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Abstract 

Synthesis and Characterization of Hydrogels for Novel Applications 

 

The aim of this thesis was to design and synthesize hydrogels for novel 

applications in catalysis, proton conducting membranes for energy storage and 

sensors. Hydrogels are becoming increasingly important materials in these areas 

because of their properties such as soft, flexible, hydrophilic, 3D network structure 

and ease of preparation in different shapes and sizes. Hydrogels are basically 3D 

network of hydrophilic polymers which are capable of absorbing copious amount of 

water without loosing their structural integrity. Particularly, for catalytic applications 

hydrogels have been used as template for preparation and protection of metal 

nanoparticles and act as nanoreactor for various chemical reactions.  

In the area of energy storage applications, hydrogel membranes are beginning 

to show great potential as proton exchange membranes in fuel cells. Recently, 

nanofibers embedded with nanoparticles are attracting lot of interest in the area of 

sensors for toxic metals. Hydrogels have wide range of applications such as, 

scaffolds/implants in tissue engineering, vehicles for drug delivery, sensors, actuators, 

enzyme immobilization, stimuli-responsive materials etc. Although, there are a few 

reports on the hydrogels used/or proposed in catalytic, conducting and sensing 

applications, there is a great scope for designing hydrogel system with improved 

properties coupled with antibacterial properties.  

In this context, the work was undertaken to design and synthesize Ag-NPs 

embedded Semi-IPN hydrogels based on Poly(acrylamide) [PAm] and Poly(aspartic 

acid) [PAS] by free radical polymerization. The formation of Ag-NPs was confirmed 

by using variety of analytic methods, such as UV-Vis spectroscopy, TEM, EDAX, 

XRD, and XPS. We demonstrated the use of these Ag-NPs embedded hydrogel in 

catalytic application for reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). 

The swelling property which is the most important parameter for catalytic application 

for easy diffusion of reactant to approach Ag-NPs to convert into product could be 

controlled by amount of Poly(aspartic acid) which shows influence on catalytic 

property of hydrogels. More importantly, the Ag-NPs embedded hydrogel could be 



 
 
 

xiii 
 

easily separated and used for subsequent repeated cycles without losing the catalytic 

activity which is the most desired aspects. These hydrogels showed good antibacterial 

properties which can have bio-medical applications. 

We also report on the environmentally friendly route for the synthesis of Ag-

NPs incorporated them into Sodium alginate (SA) and Hydrophobically modified 

ethyl hydroxy ethyl cellulose (EHM-200) hydrogel beads and used them for the 

catalytic reduction reaction of 4-NP to 4-AP. Sodium alginate could also act as both 

reducing agent and capping agent for Ag-NPs. EHM-200 helps in enhancing the 

swelling of the hydrogel as a result, there can be better diffusion of reactants through 

the hydrogel. The obtained Ag-NPs in the hydrogel beads were characterized by 

TEM, UV-Vis spectroscopy. In the absence of Ag-NPs and with only NaBH4, the 

reduction reaction of 4-NP to 4-AP was very slow and the conversion was very low. 

However, in the presence of Ag-NPs as a catalyst, the reaction rate was faster with 

high conversion upto  ≈ 90 %. The isolation of catalyst after the reaction was quite 

easy and the catalyst could be reused for 2-3 cycles. 

We demonstrated incorporation Ag-NPs into Poly(vinyl alcohol)/Poly(aspartic 

acid) [PVA/PAS] nanofibers and studied their applications in detecting toxic metal, 

mercury (Hg). 

The research work was also focused on development of new hydrogel 

membranes for proton exchange membrane fuel cells (PEMFC) based on Poly(2-

acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS) and sultone modified PVA 

polymers. Sultone modified PVA content in the hydrogel membrane was varied from 

0-15%. The swelling and mechanical strength of the hydrogel membranes were 

studied. The proton conductivity and ion exchange capacity (IEC) of the hydrogel 

membranes were studied and the influence of humidity and temperature on the proton 

conductivity was investigated. The proton conductivities were obtained in the range of 

(0.6 - 4.30) x 10-2 Scm-1. Activation energy (Ea) for proton conductivity was 

determined and compared with the Ea of commercial membrane, nafion 117. The 

activation energy decreased with increase in -SO3H content in the membranes and 

exhibited higher proton conductivity. The mechanism of proton transfer was 

explained using both “hop” along via Grotthuss method as well as Vehicle transport 

of hydrated ions. The tensile strength of the hydrogel membranes varied from 5-30 



 
 
 

xiv 
 

MPa depending on the humidity content in the hydrogel membrane and the % 

elongation was in the range of 200-400%. These hydrogel membranes show promise 

in fuel cell applications. 
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In the first chapter, a detailed literature survey was done on hydrogels 

in terms of their classification, properties and their applications for catalysis, 

conducting membranes for fuel cell and sensors. Further scope for 

developing hydrogels for the above applications was highlighted. 

Characterization techniques such as XPS, XRD, TEM, Electrospinning, etc., 

used for studying the atomic composition, surface morphology, and making 

nanofibers were briefly explained. 
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1.1. Introduction  

 Hydrogels are three dimensional (3D) polymeric networks, which have the 

capacity to absorb and hold substantial amount of water in their hydrophilic network. The 

physical properties of hydrogels resemble living tissues because of their relatively high 

water content, soft and rubbery nature. Dissolution of hydrogels in water is prevented by 

crosslinking of polymer chains, which can be provided by covalent bonding, Van der 

Waals interaction or physical entanglements1 or crystallites bringing together two or 

more macromolecular chains.2 Water can penetrate in between the polymer chains of the 

polymer network, subsequently causing swelling and formation of a hydrogel.3 The 

ability of hydrogels to absorb water arises from the hydrophilic functional groups such as 

-OH, -CONH, -COOH, -SO
3
H, and -NH

2 
present in the polymeric structure.  

 The most interesting property of a polymeric hydrogel is the discontinuous, 

reversible volume transition between the swollen and collapsed state induced by using the 

trigger of an external stimuli such as temperature, pH, light, ionic strength, electric and 

magnetic field etc. The exciting aspects of these hydrogels is that their stimuli responses 

are smartly and intelligently manifested in changes in volume, shape, phase, optics, 

mechanics, surface energies, permeation rates etc. Further, gels are soft in nature and 

mimic the extracellular matrix (ECM) of the body. Therefore, they show promising 

applications in controlled drug delivery, tissue engineering, actuators, sensors, robotics, 

optical shutters, molecular separation systems etc. 

 Besides, these applications hydrogels are now attracting attention in the area of 

catalysis, conducting materials for fuel cell and sensors for toxic metals. There is a great 

scope in exploring hydrogels for these novel applications.  

1.1.1. Types of hydrogels 

 Hydrogels can be classified into mainly two types (i) Physical hydrogels (ii) 

Chemical hydrogels. Physical hydrogels are connected through noncovalent bonds, such 

as Van der Waals forces, metal-ligand coordination, hydrogen bonding, ionic 

interactions, hydrophobic interactions, or micro- and nanocrystallite formation.  
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These physical hydrogels are again classified into polymer and molecular 

(supramolecular) hydrogels. Polymer physical gels are formed by physical interaction of 

polymer chains whereas, molecular gels are formed from low-molecular weight organic 

compounds (molecular weight less than 1000 g mol−1) interacting by noncovalent bonds. 

The recent development of both polymer and molecular hydrogels has opened up new 

opportunities in the field of soft materials. Figure 1.1 shows methods to make physical 

hydrogels. 

 

Figure 1.1: Methods to make physical hydrogels 

 However in chemical hydrogels, polymer chains are connected by covalent 

bonds which are irreversible. Chemical hydrogels are prepared by in-situ crosslinking of 

monomers using di, tri, tetra/multi functional crosslinking agents during the 

polymerization reaction.4 Alternatively, post crosslinking of water-soluble polymers with 

functional groups can be achieved to make chemically crosslinked hydrogels. Figure 1.2 

shows different methods to make chemical hydrogels.  
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Figure 1.2: Methods to make Chemical hydrogels 

 Based on the chemical structure, the hydrogels can be classified into 

Homopolymer, Copolymer, Interpenetrating, Semi-interpenetrating hydrogels. 

 Homopolymeric hydrogels consists of only one type of monomeric unit 

crosslinked by small amount of crosslinking agents (normally ≈ 5-10 mole %). The 

common examples of homopolymeric gels include PHEMA, PAA, PAMPS, PAm etc. 

 Copolymeric hydrogels contain two or more types of monomers crosslinked by 

different crosslinking agents. The copolymeric hydrogels offer the advantage of the 

combination of properties of different monomers for the end product. The common 

examples of copolymeric hydrogels include P(Am-co-AA), P(HEMA-co-IA), P(AA-co-

AMPS), P(AMPS-co-HEMA), P(HEMA-co-PGMA) using MBA, EGDMA, TEGDMA 

as crosslinking agents. 

