156]. From the table 4.10 for 

ZHG-01, it is clear that the hydrogels have got damping factor less than unity 

throughout the range of angular frequency. However, in case of ZHG-02, the tabular 

data (table 4.11) revealed that the values for tanδ found were greater than unity and 

have got values in the range from 12.9 to 1.03 at angular frequency ranging from 0.1 

to 3.98 sec
-1

 respectively. Phase transition happened to occur at angular frequency in 

the range of 3.98 to 6.31 sec
-1

 and the damping factor descended below unity. The 

observed lowest damping factor’s value at angular frequency of 100 sec
-1

 was 0.0057 

at 30 °C. The possible reason that could be assigned to this greater tanδ may be larger 

quantity of 2AMPS in ZHG-02 polymeric hydrogels. 
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Fig. 4.29: Damping factor as function of (a) angular frequency and (b)  

           temperature for ZHG-01 
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Fig. 4.29: Damping factor as function of (a) angular frequency and (b) temperature  

     for ZHG-01 

 

 

Fig. 4.30: Damping factor as function of (a) angular frequency and (b) temperature  

      for ZHG-02  
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Table 4.10: Obtained tanδ values at different temperature for ZHG-01 hydrogels 

Angular Frequency 

[1/s] 

Damping Factor (tanδ) 

 
Temperature (°C) 

15 °C 20 °C 25 °C 30 °C 

500 0.0439 --- --- --- 

315 0.000647 --- --- --- 

126 0.00395 --- --- --- 

79.2 0.00621 0.000107 --- --- 

50 0.0313 0.0314 0.0257 0.0199 

31.5 0.0511 0.0537 0.0482 0.0166 

19.9 0.0659 0.0685 0.0611 0.0263 

12.6 0.077 0.0776 0.069 0.0328 

7.92 0.0841 0.0868 0.0794 0.0316 

5 0.0905 0.091 0.083 0.0369 

3.15 0.0983 0.0992 0.0889 0.0368 

1.99 0.104 0.107 0.0939 0.0393 

1.26 0.111 0.113 0.101 0.0454 

0.792 0.117 0.119 0.106 0.0452 

0.5 0.122 0.125 0.11 0.049 
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Table 4.11: Obtained tanδ values at different temperature for ZHG-02 hydrogels 

Angular Frequency 

[1/s] 

Damping Factor (tanδ) 

Temperature (°C) 

15 °C 20 °C 25 °C 30 °C 

100 0.0328 0.0329 0.0311 0.0057 

63.1 0.0962 0.114 0.108 0.0466 

39.8 0.212 0.228 0.212 0.109 

25.1 0.338 0.359 0.329 0.197 

15.8 0.476 0.496 0.456 0.299 

10 0.661 0.692 0.646 0.462 

6.31 0.885 0.941 0.893 0.695 

3.98 1.16 1.26 1.23 1.03 

2.51 1.56 1.73 1.71 1.52 

1.58 2.1 2.36 2.32 2.23 

1 2.81 3.16 3.2 3.17 

0.631 3.78 4.23 4.26 4.35 

0.398 5.08 5.63 5.65 5.9 

0.251 6.54 7.4 7.5 8 

0.158 8.63 9.84 9.83 11 

0.1 11.2 12.5 12.9 11.7 
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4.15 Enhanced Catalytic Activity of Polymeric Hybrid Hydrogels 

 Poly(Gx-co-NIPAM-co-AAc)-Ag and Poly(3-APTMACl-co-2AMPS-co-

AAm)-Ag hybrid hydrogels were obtained by successful fabrication and reduction of 

silver metal ions in the attendance of reducing agent NaBH4. The prepared hybrid 

hydrogels served as catalyst and facilitated reduction of dyes when accompanied with 

reducing agent. The whole reduction progression was carried out under UV-visible 

spectroscopy. The spectra obtained for the reduction of dyes i.e (MB) and (CR) are 

shown in figures 4.31 to 4.36. The spectral analysis revealed some peaks at their 

respective wavelengths for both the dyes due the chromophores present in them. The 

spectra for both the dyes revealed no observable decrease in intensity of peaks even 

after letting them reduce by their own. When reducing agent was added to dye 

solution, again the same trend was witnessed which helped us to draw the conclusion 

that no reduction is taken place whether reducing agent is used or not. Interestingly, 

when dyes solutions were equipped with minute quantities of hybrid hydrogels (as 

catalyst), clear and rapid decrease in intensities of the peaks were noticed. 

At regular interval of time, UV-visible absorption spectra were obtained and 

kept the analysis going till disappearance of the intense peaks. To understand the 

kinetics of reduction process; ln(Co/Ct) against time (t) was plotted to get apparent 

rate constant (Kapp). The reducing agent NaBH4 was used in excess during the 

experiment and assumed that the rate of reaction is independent of amount of NaBH4. 

4.15.1 Catalytic reduction of Methylene blue by Poly(Gx-co-NIPAM-co-AAc)-Ag 

(MG09)-Ag hybrid hydrogels 

Methylene blue bears a basic cationic frame of a thiazine assembly and it is 

applied as a reduction-oxidation indicator in the fields of chemistry and biology. It is 
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used very usefully against cyanide harming influence in vitro indicative manager in 

human beings. However, it is very harmful and is considered as a major source of 

necrosis, cyanosis and causes heart to beat abnormally. Methylene blue (MB) in its 

oxidized form displays a sharp absorption band in 200–700 nm range with absorption 

peak (λmax) at 664 nm in aqueous solution. The improvement of the reduction of MB 

can be supervised by UV–visible absorption spectroscopy by assessing the 

fluctuations in the particular absorbance maxima [157]. The reduction of MB was 

catalyzed by the hybrid hydrogels and analyzed by UV-visible spectrophotometer in 

the presence of reducing agent (NaBH4). Silver nanoparticles pick up electrons which 

are released by BH
-1 

ions after the decomposition of reducing agent. Methylene blue 

takes these electrons from the metal nanoparticles and gets transformed into leuco 

MB. During the reduction process, AgNPs serve as a bridge to transfer electrons from 

NaBH4 to methylene blue [158]. In the absence of hybrid hydrogels as catalyst under 

the matching investigational environment, no such decline in absorbance of the dye 

was viewed in the tentative time gauge, signifying that photochemical reduction by 

internal illumination and/or degradation is not favorable. Consequently, it can be 

established that the hybrid hydrogels are liable for the reduction of methylene blue 

dye in the current investigational provision. 

The MB dye solution presents blue color in appearance before reduction with 

two specific peaks at  λmax 664 nm and 291 nm owing to π-π* and n-σ* transitions 

correspondingly. Only reducing agent did not affect peaks intensities and color of the 

dyes solution which pointed towards the fact that the reaction is kinetically restricted 

but thermodynamically feasible. The barrier of high energy turned the whole process 

kinetically not practicable but the very minute quantity of catalyst assisted to 

overcome this pre-stated barrier of energy. Soon after the addition of catalyst and 
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overcoming energy barrier, the intensities of peaks and color of the dye solution 

started fading. The decrease in peaks intensities was gradual for some time and after a 

little while this falling down became constant with disappearance of blue color up to 

its maximum. A conceivable justification is that the reaction achieved balance 

irreversibly after definite period of time. This indicates that the aerial oxidation of the 

dye is withdrawn and the reaction is favored in forward direction only. In previously 

reported work related to the reduction of MB, the provision of an inert atmosphere 

was ensured to keep reaction restricted from going back into the reverse direction. 

The hybrid hydrogels used here are advantageous over the reported materials as they 

not only favor the reaction in forward route but very less amount of them also prevent 

aerial oxidation from occurrence [157, 159]. The ln (Co/Ct) was plotted versus time (t) 

and the apparent rate constant (Kapp) projected from the gradient of this plot. Here Co 

is the primary concentration of MB solution while Ct represents the concentration of 

dye solution at any time t. Aguilar et al; reported 63% of their catalyst efficiency 

while further improved efficiency (90%) was observed by Manoranjan et al; during 

the use of Cu2O nanoparticles for the degradation of MB dye solution [160]. 