 Interpenetrating network (IPN) hydrogels consist of two or more network in 

which one network is crosslinked in the presence of the other.5 Generally, IPNs are 

formed for the purpose of combining individual properties of two or more polymers. The 

development of IPNs are attractive because they provide free volume space for the easy 
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encapsulation of drugs in the 3D network structure which are obtained by crosslinking of 

two or more polymer network.6 Various properties of IPNs such as porosity, elasticity, 

swelling and stimuli-responsive behavior can be controlled by the appropriate choice of 

the network- forming polymers and suitable crosslinking agent and its proportion.7 

 IPNs can be prepared by using various matrices such as polyurethane, 

polybutadiene, methacrylic acid, L-lysine, glutamic acid, poly vinyl alcohol, poly acrylic 

acid, gelatin, poly vinyl pyrrolidone, alginate, dextran, guar gum, chitosan, polyethylene 

glycol etc. for various applications. 

 In the Semi-inter penetrating network (Semi-IPN) one polymer is linear and 

penetrates into another crosslinked network without any other chemical bonds.8 Semi-

IPNs can give more effectively rapid response rates to pH or temperature due to the 

absence of restricting interpenetrating elastic network. For example, Semi-IPN prepared 

by the incorporation of linear cationic polyallylammonium chloride in acrylamide/acrylic 

acid copolymer hydrogel, has both higher mechanical strength and fully reversible pH 

switching for the theophylline release.9 Figure 1.3 shows typical representation of the 

types of hydrogels described above. 

 

Figure 1.3: Types of hydrogels a) Homopolymeric hydrogels, b) Copolymeric hydrogels, 

c) IPNs, d) Semi-IPNs 
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1.1.2. Hydrogels in Catalytic Applications 

 Metal nanoparticles are found to be very efficient catalyst systems because of 

their large surface area to volume ratio for variety of chemical reactions. For example, 

use of platinum (Pt) nanoparticles in homogeneous catalytic reactions,10 use of palladium 

(Pd) nanoparticles in hydrosilylation reactions11 and silver (Ag) nanoparticles in olefinic 

hydrogenation have been reported in the literature.12-13 An excellent review on the 

preparation of nanoparticles and their catalytic applications is reported in the literature.14 

However, metallic nanoparticles have a tendency to aggregate and loose their catalytic 

property. Therefore, in order to overcome the aggregation problem, many protective 

systems such as polymeric latex particles,15 dendrimers,16 hydrogels,17-18 have been used 

to stabilize nanoparticles. Amongst these, hydrogels have become very important in the 

recent past. Hydrogels act as both template and a nano reactor for the chemical reaction 

to take place. Liu etal.19 have reported on the nickel nanoparticles in a thermosensitive 

hydrogel for reduction reaction. Butun and Sahiner20 have used hydrogel template for 

metal nanoparticles preparation for catalytic applications. Lu etal.17 have used a 

composite hydrogel as a robust carrier for catalytic nanoparticles. 

Another advantage with the hydrogel is that toxic metal catalyst can be 

encapsulated within the hydrogels which can resolve the environmental concern. 

Most studied reactions of nanoparticles incorporated hydrogels are catalytic 

reduction of 4-nitrophenol to 4-aminophenol. Nitrophenols, one of the derivatives of 

phenols, are present in high levels in the effluents from numerous industries including 

chemical, petrochemical, pharmaceutical, refineries, oil field activities, coal processing, 

olive oil production, etc.21-22 Phenol is toxic to humans and causes headaches, fainting, 

vertigo and mental disturbance. Additionally, it can cause several severe ecological and 

environmental problems. Therefore, continuous efforts are being made to reduce 

nitroaromatic compounds to their corresponding useful amines. 23-25 

Although there are a few reports on the metal nanoparticles incorporated 

hydrogels for catalytic applications, the influence of hydrogel properties such as degree 

of swelling, porosity, crosslink density, on the catalytic activity of the metal nanoparticles 
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is yet to be fully understood. Therefore, there is still a great scope in studying these 

aspects. 

1.1.3. Hydrogels as Proton Exchange Membranes (PEM) in Fuel Cell Applications 

 Recently, fuel cells have become environmental friendly devices for energy 

conversion, power generation, and one of the most promising candidates as Zero-

emission power sources. They are electrochemical devices which convert the chemical 

energy obtained from a redox reaction directly into electrical energy. Fuel cell consists of 

an electrolyte material that is packed between two thin electrodes (Anode and Cathode). 

The input fuel (mostly hydrogen) passes over the anode and split (using Pt catalyst) into 

electron and hydrogen ions. The polymer electrolyte membrane (PEM) allows only the 

H+ ions to pass through it to the cathode. The negatively, charged electrons travel along 

an external circuit to the cathode, creating an electric current. When the electrons reach 

the oxygen side, they combine with H+ ion and oxygen to form water. The electrons 

going through the external circuit create a direct conversion of chemical reaction into 

electrical energy.26-27 The general schematic of the fuel cell is shown in Figure 1.4. 

 

Figure 1.4: Schematic representation of a fuel cell 
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    The first working fuel cell was invented by Sir William Grove in 1843 by reacting 

oxygen and hydrogen on separate platinum electrodes that were immersed in dilute 

sulphuric acid inside five cells of a gas voltaic battery and using the current produced to 

electrolyze water in another similar cell.28-29 However, fuel cells found their first major 

application when NASA utilized hydrogen-powered fuel cells to produce electricity and 

water for the Gemini space missions. The high cost and short lifetimes of fuel cells limits 

their applications to real world. 

There are six main types of fuel cell which are categorized depending upon the 

electrolyte present in them and having commercial importance are (i) alkaline fuel cell  

(AFC), (ii) phosphoric acid fuel cell (PAFC), (iii) molten carbonate fuel cell (MCFC), 

(iv) solid oxide fuel cell (SOFC), (v) proton exchange membrane fuel cell (PEMFC) and 

(vi) direct methanol fuel cell (DMFC)30-31  

    Amongst all, proton exchange membrane fuel cells (PEMFCs) are considered as 

one of the most promising energy conversion systems. However, their main components 

(proton exchange membrane, gas diffusion electrodes, bipolar plates, etc.) are still the 

object of intense fundamental and technological research, especially for durability and 

cost issues. One of the most interesting challenges to be addressed concerns the proton 

exchange membrane, which is the heart of the fuel cell.  

The most commonly used proton exchange membranes in fuel cells are 

Perflurosulfonic acid (PFSA) membranes. These membranes are composed of a 

Polytetrafluoroethylene backbone and perfluorinated pendant side chains terminated by 

sulfonic acid (-RSO3
-) functional groups responsible for its good proton conductivity and 

water sorption properties when exposed to water or to a humid environment. The 

absorbed water serves as a transport medium for protons and gives the membrane good 

conductivity properties during the operation of the PEMFC. Among the PFSA 

membranes, the most studied and commercially successful is Nafion® membrane, an 

ionomer developed and manufactured by DuPont. However, its high cost, high methanol 

permeability, difficulty in synthesis and processing limits its application in fuel cell.32-37 

To overcome these drawbacks, extensive efforts have been made to develop alternative 

low-cost membranes as potential PEMs. 
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Most of the strategies have been developed to modified PFSA polymers, acid 

functionalized aromatic hydrocarbon-based polymers or a number of sulfonated aromatic 

polymers such as poly (arylene ethers) (PAE),38-39 poly (acrylene ether sulfone) 

(PAES),40-42  poly (ether ether ketone) (PEEK)43-44 and polyimide (PI)45-46 as potential 

PEMs. Sulfonated or phosphonated polybenzimidazoles (PBI),47-49 polybenzoxazoles 

(PBO)50-51 and polybenzothiazoles (PBT)52-53 have also been investigated for possible use 

as PEMs.  However, there are still unresolved application issues with these membranes 

due to low proton conductivity under low humidity conditions, and poor stability during 

long-term operation. 

    Acid base blends are another approach for designing fuel cell membrane in which 

polymers like poly (ethylene oxide) (PEO),54-55 poly (vinyl alcohol) (PVA), poly 

(acrylamide) (PAm) and poly (vinylpyrrolidone) (PNVP) are complexed with strong 

acids, such as sulfuric acid or phosphoric acid. However, these blends show lower proton 

conductivity (10-3 Scm-1) in hydrated and dehydrated state. Another concern with these 

blend membranes is poor mechanical stability due to high acid content. Therefore, 

different strategies to improve mechanical strength without sacrificing proton 

conductivity are copolymerization, grafting, polymer blending and crosslinking. 

   Recently, water soluble polymers (WSP) are becoming important in designing 

PEM where they confer additional water retention ability. Several WSPs, such as 

chitosan (CS),56-58 poly (ethylene glycol) (PEG), poly(vinyl alcohol) (PVA), 

poly(vinylpyrrolidone) (PNVP), poly(2-acrylamido-2-methyl-1-propanesulfonic acid) 

(PAMPS) and Poly(styrene sulfonic acid) (PSSA) are being used for fuel cell PEM, with 

different architectures resulting from polymer blending, simple crosslinking, Semi-

interpenetrating networks (Semi-IPN) and interpenetrating networks (IPN). For example, 

CS was usually either ionically crosslinked with sulfuric acid59-60 or incorporated into 

inorganic particles61-64 to solve low conductivity and high swelling problems. PVA65-70 

and PEG71-72are mostly used as crosslinking partners into Semi-IPN membranes to 

improve the membrane’s toughness and strength. P(NVP) is generally blended with PVA 

for improving water and methanol sorption selectivity in DMFCs.73 PSSA and PAMPS 

were used as a polyelectrolyte in Semi-IPN architectures.65, 74 PSSA/PAMPS 
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homopolymer, or as copolymers, were often combined with a PVA network to form 

Semi-IPN architecture.  