In our results MB dye was degraded to a percentage higher than both the two 

groups mentioned and this resultant efficiency was 92.2% in case of our hybrid 

hydrogels as catalyst. Another preferential advantage of our prepared hybrid 

hydrogels was that of rapid degradation of MB dye within very short interval of time 

while other materials take lengthy time duration for the same dye’s degradation. 
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Fig. 4.31: Catalytic reduction of MB using (MG09)-Ag hybrid hydrogels at pH 6 (a)  

     UV-visible spectra and (b) linear plot for rate constant (kapp) 

 

Fig. 4.32: Catalytic Reduction of MB Using (ZHG-01)-Ag Hybrid Hydrogels (a) UV- 

       visible spectra and (b) Linear Plot for rate Constant (kapp) 
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Fig. 4.33: Catalytic Reduction of MB Using (ZHG-02)-Ag Hybrid Hydrogels (a) UV- 

       visible Spectra and (b) Linear Plot for Rate Constant (kapp) 

4.15.2 Comparative Study of Catalytic Performance of Polymeric Hybrid  

 Hydrogels in Reduction of Methylene Blue (MB) 

 From the linear rate constant (Kapp) plots for reduction of MB dye by 

polymeric hybrid hydrogels as catalyst, it is concluded that (MG09)-Ag has got 

highest Kapp than rest of other two polymer hybrid hydrogels systems (ZHG-01)-Ag 

and (ZHG-02)-Ag. The convincing potential reason to this highest value of Kapp may 

be due to larger size and porous structure of (MG09)-Ag hybrid hydrogels which 

resulted greater interactions of MB dye and got reduced within brief interval of time. 

 However, on comparing the Kapp obatained for (ZHG-01)-Ag and (ZHG-02)-

Ag, it is clear that Kapp in case of (ZHG-02)-Ag is higher than (ZHG-01)-Ag. It is 

obvious that (ZHG-02)-Ag is found more effective material for the reduction and 

degradation of MB than the ZHG-01. This efficient response of (ZHG-02)-Ag is 

because of greater swelling behavior and amount of 2AMPS in larger amount than 

(ZHG-01)-Ag hybrid hydrogels catalysts. The higher concentration of 2AMPS 

imparts more negative charges into (ZHG-02)-Ag and hence promotes more easy 

absorption of cationic MB dye in the first step and then its reduction in the second 
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phase. The reduction efficiencies found for all the polymeric hybrid hydrogels are 

given in the following order: 

(MG09)-Ag > (ZHG-02)-Ag > (ZHG-01)-Ag 

92.2% > 84.2% > 82.4% 

 

4.15.3 Catalytic Reduction of Congo red (CR) by Polymer Hybrid Hydrogels 

 The anionic Congo red diazo dye is highly stable and extensively used in 

various industrial products like plastic, paper and textiles etc. By nature, CR is 

carcinogenic which constitutes two azo groups. Humans and animals take CR through 

waste water and therefore, it becomes a matter of prime importance to get CR out of 

water [161]. UV-visible spectra of red color solution of CR project characteristic peak 

at 499 nm. From the literature, it is already known that almost very negligible change 

in color and intensity of peaks may occur in the presence of reducing agent only. 

However, when reduction was done with the addition of little amount i.e. 5 µL of 

(MG09)-Ag or 0.03 g of (ZHG-01/02)-Ag hybrid hydrogels as catalyst, then clear and 

visible decrease in both color and intensity of the peak were observed. Peak intensities 

were continuously declining which meant the progress of reaction till disappearance 

of the peak at 499 nm. The UV-visible bands for the reduction of CR and catalytic 

performance of hybrid hydrogels as catalyst are given in figures 4.34 to 4.36. 