 In our study, we have made an attempt to modify nonionic PVA by adding 

partial charges on to the polymer, so as to impart proton conductivity by forming Semi-

IPNs with PAMPS. 

1.1.4. Hydrogels as Nanofibers for Sensing Applications 

Nanofibers, according to National Science Foundation (NSF) have a measured 

diameter of less than a micrometer with a large surface area to volume ratio, which makes 

them a great candidate for many applications such as in drug delivery,75 tissue 

engineering as nanofiber scaffolds, chemical, biological and optical nanosensor.76 In 

addition, nanofibers with nanoparticles are considered for many other applications such 

as water treatment and wound dressing etc.77   

Polymeric fibers have been fabricated by several techniques such as: drawing,78-80 

template synthesis,81-82 phase separation,83and Electrospinning.84-87 Drawing is a process 

similar to dry spinning which can make one-by-one very long single nanofibers. 

However, only a viscoelastic material can be made into nanofibers through drawing. The 

template synthesis uses a nanoporous membrane as a template to make nanofibers of 

solid or hollow shape. Using this technique nanofibers of various raw materials such as 

electronically conducting polymers, metals, semiconductors, and carbons can be 

fabricated. However, the method cannot make one-by-one continuous nanofibers. The 

phase separation consists of dissolution, gelation, extraction using a different solvent, 

freezing, and drying resulting in nanoscale porous foam. The process takes relatively long 

time to transfer the solid polymer into the nano-porous foam. The self-assembly is 

another process in which individual, pre-existing components organize themselves into 

desired patterns and functions. However, this technique is time-consuming in processing 

continuous polymer nanofibers.  

Now, electrospinning is gaining popularity due to ease of making nanofibers 

continuously and the availability of commercial electrospinning equipments with various 

design parameters. 
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Recently, Silver nanoparticles (Ag-NPs) have been used as selective 

chemosensors for heavy metal ions which are generally toxic. Amongst them, mercury 

(Hg) is considered as one of the most toxic metal for environment.88-89 Ag-NPs have been 

used for colorimetric sensors for Hg where in silver forms amalgam with Hg and 

influence the surface plasmon resonance (SPR) extinction of Ag-NPs.90 However, the 

interference due to the analyte medium can make the sensor inefficient. Further, packing 

of these sensors in general is cumbersome. Therefore, incorporation of Ag-NPs into 

electrospun fibers is gaining interest where the nanoparticles can be distributed uniformly 

in the nanofiber structure with high porosity and large surface area. For example, Formo 

etal.91 reported on the synthesis of Pt-NPs on the surface of TiO2 electrospun fibers for 

catalytic applications. Jin etal.92 and Wang etal.93 made Ag-NPs doped PVP nanofibers 

for antimicrobial application.  

1.1.5. Characterization techniques used in this work  

1.1.5.1. Electrospinning 

Although the term “Electrospinning” was used recently but its fundamental idea 

dates back more than 60 years earlier. From 1934 to 1944, Formalas published a series of 

patent including an experimental setup for the production of polymer filaments using 

electrostatic force.94  

 

Figure 1.5: Schematic of nanofibers formation by Electrospinning 
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     A polymer solution was introduced into the electric field. The polymer fibers 

were formed, from the solution, between two oppositely charged electrodes. One of the 

electrodes was placed into the solution and the other onto a collector. When a high 

voltage is applied, polymer solution becomes charged and electrostatic repulsion 

overcomes the surface tension and the droplet is stretched which results into fibers which 

were collected on the collector. Fibers morphology and formation depends on the various 

factor such as polymer molecular weight, solution properties, applied voltage, distance 

between the needle and collector. Schematic of Electrospinning setup is shown in Figure 

1.5. 

1.1.5.2. X-ray Photoelectron Spectroscopy (XPS) 

XPS is a surface sensitive technique which analyses the electronic structure, 

atomic composition in the top (~50Å) surface of the material. Each atom in the surface 

has core electrons with the distinct binding energy, which helps in identification of all 

elements by XPS. Binding energy (BE) is a direct measure of energy required to remove 

the electrons concerned from its initial state to vacuum level. Alternatively, it may be 

called ionization energy also, which is nothing but the minimum energy required to 

remove an electron from a given orbital. Since the BE is a characteristic property of 

atoms and ions, XPS provides a direct information of chemical analysis such as oxidation 

states and surface concentrations and hence is also known as electron spectroscopy for 

chemical analysis (ESCA). 

The principle of this technique is based on the photoelectric effect. Each atom has 

core electron with the characteristics binding energy. When the X- ray beam bombards on 

the sample surface, the energy of photon is absorbed by core electron of an atom in a 

molecule. If the photon energy is large enough, then core electron will escape from the 

atom and emit out of the surface. The emitted electron with kinetic energy of Ek is 

referred to as a photoelectron. The binding energy of electron is given by an Einstein 

relationship:  

                                                Eb = hν – Ek - Φ                                (1) 
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 Where, Ek is the kinetic energy, hν is the X-ray photon energy of a 

photoelectron, Eb is the binding energy of photoelectron, and Φ is the work function as 

shown in Figure 1.6. 

 

                Figure 1.6: Principle of X-ray Photoelectron Spectroscopy 

The XPS consists of a X-ray source, an energy analyzer for emitted 

photoelectrons and a detector in an ultra-high vacuum chamber. Al Ka (1486.6 eV /1 eV 

width) or Mg Ka (1253.6 eV energy /0.7 eV width) are generally used as X-ray sources. 

High vacuum is normally attained with a combination of several vacuum pumps. 

Generally, concentric hemispherical analyzer has been explored. Finally the image 

detector detects the spectra due to photoelectrons. 

An electron energy analyzer produces an energy spectrum of intensity (number of 

photo-ejected electrons versus time) versus binding energy. Each prominent energy peak 

on the spectrum corresponds to a specific element. For example, B.E of 284.6 eV, 

corresponds to carbon (C), and 532.5 eV which corresponds to oxygen (O). 

     XPS can be used to determine the chemical environment of element. Change in 

binding energy is normally attributed to change in oxidation, effective charge as well as 

bonding characteristics between atoms. Same element with different environment gives 

rise to different measurable binding energy.  
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1.1.5.3. Transmission Electron Spectroscopy (TEM) 

 The transmission electron microscope is a very powerful tool for material 

science. It was developed to obtain magnification and hence details of specimen, to a 

much better level than the conventional optical microscope. In TEM, a beam of electrons 

is passed through an ultra-thin specimen which interacts with the specimen as it passes 

through. When the electrons are accelerated to high energy levels (≈ few hundred keV) 

and focused on a material, they can scatter or back scatter elastically or inelastically, and 

give many interactions. An image is formed from these interactions and the image is 

magnified, focused onto an imaging device, such as a fluorescent screen, on a layer of 

photographic film, or detected by a sensor such as a CCD camera. The electron emission 

source is either a tungsten or lanthanum hexaboride. Electromagnets are used to 

accelerate and focus the electrons into a very thin beam by varying the magnetic field of 

the electromagnetic lenses. The microscope is interiorly evacuated to a low pressure of 

10-4 Pa. This minimizes scattering of the electrons and increases the mean free path. 

TEM is always the first method used to determine the size and size distribution of       

nanoparticle samples.  

 1.1.5.4. X-ray Diffraction (XRD) 

X-Ray diffraction (XRD) is one of the most important characterization tools used 

in solid state chemistry and materials science. It represents a non-destructive analytical 

technique for identification and quantitative determination of crystalline compounds. The 

diffraction depends on the crystal structure and on the wavelength. Because the 

wavelength of X-rays is comparable to the size of atoms, they are ideally suited for 

probing the structural arrangement of atoms and molecules in a wide range of materials. 

In our study XRD technique was used to characterize the crystalline nature of Ag-NPs. 

X-rays are electromagnetic radiation with typical photon energy. The energy of 

X-ray photon and its wavelength is related by the equation,   

                                𝐸𝐸 =
ℎ𝑐𝑐
𝜆𝜆

                                                  (2) 
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Where h is Planck’s constant [6.62 x 10-34 Js] and c is speed of light. X-ray used 

in diffraction has wavelengths lying approximately in the range 0.5-2.5 Å. X-rays are 

produced by collision of high speed electrons with a metal target. All X-ray tubes contain 

two electrodes, an anode (the metal target) and a cathode. The common X-ray tubes 

contain copper (Cu) and molybdenum (Mo) which emit 8 and 14 KeV with 

corresponding wavelength of 1.54 Å and 0.8 Å respectively. Copper makes a good target 

since it is an excellent heat conductor with a high melting point. X-rays primarily interact 

with electrons in atoms. If the atoms are arranged in a periodic fashion, as in crystals, the 

diffracted waves will consist of sharp interference maxima (peaks) with the same 

symmetry as in the distribution of atoms and hence this diffraction pattern allows to 

deduce the distribution of atoms in a material. X-ray diffractogram is usually obtained by 

measuring the diffracted intensity as a function of diffracted angles 2θ (angle between 

incident and diffracted beams) and orientation of specimen. The peaks in X-ray 

diffraction pattern are directly related to the atomic distance by Bragg’s law.  