 The catalysis mechanism is that as mentioned earlier in case of MB. Here also, 

electrons from BH
-1

 are picked up by Ag nanoparticles which are then transferred to 

CR dye and finally get reduced. The calculation was done for observed rate constants 

Kapp for all the catalysts simply by plotting ln (Co/Ct) against time (t). The peak 

intensity at the wavelength of 499 nm was kept under observation. The highest Kapp 

for the reduction of CR was observed for (ZHG-02)-Ag which was 0.697 min
-1

 while 

Kapp for (ZHG-01)-Ag came out was 0.0463 min
-1

 and 0.239 min
-1 

for (MG09)-Ag 
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hybrid hydrogels. The catalytic efficiencies of (ZHG-01)-Ag, (MG09)-Ag and (ZHG-

02)-Ag hybrid hydrogels calculated were found 69.4%, 89.6% and 97.53% 

respectively. These percent catalytic efficiencies of hybrid hydrogels for the reduction 

of dyes are much higher than those reported previously in literature. Comparing the 

two hybrid hydrogels systems i.e. (ZHG-01)-Ag and (ZHG-02)-Ag), again high 

concentration of 2-AMPS in (ZHG-02)-Ag came out with much higher catalytic 

efficiency than (ZHG-01)-Ag. 

 

Fig. 4.34 Catalytic reduction of CR using (ZHG-01)-Ag hybrid hydrogels (a) UV- 

       visible spectra and (b) linear plot for rate constant (kapp) 

 

Fig. 4.35: Catalytic reduction of CR using (ZHG-02)-Ag hybrid hydrogels (a) UV- 

       visible spectra and (b) linear plot for rate constant (kapp) 
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Fig. 4.36: Catalytic Reduction of CR using (MG09)-Ag Hybrid Hydrogels (a) UV- 

        visible Spectra and (b) Linear plot for rate Constant (kapp) 

4.15.4 Comparative Study of Catalytic Performance of Polymeric Hybrid Hydrogels 

in Reduction of Congo red (CR) 

 From the linear rate constant (Kapp) plots for reduction of CR dye by polymer 

hybrid hydrogels as catalyst, it is concluded that (ZHG-02)-Ag has come up with 

highest Kapp than the other two (ZHG-01)-Ag and (MG09)-Ag polymeric hybrid 

hydrogels systems. The convincing potential reason to this highest value of Kapp may be 

due to greater concentration of 2AMPS. The Congo red and 2AMPS both are anionic in 

nature but even then (ZHG-02)-Ag catalyst showed greater catalytic interactions with 

the CR molecules than (ZHG-01)-Ag. This may possibly be due to the better swelling 

than (ZHG-01)-Ag, which resulted larger surface to the dye molecules to interact with 

and get reduced to highest possible percentage. Furthermore, the presence of cationic 

monomer (3-APTMACl) in zwitter-ionic terpolymeric hybrid hydrogels promotes these 

interactions further and hence reduction of CR is done quite comfortably. Hence, from 

this discussion it was concluded that the most operative catalyst for the reduction of CR 

dye is the (ZHG-02)-Ag. The catalytic efficiencies of polymer hybrid hydrogels in 

decreasing order are given as under: 
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 (ZHG-02)-Ag > (MG09)-Ag > (ZHG-01)-Ag 

97.53% > 89.60% > 69.40% 

 The UV-visble spectra of catalytic activity of hybrid polymer hydrogels 

depicted that all the three systems have catalytic properties during reduction of 

organic dyes. Their presence along with the reducing agent speeds up reduction 

process which was confirmed through disappearance of color and decrease in peak 

intensities at specific wavelengths. 

The apparent rate constants (Kapp) calculated from the linear plots of catalytic 

activity of hybrid hydrogels are tabulated in table 4.12. From the tabulated data, it is 

evident that linear Kapp values during the reduction of MB are higher than CR. The 

catalyst with higher values of Kapp suggests that the catalyst is more effective than rest 

of other catalysts during the reduction of MB and CR. If comparison among catalysts is 

made when dyes are desired to reduce, then (MG09)-Ag is the best choice for reduction 

of MB. However, when CR is desired to get reduced in the presence of a suitable 

catalyst, then (ZHG-02)-Ag hybrid hydrogels project itself the most suitable catalytic 

material among the three catalysts as it has got the maximum linear Kapp value. 