                     𝑛𝑛𝜆𝜆 = 2𝑑𝑑 𝑠𝑠𝑠𝑠𝑛𝑛𝑠𝑠                                                (3) 
 
Where, ‘λ’ is wavelength of X-rays and ‘d’ is d-spacing between atomic planes 

(interplaner distance) in the crystal, ‘θ’ is the scattering angle and ‘n’ is an integral 

representing the order of diffraction peaks. Bragg’s equation can be utilized for the 

surface analysis by using X-rays of known wavelength and measuring theta, one can 

determine the d-spacing of various planes in a crystal. 

1.2. Summary 

This introductory Chapter-I gives a comprehensive review of the literature on 

hydrogels, types of hydrogels based on crosslinking and chemical structure. The 

emphasis is given on the applications of hydrogels in the area of catalysis, conducting 

materials for fuel cell and sensors for toxic metals. Background of hydrogels utilized for 

these applications and further scope for developing hydrogels for new applications is 

highlighted. The characterization techniques such as XPS, TEM, XRD and 

Electrospinning used in this work have been briefly described. Relevant references are 

given at the end of each chapter. 
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In the second chapter, we have discussed the scope and objectives of the 
thesis work. 
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Hydrogels continue to fascinate researchers throughout the world because of their 

inherent properties such as soft, flexible, hydrophilic, three dimensional (3D) network 

structure, stimuli responsiveness, and ease of preparation in different shapes and sizes. 

Because of these properties hydrogels have myriad of potential applications such as, drug 

delivery, gene carriers, scaffolds/implants in tissue engineering, molecular separations, 

sensors, actuators, robotics etc.1-7 Extensive research has been done on the stimuli-

responsive hydrogels where the properties of hydrogels such as swelling/shrinking, 

phase, colour, shape and actuation can be controlled in response to various external 

stimuli that include pH, temperature, light, electric and magnetic fields etc. 

Besides the above mentioned applications of hydrogels, novel applications of 

hydrogels in catalysis, conducting hydrogel membranes for energy storage, sensors for 

toxic metal are emerging recently. Particularly, in catalytic applications hydrogels have 

been used as template for the preparation and protection of metal nanoparticles which are 

used as active catalysts in many reactions. Hydrogel carriers have helped in preventing 

undesired aggregations when the metal nanoparticles are incorporated in them for the 

catalytic applications. For example, Nickel nanoparticles embedded poly(2-acrylamido-2-

methyl-1-propanesulfonic acid) (PAMPS) hydrogels have been used for the reduction of 

4-nitrophenol to 4-aminophenol.8 Hydrogels have also been used as nanoreactors for 

many chemical reactions in aqueous media.9-12 

In the area of energy storage applications, hydrogels membranes are beginning to 

show great potential as proton exchange membranes in fuel cells. The water present in 

the hydrogel helps in proton conductivity. Currently, Nafion (DuPont), a poly 

(perfluorosulfonic acid) hydrated membrane is being successfully used as a proton 

exchange membrane (PEM) in fuel cell applications. However, very high cost of nafion 

and unsuitability to use at higher temperature and high methanol permeability 13-14 has 

hindered its complete utility. Therefore, alternate materials such as sulfonated polymers 

(sulfonated polysulfones, SPSU;15-16  sulfonated polyphenyleneoxide, SPPO;17 sulfonated 

polyether ether ketone, SPEEK18-20), polyphenylquinoxaline, (PPQ),18 

polybenzimidozoles (PBI)21-24 have been looked at. Hence, there is a great demand and 
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scope for designing and developing more efficient hydrogel membranes for fuel cell 

applications. 

Presently, nanoparticles in nanofibers are attracting lot of interest in the area of 

sensors for toxic metals, wound healing applications, controlled drug delivery, 

antibacterial scaffolds in tissue engineering applications etc. For example, Ag-NPs 

incorporated PVA nanofibers have been reported for catalytic applications.25 Nanofibers 

provide very high surface area which helps in obtaining high sensitivity of sensors and 

efficient catalyst system. 

The objectives of the thesis are: 

• To design and synthesize silver nanoparticle (Ag-NPs) embedded hydrogel based 

on Poly(acrylamide) and Poly(aspartic acid) [PAm:PAS] for the catalytic 

reduction of 4-nitrophenol to 4-aminophenol. 

• To synthesize and characterize Ag-NPs by “Green route” and incorporation into 

Sodium alginate and EHM-200 beads [SA/EHM-200] for the efficient catalyst 

system. 

• Characterizations of nanoparticles by UV-Vis spectroscopy, TEM, XRD, XPS.  

• To study the reduction reactions using nanoparticle embedded hydrogel systems. 

• To study the catalyst efficiency and recyclability of the catalyst. 

• To synthesize nanofibers based on Poly(vinyl alcohol) and Poly(aspartic acid) 

[PVA/PAS] with Ag-NPs for mercury sensing application. 

• To study the antibacterial properties of the obtained Ag-NPs embedded hydrogels. 

• To synthesize hydrogel membrane based on Poly(2-acrylamido-2-methyl-1-

propanesulfonic acid) and Poly(vinyl alcohol) [PAMPS/PVA] and study its 

mechanical strength, proton conductivity with respect to humidity and 

temperature. 
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In the third chapter, we report on the synthesis of Ag-NPs embedded 

Poly(acrylamide)/Poly(aspartic acid) (PAm:PAS) Semi-IPN hydrogel by free 

radical polymerization using MBA as a crosslinker and demonstrate its 

application in catalytic reduction of 4-nitrophenol to 4-aminophenol. The 

swelling of hydrogels could be controlled by varying the amount of PAS. The 

characterization techniques such as UV-Vis, XPS, XRD, TEM, EDAX for 

confirming nanoparticles formation, atomic composition, surface morphology 

were briefly explained.  

 

RSC Advances 2015, 5, 7567‐7574. 
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3.1.   Introduction 

Metal nanoparticles have been extensively investigated due to their unique 

physical and chemical properties that are markedly different from bulk properties.1 

Therefore, show potential applications in catalytic, controlled release technology, 

electronics, photonics and sensor fields.2-10 Particularly, metal nanoparticles are found to 

be very efficient catalyst systems for large number of chemical reactions owing to their 

property of large surface area to volume ratio. For example, Witham etal. have reported 

on the design and synthesis of novel electrophilic Pt nanoparticles for homogenous 

catalytic reactions.11 Olefinic hydrogenation and CO oxidation at low temperature by Au 

nanoparticles12-13 and hydrosilylation reactions of olefins by Pd nanoparticles have been 

demonstrated.14 A comprehensive review covering different methods of synthesis of 

metal nanoparticles and their catalytic applications is reported in the literature.15 

However, metallic nanoparticles have a tendency to aggregate and loose their important 

properties. Hence, metal nanoparticles need to be stabilized in solution to suit end 

applications.  

In order to overcome the problem of aggregation in metal nanoparticles, many 

protective systems have been used to enhance the stability and dispersibility of these 

nanoparticles. For example, polysaccharides, polymeric latex particles,16 micelles,17 

dendrimers,18 hydrogels19-21 have been used to stabilize metal nanoparticles. Amongst 

these, hydrogels are attracting increasing attention lately and are used as carrier systems 

for the in-situ synthesis of metal nanoparticles which prevent nanoparticles from 

aggregation.  

Hydrogels with nanoparticles act like nanoreactors for chemical reactions. For 

example, reduction reaction of 4-nitrophenol to 4-aminophenol has been carried out using 

nanoparticles embedded hydrogels. Reduction of nitrophenol to valuable products is an 

important reaction since nitrophenols have several ecological and environmental issues. 

Further, the 4-aminophenol which is a reduced product of 4-nitrophenol is an important 

chemical used for the production of paraceatamol which is a analgesic and antipyretic 

drug.22-23 It is also used as a corrosion inhibitor in paints and anticorrosion-lubricating 

agent in fuels for two-cycle engines. In the dye industry, 4-aminophenol is used as a 
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wood stain, imparting a rose like color to timber, and as a dyeing agent for fur and 

feathers. 

Although hydrogels are useful resources, they have not been fully explored for 

dual action i.e., both as a template for metal nanoparticle synthesis and as a reactor in 

the reduction of various organic compounds. Therefore, in this work we report on the 

design and synthesis of Ag-NPs embedded Semi-IPN hydrogel based on the 

combination of Poly(acrylamide) and Poly(aspartic acid) and its applications in 

catalytic reduction of 4-nitrophenol to 4-aminophenol. The presence of Poly(aspartic 

acid) induces charges in the gel and enhances swelling and diffusion of more Ag+ ions 

into the hydrogel through electrostatic interaction between -COO- groups of 

Poly(aspartic acid) and Ag+ ions. The Ag-NPs embedded hydrogel was characterized 

by UV-Vis, X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and 

Transmission electron microscopy (TEM). 