Table 4.12: The Kapp for hybrid hydrogels used as catalyst in reduction of MB and CR 

Catalyst 

Kapp (min
-1

) 

Methylene Blue (MB) Congo Red (CR) 

(MG09)-Ag 1.1165 0.239 

(ZHG-01)-Ag 0.203 0.0463 

(ZHG-02)-Ag 0.2691 0.697 
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4.16 pH Sensitivity of Poly(Gx-co-NIPAM-co-AAc)-Ag (MG09)-Ag 

Hybrid Hydrogels 

 It was expected that the hybrid hydrogels bear some special character of pH 

sensitivity. Therefore three different pH values were selected to explore this unique 

feature of the (MG09)-Ag hybrid hydrogels. The pH of the medium was adjusted at 

2.2, 6.0 and 10.35 by 0.1 M HCl and 0.1 M NaOH solutions. 3 mL of pre-adjusted 

solution was fed in quartz cuvette and then 10 µL of hybrid hydrogel (MG09)-Ag was 

added to it to take UV-vis spectrum. The successful incorporation of AgNPs were 

confirmed by obtaining clear intense UV-visible absorption peak at λmax = 401-412 

nm as publicized in figure 4.37. 

The UV-vis absorption bands of (MG09)-Ag clearly indicated that as pH of the 

outer medium surrounding the AgNPs lessened from highly basic to acidic region, 

intensity of the peak increased and a blue shift of surface plasmon band was also 

detected. The possible assigned reason to this hike in intensity could be increase in 

indigenous refractive index of the medium surrounding the silver nanoparticles 

(AgNPs). The blue shift in absorption bands induced by pH could be associated with 

specific surface effect. 

 It can be justified from the merger of particle’s superficial charge over a minor 

surface area which made the nearby area unable to recompense restoring force and hence 

speedy electronic oscillations are resulted. MG09 divisions fenced on the exterior of 

AgNPs favorably assume an extensive configuration at the low pH. with growing pH, the 

deprotonated MG09 chains are desiccated and shrunken towards the surface of AgNPs. 

This may possibly lead to a drop in polarity of adjoining AgNPs, and thus causing the 

blue shift in the surface plasmon resonance (SPR) band. No clear isobestic point was 
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observed in UV-visible band which may possibly be due to the release of hydrogen 

bubbles that affected measurements and led to a shift in the UV-visible spectrum [162, 

163]. All of these mentioned factors are responsible for the increase in Rayleigh 

scattering as argued by Mei theory. Therefore, the surface polarization factor is of prime 

value when frequency and intensity of the metals are desired to determine. 

 

Fig. 4.37:  pH Sensitive UV-visible Absorption Spectrum of (MG09)-Ag Hybrid  

 Hydrogels at room Temperature 

4.17 Regeneration and recycling of Hybrid hydrogel catalysts 

The hybrid hydrogel catalytic materials with entrapped dyes from the solution 

were regenerated by using 0.1 M NaOH solution. The entrapped dyes within catalyst 

systems were kept in 25 ml of 0.1 M NaOH solution for 1 hour. It was found that the 

colored catalysts turned into colorless substances due to expulsion of dyes molecules 

which presented hybrid hydrogels colored in appearance. The solution was also tested 

with 10 ml acetone via the solvent extraction method, which washed away the dye 

molecules. The second method was preferred for the regeneration and recycling of 
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hybrid hydrogel catalytic systems. It was discovered that the regeneration of catalysts 

was better and appropriate by acetone compared to that by NaOH because with the 

addition of NaOH degradation of entrapped dyes within the hydrogels occurred, while 

acetone extracted the dyes from the hydrogel network. The regenerated gels were 

further reprocessed for the removal of dyes in 5 successive cycles and the % removal 

was found to be greater than 79%, which is a solid indication of decent efficiency of 

hybrid hydrogel catalytic materials as compared to that of classical adsorbents.  

Another conventional and easy method for the recovery of catalytic hydrogel 

materials is that of centrifugation and filtration. The recycled catalysts were found 

stable even after a period three months of their synthesis and reflected back with 

almost negligible loss in catalytic activity. On comparison of our hydrogel catalysts, 

they appeared with much improved efficiency as compared with the efficiency of 

previously available catalytic hydrogels [100]. The classical adsorbents like saw dust, 

peels of various fruits and vegetables, and nut shells require modification and 

functionalization before use and their recycling involves several phases, which overall 

confines the impact of these species. 
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5. CONCLUSIONS 

 Novel biopolymer based hydrogels of Xanthan gum (Gx), acrylic acid (AAc) 

and N-Isopropyl acrylamide (NIPAM) (i.e. MG07, MG0 and MG09) were successfully 

synthesized via graft copolymerization technique. The blending of Zwitter-ionic 

terpolymeric hydrogels coded as ZHG-01 and ZHG-02 with varying concentrations of 

2-Acrylamido-2-methylpropane sulphonic acid (2AMPS) was done by adopting free 

radical polymerization method. The chemical cross-linker N,N′-methylene 

bisacrylamide (MBA), ammonium persulphate (APS) as a redox initiator were used in 

both sets of hydrogels. Sodium Dodecyl sulfate (SDS) as surface active agent for 

particle size stabilization and N, N, N', N''-tetra methylethylene di-amine (TEMED) was 

served as accelerator. To characterize well and get a perfect understanding about the 

nature and behavior of the prepared sets of hydrogels, FT-IR, SEM, UV-visible 

spectroscopy and Rheological models i.e. Bingham model, Modified Bingham model 

and Ostwald power law model were taken into consideration. 

 The results revealed interactions among the monomers which resulted in the 

formation of stable terpolymeric hydrogel system. FT-IR study evidenced the 

successful formulation of the Gx based terpolymeric hydrogels. The presence of 

characteristic peaks in their specific region showed the affinity of the monomers 

towards each other to become miscible and form stable hydrogels. In the same way, 

FT-IR results confirmed and strongly supported the compatibility of monomers in 

ZHG series of hydrogels. 

 The relationship of viscosity versus speed of rotation showed linear dependence 

which strengthened the idea of non-Newtonian shear thinning behavior for MG07, 

MG0 and MG09. Similarly, linear relationship between the two parameters for 

ZHG-01 and ZHG-02 hydrogels was a strong favorable indication of non-

Newtonian visco-elastic behavior. 
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 Rheological analysis of viscosity versus shear rate depicted that viscosity depends 

on shear rate at the constant temperature. Viscosities showed initial upswing with 

increasing shear rate due to resilient chemical/physical linkages amongst the 

monomeric entities crafted by the cross-linker N, N
/
-methylene-bis-acrylamide 

MBA or hydrogen bonds linking the nearby amide groups which resist to flow and 

finally decreasing trend in viscosities observed as a result of weakening of 

intermolecular attractive forces. Both the series of hydrogels were supposed to have 

shear thinning, non-Newtonian behavior due to clear decline in viscosity against 

shear rate. 

 The rheograms of shear stress vs. shear rate endorsed the concept of shear thinning 

non-Newtonian behavior as both the parameters go on direct relation. To understand 

the flow behavior of the hydrogels, Bingham model, Modified Bingham model, and 

Ostwald power law model were applied to our data which stated that the Modified 

Bingham model and Ostwald power law model gave better understanding than the 

Bingham model. However, on comparing the correlation coefficients obtained from 

the three models, the Modified Bingham model was found to be the best one among 

these three models. The low values of the fluidity index (n) obtained from Ostwald 

power law model suggested the shear thinning non-Newtonian behavior. 