3.2. Experimental  

3.2.1. Materials  

Acrylamide (Am), N,N´-Methylenebisacrylamide (MBA), N,N,N´,N´-

Tetramethylethylenediamine (TEMED), ammonium persulfate (APS) were purchased 

from Aldrich (USA) and used as received. Poly(aspartic acid) (PAS) with an average 

molecular weight of 64 KDa was synthesized in our laboratory by polycondensation of L-

aspartic acid reported earlier.24 Silver nitrate (AgNO3) was procured from S. D. Fine 

Chemicals Ltd. (India) and sodium borohydride (NaBH4) was purchased from Merck 

(India). 

3.2.2. Synthesis of Ag-NPs embedded Semi-IPN hydrogels 

3.2.2.1 Synthesis of Poly(acrylamide)/Poly(aspartic acid) [PAm/PAS] Semi-IPN 

hydrogels  

Poly(acrylamide)/Poly(aspartic acid) [PAm/PAS] Semi-IPN hydrogels were 

synthesized by free radical polymerization of acrylamide (Am) monomer in the presence 

of PAS polymer under nitrogen atmosphere. N, N’- methylenebisachrylamide (MBA) 
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was used as a crosslinker and ammonium persulfate (APS) and 

tetramethylethylenediamine (TEMED) were used as initiator and accelerator for the 

reaction respectively. In a typical reaction, known amount of acrylamide monomer and 

PAS were dissolved in distilled water. To the reaction mixture, MBA was added and 

dissolved completely. Upon complete dissolution, APS and TEMED were added and the 

polymerization was carried out at 30°C under N2 atmosphere. The gelation took place in 

10 minutes and polymerization was further carried out for 24 hours to complete the 

reaction. The obtained hydrogels were immersed in water to remove any unreacted 

monomers. Finally, hydrogels were sliced into discs of different diameter and thickness 

and dried to obtained xerogels. Semi-IPN hydrogels with different contents of PAS were 

prepared and stoichiometry for their preparation is given in Table 3.1. 

Table 3.1: Stoichiometry for the synthesis of Semi-IPN hydrogels 

Sr.No. 
Samples 

(wt. ratio) 

Am 

(g) 

PAS 

(g) 

MBA 

(g) 

APS 

(g) 

TEMED 

(μl) 

1 PAm 1.0 0.0 0.027 0.01 10 

2 PAm/PAS 80/20 1.0 0.25 0.027 0.01 10 

3 PAm/PAS 60/40 1.0 0.66 0.027 0.01 10 

4 PAm/PAS 50/50 1.0 1.0 0.027 0.01 10 

 

3.2.2.2. Synthesis of Ag-NPs embedded Poly(acrylamide)/Poly(aspartic acid) Semi-

IPN hydrogels 

Discs, equilibrium swollen in water were immersed in a beaker containing 50 ml 

of 5mM AgNO3 aqueous solution and allowed to equilibrate for 1 day. In this step, the 

silver ions diffuse into the gel network. Then, silver ion soaked gels (colorless) were 

immersed in 50 ml of 10mM NaBH4 reducing agent and kept for 3 hrs. Upon reduction of 

silver ions to silver nanoparticles, the gels became dark brown in color which is an 

indication of the formation of Ag-NPs. The obtained hydrogels were denoted as Ag-NPs 

embedded Semi-IPN hydrogels. 
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3.3. Characterization 

3.3.1. UV-Vis spectroscopy  

UV-Visible absorption spectra of Ag-NPs embedded Semi-IPN hydrogels were 

recorded on a SHIMADZU 1610 PC UV-2450 UV-Vis spectrophotometer, Japan in the 

range 800-200 nm. For this, ground samples of Ag-NPs embedded hydrogels (10 mg/2 

ml) were equilibrium swollen for 24 hours to leach out silver nanoparticles into water 

(medium). UV-Vis spectra were recorded for leached water.  

3.3.2. X-ray diffraction (XRD)  

Ag-NPs embedded samples were characterized by X-ray diffraction using Philips 

X’pert pro powder X-ray diffractometer operating with CuKα radiation (λ=0.15406 nm, 

Ni filter) generated at 40 kV and 30 mA X-ray diffractometer. 

3.3.3. X-ray photoelectron spectroscopy (XPS)  
 

XPS spectra were recorded on a VG Microtech Multilab ESCA3000 spectrometer 

equipped with non-monochromatised Mg-Kα X-ray source (hn = 1253.6 eV). 

3.3.4. Transmission electron microscopy (TEM)  

The morphology of nanoparticles was investigated using a high-resolution 

transmission electron microscope (HR-TEM) at 300 kV (Cs = 0.6 mm, resolution 1.7Å), 

Technai-FEI 3010. Samples were prepared by dropping 5-10 μl of finely ground and 

sonicated dispersion of Ag-NPs embedded hydrogel on copper grid. Grid was then 

allowed to dry in air and stored in desiccators before taking for microscopy 

measurements. 

3.3.5. Energy dispersive X-ray analysis (EDAX) 

The elemental analysis was performed using EDAX, to confirm the formation of 

Ag-NPs which is an attachment to the scanning electron microscopy. The powder sample 

of Ag-NPs embedded hydrogels were analysed by EDAX spectrum. 
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3.3.6. Swelling measurements and Kinetics of swelling 

Fully dried Ag-NPs embedded Semi-IPN gels were accurately weighed and 

equilibrated in distilled water at 30°C for 3 days. The equilibrium swelling ratio (Q) of 

the hydrogel was calculated using the following equation 1. 

𝑄𝑄 =
𝑊𝑊𝑠𝑠 −𝑊𝑊𝑑𝑑

𝑊𝑊𝑑𝑑
× 100                  (1)  

Where, Ws = mass of the equilibrium swollen hydrogel, Wd = mass of xerogel      

Further, the kinetics of swelling was studied by measuring the swelling of gels at 

different time intervals. The fractional uptake of water, ‘F’ at pre determined time, ‘t’ 

was determined using equation of  Korsmeyer and Peppas,25 

𝐹𝐹 =
𝑊𝑊𝑡𝑡

𝑊𝑊𝑠𝑠
=  𝑘𝑘𝑡𝑡𝑛𝑛                               (2) 

Where, Wt and Ws are mass of swollen gel at time ‘t’ and at equilibrium 

respectively. k is constant and ‘n’ is the diffusion exponent which provides information 

on swelling kinetics. Further, the Q values of Ag-NPs embedded hydrogels in 4-

NP/NaBH4 which was the reaction medium of catalysis, were investigated similarly. 

3.3.7. Catalytic activity 

The catalytic activity of the Ag-NPs embedded Semi-IPN hydrogel was evaluated 

for the reduction reaction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH4 by 

monitoring the electronic absorption of reaction mixture as a function of time. In a typical 

experiment, 1.4 ml of water, 0.3 ml of 2 mM 4-NP was taken in a quartz cell and 1 ml of 

0.03M NaBH4 was added. To this reaction mixture, 10 mg of Ag-NPs embedded Semi-

IPN gel was added. The progress of reaction was monitored by recording the time-

dependent absorbance using UV-Vis spectrophotometer in the scanning range of 800-200 

nm at 30°C. 

3.3.8. Reusability of the catalyst 

After the first cycle of reaction, the Ag-NPs embedded Semi-IPN hydrogel was 

separated and washed 2-3 times with 50 ml distilled water. The washed hydrogel catalyst 
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was dried and subsequently taken for further cycles of reaction and evaluated using the 

above mentioned procedure.  

3.3.9. Antibacterial activity 

Antibacterial studies of Semi-IPN hydrogel and Ag-NPs embedded hydrogel were 

tested by bore well method using E.coil and S.aureus. 5 ml of nutrient agar (NA) medium 

(pH 6.8) was poured into the sterilized plates and allowed to solidify. The plates were 

inoculated with spore suspensions of E.coli and S.aureus. The hydrogels were 

equilibrium swollen and leached out nanoparticle in solutions (20 μl) was added to the 

bore as test solution and the plates were incubated at 37°C for 24 h. The inhibition zone 

appeared around the disc was measured and recorded as the antibacterial effect of Ag-

NPs. 

3.4. Results and Discussion 

3.4.1. Synthesis of Ag-NPs embedded Semi-IPN Hydrogels 

Unprotected nanoparticles in general are unstable and hence coagulation or 

aggregation is unavoidable during the catalytic reactions. Hydrogels with embedded 

metal nanoparticles combine the versatility of former with interesting catalytic properties 

of the later. In this work, we have synthesized Ag-NPs embedded Semi-IPN hydrogel 

based on Poly(acrylamide) (PAm) and Poly(aspartic acid) (PAS). The hydrogel synthesis 

is performed in the presence of PAS, where in this PAS is physically entangled in the 3D 

structure of PAm resulting into Semi-IPN hydrogel. The advantage with this combination 

of polymers is that, the PAm has an excellent hydrogel forming property with ease of 

formation of 3D network structure. Whereas, PAS is a biocompatible, biodegradable, 

non-toxic polymer and has protecting and nucleating nature for metal nanoparticles. The 

gelation takes place at room temperature. Furthermore, PAS has ionizable -COOH groups 

which helps in absorbing more silver ions through electrostatic interactions between 

COO- and Ag+ ions resulting into more Ag-NPs. The Semi-IPN hydrogels swollen in 

aqueous AgNO3 solution were subjected to reduction reaction in the presence of NaBH4 

to form Ag-NPs embedded Semi-IPN hydrogels. The schematic representation of the 

formation of Ag-NPs in Semi-IPN hydrogel is shown in Scheme 3.1. 
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Scheme 3.1: Schematic representation of formation of Ag-NPs in Semi-IPN hydrogel 

3.4.2. Swelling measurements 

Figure 3.1 (a) shows the influence of PAS content on the equilibrium swelling 

ratios (Q) of Semi-IPN hydrogels. It can be readily seen that, with the same degree of 

crosslinking, PAm hydrogel without any PAS swells the least because of its non-ionic 

nature. However, as the PAS content increases, the Q value increases significantly. This 

could be attributed to the fact that, PAS contains ionizable -COOH groups and the Semi-

IPN hydrogel become more ionic in nature and increases the hydrophilicity of the 

hydrogel. This results in enhancing the swelling ratios of hydrogels. 

 Figure 3.1 (b) shows the swelling kinetics of Semi-IPN hydrogels. The n values 

of all ratios (100:0, 80:20, 60:40, 50:50) of PAm:PAS Semi-IPN hydrogels were 

calculated from the slopes of lines of log (F) against log (t) and found to be 0.625, 0.664, 

0.734, 0.839 respectively. This clearly indicated the transport in all the Semi- IPN 

hydrogels is Non-Fickian and dominated by diffusion.  
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Figure 3.1: (a) Equilibrium swelling ratio (Q) of Semi-IPN hydrogels in water (b) Plot of 

ln( F) vs ln(t) 

In order to check the influence of pH on the swelling ratios of Semi-IPN 

hydrogels, the swelling ratios were determined in different pH solutions and the results 

are shown in Figure 3.2. It is observed that the equilibrium swelling ratio is maximum in 

the pH range of 6-10 and exhibits lower values in the acidic pH range due to the 

unionized carboxylic groups of PAS. With increase in pH; the ionization of -COOH 

groups in PAS occurs and the electrostatic repulsive forces between ionized -COO- 

groups in PAS leads to increased swelling ratios. However, at very high pH value, the 

electrostatic repulsive forces are screened and the swelling ratio decreases. 

 

Figure 3.2:  Equilibrium swelling ratio (Q) of PAm:PAS (50:50) sample as an 

example in different pH solution 
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Figure 3.3 (a) compares equilibrium swelling of Semi-IPN hydrogel and Ag-NPs 

embedded hydrogel in water and 4-NP/NaBH4 solution. For this study we only selected 

PAm and PAm:PAS (50:50) ratio. It is clear from the figure that Ag-NPs embedded 

hydrogel has lower equilibrium swelling ratio in water than the pure hydrogel. This may 

be attributed due to the fact that the pores in 3D network of hydrogel present in case of 

Ag-NPs embedded hydrogel network are more easily occupied by Ag-NPs which reduces 

the water volume hence decrease in swelling was seen. 

Figure 3.3 (b) shows the swelling ratios of Ag-NPs embedded PAm and 

PAm:PAS (50:50) hydrogel in 4-NP/NaBH4 (alkaline medium of pH-10.2) which was a 

reaction medium of catalysis. It is clear from figure that swelling of Ag-NPs embedded 

PAm hydrogel is less compare to pure PAm:PAS (50:50) hydrogel. This may be due to 

the ionization of -COOH groups of PAS in basic medium results into increased swelling 

due to the electrostatic repulsive forces between ionized -COO- groups. 

 

Figure 3.3:  (a) Comparison of Equilibrium swelling ratios (Q) of PAm and PAm:PAS 

(50:50) hydrogel with and without Ag-NPs in water and 4-NP/NaBH4 [ █ - PAm gel in 

water, █ - PAm Ag-NPs embedded gel in water, █ - PAm Ag-NPs embedded gel in 4-

NP/NaBH4, █ - PAm:PAS(50:50) gel in water, █ - PAm:PAS (50:50) Ag-NPs embedded 

gel in water, █ - PAm:PAS (50:50) Ag-NPs embedded gel in 4-NP/NaBH4] (b) 

comparison of swelling ratio of PAm and PAm:PAS (50:50) Ag-NPs embedded gel in 4-

NP/NaBH4 
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3.4.3. UV-Vis spectroscopy 

The presence of embedded Ag-NPs in the Semi-IPN hydrogel network was 

confirmed by UV-Vis spectroscopy. The Semi-IPN hydrogels swollen in AgNO3 solution 

were readily reduced using NaBH4 which was indicated by the change in the colour of 

the hydrogel from colourless to dark brown. Figure 3.4 shows the distinct absorption 

peak of Ag-NPs embedded Semi-IPN hydrogels at 410 nm due to the characteristics 

Surface Plasmon Resonance effect of Ag-NPs in the hydrogel. It was observed that with 

increase in PAS content in the hydrogel, the loading of silver salt in the hydrogel also 

increased which resulted in the formation of more Ag-NPs in the hydrogel. This is clearly 

seen in the intense absorption peaks of silver in the UV spectra of samples containing 

more PAS content. Further, the absence of peaks at 335 nm and 560 nm indicates that 

there is no aggregation of Ag-NPs in the hydrogel and the Ag-NPs are stable and well 

dispersed in the Semi-IPN hydrogel matrix. This is confirmed by TEM which will be 

discussed in the later section.   

 
Figure 3.4: UV-Vis spectra of Ag -NPs embedded Semi-IPN hydrogels    

3.4.4. X-ray diffraction 

The presence of Ag-NPs in the hydrogel was investigated by X-ray diffraction. 

The X-ray diffraction patterns of pure Semi-IPN hydrogel and Ag-NPs embedded 

hydrogel are shown in Figure 3.5. The diffractogram of Ag-NPs embedded hydrogel 

exhibits the presence of reflection peaks typical of a face centered cubic (fcc) structure of 
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silver nanoparticles, with 2θ values of about 38.4° and 64.5° assigned to the lattice planes 

of face centered cubic (fcc) structure of Ag-NPs. 

 

Figure 3.5: XRD diffractogram of pure Semi-IPN hydrogel and Ag-NPs embedded Semi-

IPN hydrogel (50:50) 

These peaks represent the crystalline nature of Ag-NPs embedded in the Semi-

IPN hydrogel matrix. Further, the absence of these peaks in the pure Semi-IPN gel clearly 

indicates the amorphous nature of the hydrogel. 

3.4.5. X-ray photoelectron spectroscopy (XPS) 

To obtain further information on the Ag-NPs in the hydrogel matrix, we 

performed XPS measurements on the sample PAm:PAS (50:50) with Ag-NPs embedded 

into it. Ag 3d and C 1s core level spectra of Ag-NPs embedded gel are shown in Figure 

3.6. Ag 3d5/2 and 3d3/2 spin-orbit coupled core levels are observed at 368 eV and 374 eV 

respectively. Ag 3d5/2 peak at 367.5 ± 0.2 eV corresponds to metallic Ag (Ag0). This 

confirms the presence of Ag in metallic state. 

C 1s core level spectra are shown in Figure 3.6 (b). It can be readily seen that 

peak at 285 eV is a typical feature of alkyl carbon. The peak at 285.6 eV corresponds to 

carbon attached to nitrogen (C-N) and the peak at 288.2 eV can be attributed to the 

carbonyl group. The above observations clearly indicate the presence of Ag-NPs in the 

gel matrix. 
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Figure 3.6: Core level XPS spectra of (a) Ag 3d (b) C 1s of PAm:PAS (50:50) hydrogel 

3.4.6. Transmission electron microscopy (TEM) 

To further confirm the formation of Ag-NPs and their morphology in the Semi-

IPN hydrogel, the samples were analyzed using Transmission electron microscopy 

(TEM). We show in Figure 3.7, the TEM images of Ag-NPs embedded PAm:PAS 

(50:50) and PAm hydrogel and Figure 3.7 (c) shows picture of Ag-NPs embedded PAm 

and PAm:PAS (50:50) hydrogel for visual observations. It can be readily seen that, the 

Ag-NPs are uniformly dispersed in the hydrogel matrix with a size of 10-20 nm. The Ag-

NPs are found to be spherical in shape and the selective area electron diffraction (SAED) 

pattern of Ag-NPs is clearly observed as diffraction ring which is attributed to the face-

centered cubic (fcc) structure of Ag-NPs. 

 

Figure 3.7: TEM images of Ag-NPs in (a) PAm and (b) PAm:PAS (50:50) hydrogel with 

SAED pattern inset (c) picture of Ag-NPs embedded PAm and PAm:PAS (50:50) 

hydrogel 
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The formation of Ag-NPs in the PAm gel can also be seen in the TEM micrograph of 

PAm hydrogel. However, the number of Ag-NPs formed in the PAm hydrogel is very 

less which could be due to the less absorption of silver salt in the PAm hydrogel. This 

observation is clearly supported by our UV-absorption study of Ag-NPs embedded PAm 

hydrogel, in which the intensity of absorption peak is very weak. However, with the 

incorporation of PAS into PAm hydrogel, more absorption of silver salt into hydrogel 

takes place resulting into more number of Ag-NPs. PAS helps in anchoring more Ag-NPs 

into the hydrogel matrix. 