 The yield stress value measures the spread ability of the hydrogels. The low values 

of the yield stress obtained for the hydrogels suggested more viscous system and 

more spread ability. 

 Complex viscosities against angular frequency demonstrated initial decrease in 

viscosities due to free volume and weakening of intermolecular forces. Later, 

the observed inclination of complex viscosity with angular frequency was 

attributed to the re-crosslinking and transformation of our material from more 

viscous to semi-solid structure. 
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 The study of dynamic mechanical properties of the hydrogels was highly 

focused to know the nature of the hydrogels. The greater values of storage moduli 

than loss moduli throughout clearly sign towards more solid like behavior of the 

hydrogels. The greater storage modulus than loss modulus indicated higher 

mechanical rigidity, stability and visco-elastic behavior. Among all the hydrogel 

systems, ZHG-02 behaved somewhat differently as they presented dominating 

viscous behavior initially which turned recessive at higher values of angular 

frequencies. 

 The activation energy calculated for MG09 showed more stability than MG08 

due to greater concentration of Gx. While comparing the two sets of hydrogels, 

activation energies have got much higher values for ZHG-01 and ZHG-02 than 

MG0 and MG09. Greater values of Ea suggested improved stability and elasticity of 

zwitter-ionic than Gx based terpolymeric hydrogels. 

 Zwitter-ionic terpolymeric hydrogels were passed through swelling studies at 

different pH to define swelling capacity upto their maximum. It was learnt that both 

ZHG-01 and ZHG-02 hydrogels displayed pH dependency and swelled at any pH 

showing maximum percent swelling i.e. 2068% and 3710% at pH near 7 for ZHG-

01 and ZHG-02 respectively. 

 The produced hydrogels were incorporated with silver metal ions and reduced later 

to metal nanoparticles by in-situ reduction method. The investigations of catalytic 

reduction of methylene blue by hybrid hydrogels followed the order of (MG09)-Ag 

> (ZHG-02)-Ag > (ZHG-01)-Ag with 92.2%, 84.2% and 82.4% efficiency 

respectively for MB. For reduction of CR, catalytic performance of hybrid 

hydrogels trailed slightly different order i.e. (ZHG-02)-Ag > (MG09)-Ag > (ZHG-

01)-Ag with 97.53%, 89.6 and 69.4% competence. MG09 was proven to be the 

most efficient catalyst for reduction of MB owing to highest value of apparent rate 

constant Kapp while ZHG-02 projected itself as finest choice for reduction of CR. 
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 The hydrogels prepared can be successfully applied in catalytic degradation of 

macro pollutant i.e. degradation of organic dyes and removal of heavy metals from 

waste water to make it suitable for drinking. These materials can also be used for 

the adsorption of heavy metal ions. The prepared materials are proposed for possible 

application in controlled drug delivery system, therapeutic practices, tissue 

engineering, paints formulation and the growing industry of cosmetics. The hydrogels 

are equipped with monomers of different nature and response which induce sensing 

abilities into them. Hence, the prepared materials are expected to find wide range 

applications in sensing devices. 

Social-Economic Impact and Future Recommendation for Present Study 

Currently, researchers have been thoroughly focused on designing materials 

with good environment friendly characteristics. Easy handling, biocompatibility and 

cost effectiveness are the key features which need to be stressed before formulating 

hydrogels and their introduction into the global market. Here, an effort was made to 

synthesize two sets of novel terpolymeric hydrogels with multi directional traits like 

pH sensitivity, temperature sensitivity, affinity for metal ions in aqueous solutions and 

reduction of dyes. Less time consumption for their preparation makes these hydrogels 

beneficial over other conventionally prepared materials. These hydrogels will be 

applied in minute quantities to take out metal ions from water by absorption and will 

be converted to hybrid hydrogel catalyst by reduction method to catalyze the 

reduction of dyes. These materials are expected to have no harmful effects on 

environment and are used repeatedly. The prepared hydrogels will definitely have 

positive impact on society and economy. 
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