3.4.7. Energy dispersive X-ray analysis (EDAX) 

To confirm the formation of Ag-NPs and % of Ag present in hydrogel, the 

samples were analyzed by energy dispersive X-ray analysis (EDAX). Metallic silver 

nanocrystals generally show typical optical absorption peak approximately at 3 keV due 

to Surface Plasmon Resonance. Figure 3.8 (a) shows that in the case of PAm hydrogel, 

there is very less number of Ag-NPs formed which is insensitive to be detected by 

EDAX. However, in the case of PAm:PAS (50:50) [Figure 3.8 (b)] we could see a strong 

signal in the Ag region confirming the presence of Ag-NPs in the gel. We also show in 

Table 3.2, the composition of each element (wt %) present as determined by EDAX 

measurement. The results clearly show that the amount of silver is more in Semi-IPN 

hydrogel of PAm:PAS (50:50). 

 

Figure 3.8:  EDAX images of (a) Ag-NPs embedded PAm hydrogel and (b) Ag-NPs 

embedded PAm:PAS (50:50) hydrogel 
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Table 3.2: Weight % of each element by EDAX 

Element 
Ag-NPs embedded PAm 

Hydrogel (Wt %) 

Ag-NPs embedded 

PAm:PAS (50:50) 

Hydrogel (Wt %) 

C  (K) 73.83 61.61 

O  (K) 26.17 21.59 

Ag  (L) 0 16.79 

Total 100.00 100.00 

 

3.4.8. Catalytic activity of Ag-NPs embedded Semi-IPN hydrogel 

The catalytic reduction of 4-NP to 4-AP was performed using Ag-NPs embedded 

Semi-IPN hydrogel. The reduction of 4-NP by sodium borohydride (NaBH4) over a Ag 

catalyst is important for practical application. Silver has drawn great interest because of 

its high catalytic activity for various chemical reactions. The product 4-AP is an 

important chemical which has wide range of application in analgesic and antipyretic 

drugs, photographic developers, corrosion inhibitors, and anticorrosion lubricants etc.  

Although the reduction of 4-NP to 4-AP using NaBH4 is thermodynamically 

favourable, the reaction rate is very low and sluggish. However, in the presence of Ag-

NPs, which acts as catalyst, the reaction proceeds very fast and the reaction time reduces 

significantly. The conversion of 4-NP to 4-AP occurs via an intermediate, 4-

nitrophenolate ion formation. As shown in Figure 3.9, 4-NP exhibits a strong absorption 

peak @ 317 nm, which shifts to 400 nm upon addition of NaBH4 due to formation of 4-

nitrophenolate ion in the alkaline medium. It is important to note that, although the shift 

has occurred, the absorption intensity has remained more or less same even after the 60 

minutes, indicating that the reduction of 4-NP to 4-AP did not proceed in the absence of 

catalyst [see Figure 3.9 (b)]. We also show that just by the addition of precursor Semi-

IPN hydrogel without Ag-NPs to reaction medium, there was no reduction of 4-NP to 4-

AP [see Figure 3.9 (c)]. 
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However, upon addition of Ag-NPs embedded Semi-IPN hydrogel [(PAm:PAS 

(50:50)] to the reaction medium, there was a gradual decrease in the intensity of 

absorption peak at 400 nm with time and simultaneously, there was an appearance of new 

absorption peak at 298 nm indicating the reduction of 4-NP and the formation of 4-AP as 

shown in Figure 3.9 (d). 

 

Figure 3.9: UV spectra of (a) 4-NP and 4-nitro phenolate ion (b) reduction of 4-NP 

using sodium borohydride without catalyst as a function of time (c) reduction reaction of 

4-NP using only precursor Semi-IPN hydrogel without Ag-NPs (d) Catalytic effect of Ag-

NPs embedded gel on reduction of 4-NP 

The completion of reaction, which happened in ≈ 16 minutes, was indicated by 

the slow fading of yellow colour of the reaction mixture. In order to understand the 

kinetics of the reaction, the decrease in the concentration of reactant w.r.t time was 

measured. The kinetics of reaction could be described by equation, 



An efficient Ag-NPs embedded Semi-IPN hydrogel ….                                            Chapter-III 
 

S P Pune University                                   47                   CSIR-National Chemical Laboratory 
 

        ln ( C C0)⁄ =  −𝑘𝑘𝑡𝑡                     (3) 

Where ‘k’ is the first order rate constant (since the concentration of NaBH4 is in 

large excess), ‘t’ is the reaction time, ‘C’ and ‘C0’ are the concentration of 4-NP at time 

‘t’ and ‘0’ respectively. Figure 3.10 shows the linear plot between ln (C/C0) and reaction 

time ‘t’ for the reduction of 4-NP to 4-AP using Ag-NPs embedded Semi-IPN hydrogel 

as catalyst. It can be readily seen from the figure that the reaction followed pseudo first 

order reaction kinetics with the rate constant determined from the slope of liner plot 

which was found to be 0.374 min-1. The correlation coefficient of the linear plot was very 

good with the value =0.997. 

 

Figure 3.10: Plot of ln(C/C0) against the reaction time for the reduction of 4-NP 

by NaBH4 using catalyst 

3.4.8.1. Effect of concentration of PAS on catalytic activity 

In order to study the effect of concentration of PAS on the catalytic activity, we 

performed the reduction of 4-NP to 4-AP using different ratios of PAm:PAS Ag-NPs 

embedded hydrogels. Figure 3.11 shows that, as the PAS content increases, the catalytic 

activity of hydrogel also increases. It reveals that 50:50 ratio has more number of Ag-NPs 

and also has more swelling ratio (Q) which increases rate of reaction as compared to 

PAm and 80:20 hydrogel. These results are again in agreement with our UV and TEM 

studies discussed in earlier sections. 
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Figure 3.11: Catalytic effect of Ag-NPs embedded hydrogel with different ratio of 

PAm:PAS 

The mechanism of catalytic reduction of 4-NP by Ag-NPs involved slow 

diffusion of BH4
- and 4-NP into the hydrogel matrix from aqueous solution to the surface 

of the Ag-NPs. Therefore, swelling of hydrogels is very important factor in catalytic 

applications for diffusion of reactants. BH4
- ion reacts with surface of Ag-NPs and 

transfer hydride ion. Ag-NPs accept this electron with hydride ion and transfer to 4-NP, 

thus helping to catalyze the reaction by facilitating electron relay from donor BH4
- to 

acceptor 4-NP which is shown in Figure 3.12. 

 

Figure 3.12: Mechanism of reduction of 4-NP to 4-AP using Ag-NPs embedded hydrogel 
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3.4.9. Catalyst recycling 

After completion of the first run of reaction, we also explored the repeated use of 

the same catalyst in successive multiple reaction runs. The Ag-NPs embedded Semi-IPN 

hydrogel could be easily separated from each cycle and washed with Milli Q water and 

dried under vacuum before taking it for the next reaction. We show in Figure 3.13, the 

plots of C/C0 versus reaction time for successive 3 cycles of reduction of 4-NP to 4-AP 

using the same reaction conditions. It can be readily seen that the Ag-NPs embedded 

Semi-IPN hydrogel can be successfully reused for 3 cycles without the loss of catalytic 

activity. However, there is slight decrease in the rate constants for successive cycles 

shown in Figure 3.13 (c) which may be attributed to the loss of Ag- NPs while washing 

in the intermittent stage. Nevertheless, these observations clearly indicate that the catalyst 

can be recycled for 3-4 cycles.  

 

Figure 3.13: Plot of (a) C/C0 (b) log C/C0 against the reaction time for successive three 

cycle reactions using catalyst (c) Value of rate constant k for each cycle with the Ag-NPs 

embedded hydrogel as catalyst 
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3.4.10. Antibacterial activity  

In order to see the efficacy of these hydrogels in bio-medical applications also, we 

were interested in knowing their antibacterial properties. Therefore, we undertook the 

study of antibacterial properties of Ag-NPs embedded hydrogels. This effect mostly 

depends on the size of nanoparticles and the swelling ratios of hydrogels, which have a 

direct interaction with the bacteria. The silver nanoparticles which are uniformly 

distributed throughout the hydrogel network come out with the time in aqueous medium 

and interact with the bacteria. Antibacterial studies of pure Semi-IPN hydrogel and Ag-

NPs embedded hydrogels were tested by bore well method using E.Coil and S.aureus as 

shown in Figure 3.14. The results suggest that PAm:PAS (50:50) hydrogel show good 

antibacterial activity in case of S.aureus (Gram +ve bacteria), while pure hydrogel didn’t 

show any activity. The inhibition area for AgNPs embedded hydrogels follows the order 

PAm:PAS (50:50) > PAm:PAS (80:20) > PAm. This result clearly indicate that because 

of more concentration of Ag-NPs due to higher swelling ratio of 50:50 and, they easily 

come out and interact with lipid layer of cell membrane, there by attaching with 

microbial DNA to preventing bacterial replication, which are responsible for inhibition of 

bacterial growth. Therefore, we conclude that the Ag-NPs embedded Semi-IPN hydrogels 

are having good antibacterial properties. 

 

Figure 3.14: Antibacterial activity of Ag-NPs embedded 1-PAm, 2- PAm:PAS (80:20), 3- 

PAm:PAS (50:50) compared with Control- Pure hydrogel 
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3.5. Conclusions 

In summary, in this chapter we have reported on the synthesis and 

characterization of Ag-NPs embedded hydrogel based on combination of 

Poly(acrylamide) and Poly(aspartic acid) for catalytic applications. The formation of Ag-

NPs was confirmed by using variety of analytical methods, such as UV-Vis spectroscopy, 

which gave a Surface Plasmon Resonance in the range of 400-420 nm. The TEM images 

indicated the size of nanoparticles in the range of 10-20 nm. We demonstrated the use of 

these Ag-NPs embedded hydrogel in the catalytic application of reduction of 4-NP to 4-

AP. More importantly, the Ag-embedded hydrogel could be easily separated and reused 

for subsequent repeated cycles without losing the catalytic activity which is the most 

desired aspects. These hydrogels also showed good antibacterial properties which can 

have other bio-medical applications. 
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In the fourth chapter, we have reported on the environmentally 

friendly route for the synthesis of Ag-NPs incorporated in Sodium alginate 

(SA) and hydrophobically modified ethyl hydroxy ethyl cellulose (EHM-200) 

hydrogel beads and used them for the catalytic reduction reaction of 4-NP to 

4-AP. The isolation of catalyst after the reaction was quite easy and the 

catalyst could be reused for 2-3 cycles. The characterization techniques 

such as, UV-Vis, SEM, TEM for confirming nanoparticles formation, surface 

morphology were briefly explained.  
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4.1. Introduction  

As mentioned earlier, metal nanoparticles exhibit unique physical and chemical 

properties and hence show great promise in controlled drug delivery, biomedical, 

catalysis, sensors etc. applications. Particularly, gold (Au) and silver (Ag) nanoparticles 

have attracted great attention due to their biocompatibility, non-toxicity and ease of 

synthesis. A variety of techniques have been reported in the literature for the preparation 

of metallic nanoparticles1-3 which includes using reducing agents,4-5 electrochemical 

techniques,6-10 photochemical  reduction,11 irradiation12-14 and laser ablation 15-16 etc. 

Amongst all, the chemical reduction method is widely practiced to prepare metal 

nanoparticles using reducing agents such as, hydrazine hydrate, sodium borohydride etc. 

However, reducing agents like sodium borohydride and hydrazine hydrate are toxic and 

pose environmental concern. Therefore, alternate and environmentally friendly reducing 

agents are continuously under search and nanoparticles preparation by green route is 

preferred. In this context, polysaccharides have become promising reducing agents in the 

preparation of metal nanoparticles. For example, Bankura etal.,17 have reported on the 

simple one-step synthesis of Ag-NPs using aqueous dextran solution as both reducing and 

capping agent. El- Rafie etal.,18 have used a polysaccharide from marine macroalgae. Due 

to the advantages of polysaccharides such as biocompatibility, non-toxicity, 

environmental sustainability and low cost, they have attracted major attention as “green” 

carriers for immobilization of metal nanoparticles. In addition, polysaccharides contain 

various functionalities which help in more interactions with metal through electrostatic 

and non-covalent binding (e.g. H-bonding). This also helps in stabilizing the metal 

nanoparticles. 

In this chapter, we report on the synthesis and characterization of hydrogel blend 

from two polysaccharides namely, Sodium Alginate (SA) and Hydrophobically modified 

Ethyl Hydroxy Ethyl Cellulose (HM-EHEC) (EHM-200) for making Ag-NPs via green 

route. Sodium alginate acts as both reducing as well as end-capping agent for Ag-NPs. 

On the other hand, EHM-200 with long alkyl phenol helps in stabilizing the 

nanoparticles. EHM-200 also helps in enhancing the swelling of the hydrogel as a result, 

there can be better diffusion of reactants through the hydrogel. The obtained Ag-NPs in 
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the hydrogel were characterized by XRD, TEM, UV-Vis etc. Finally, we have 

demonstrated the use of this Ag-NPs embedded hydrogel blend for the same catalytic 

reduction reaction of 4-NP to 4-AP.  

4.2. Experimental 

4.2.1. Materials 

Sodium Alginate (SA), EHM-200 was received as a gift sample from Akzo 

Nobel, Sweden. Calcium chloride used as crosslinker procured from Merck. Silver nitrate 

(AgNO3) was procured from S. D. Fine Chemicals Ltd. (India). 

4.2.2. Synthesis of Ag-NPs embedded beads 

4.2.2.1. Synthesis of Sodium alginate (SA) capped Ag-NPs 

A 50 ml solution of 0.08 wt% silver nitrate (AgNO3) and 1 wt % SA was prepared 

by adding 40 mg of AgNO3 and 0.5 g of SA. Whole solution was stirred at room 

temperature for 4 hours and then kept standing for 2 days. The appearance of a dark 

brown colour indicated the formation of Ag-NPs (i.e. reduction of Ag+1 to Ag0). Further 

confirmation was done by UV-Vis spectroscopy. 

4.2.2.2. Synthesis of Ag-NPs embedded sodium alginate (SA)/EHM-200 beads 

[SA/EHM-200 Ag-NPs beads] 

To the above prepared SA capped Ag-NPs solution (50 ml), 1 wt% solution (20 

ml) of EHM-200 was slowly added and stirred well to make homogenous blend solution. 

The prepared blend solution was added drop by drop into 150 ml of CaCl2 solution (3 wt 

%) with the help of syringe to get uniform size beads. The brown colour gel beads were 

immediately formed and further kept in solution for 30 min. After that, the gel beads 

were separated from the solution, washed with distilled water twice (100 ml) and dried. 

Ag-NPs embedded SA beads (SA Ag-NPs beads) were also obtained using same 

procedure. The schematic representation of the formation of Ag-NPs embedded beads is 

shown in Scheme 4.1.  
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Scheme 4.1: Schematic representation of formation of Ag-NPs embedded SA/EHM-200 

hydrogel beads 

4.3. Characterization 

4.3.1. UV-Vis spectroscopy  
 

UV-visible absorption spectra of Ag-NPs were recorded on a SHIMADZU 1610 

PC UV-2450 UV-Vis spectrophotometer, Japan in the range 800-200 nm. Samples kept 

for 24 hrs and 48 hrs were taken for the measurements. 

4.3.2. Transmission electron microscopy (TEM)  
 

The morphology of nanoparticles was investigated using a high-resolution 

transmission electron microscope (HR-TEM) at 300 kV (Cs = 0.6 mm, resolution 1.7Å), 

Technai- FEI 3010. For TEM measurements, samples were prepared by dropping 5-10 μl 

SA capped Ag-NPs solution on copper grid. Grid was then allowed to dry in air and 

stored in desiccators before taking for microscopy.  
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4.3.3. Scanning electron microscopy (SEM) 

The surface morphology of the beads was investigated using a scanning electron 

microscope (SEM). Quanta 200 3D dual beam ESEM (FEI, Finland). The electron source 

was a tungsten filament with thermionic emission at a resolution of 3 nm (30 kV) in high 

vacuum. The beads were mounted on an appropriate stub and then coated with a thin 

layer of gold by sputtering in a vacuum evaporator in an argon atmosphere. The coated 

samples were then observed under a scanning electron microscope.  

4.3.4. Swelling measurements 
 

Fully dried Ag-NPs embedded beads were accurately weighed and immersed in 

liquid and kept to reach equilibrium swelling. The swollen beads were then separated, wiped 

with filter paper and weight was measured. The equilibrium swelling ratio (Q) was calculated 

according to the following equation 1, 

𝑄𝑄 =
𝑊𝑊𝑠𝑠 −𝑊𝑊𝑑𝑑

𝑊𝑊𝑑𝑑
× 100                                   (1)  

Where, Ws and Wd are the weights of the dry and the swollen beads samples respectively. 

Further, the Q values in 4-NP/NaBH4 which was the reaction medium of catalysis 

were determined similarly.  

4.3.5. Catalytic activity 

The catalytic activity of the Ag-NPs embedded beads was evaluated for reduction 

reaction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP) by NaBH4 by monitoring the 

electronic absorption of reaction mixture as a function of time. Detailed procedure is 

discussed in Chapter III (3.3.7). 

4.3.6. Reusability of the catalyst 

After the first cycle of reaction, the Ag-NPs embedded beads were separated and 

washed 2-3 times with 50 ml distilled water. The washed beads were dried and 

subsequently taken for further cycles of reaction. 
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4.4. Results and Discussion 

4.4.1. Synthesis of Ag-NPs 

Although the chemical reduction method is widely used method for the 

preparation of Ag-NPs, the toxicity of reducing agents and their environmental impacts 

are of great concern. Therefore, the present study was focused on the use of biopolymer, 

sodium alginate hydrogel as a green and effective reducing agent for the synthesis of Ag-

NPs. Silver nitrate was used as a salt precursor and sodium alginate was used as a 

reducing and capping agent. 

Sodium alginate is a naturally occurring poly-anionic polysaccharide derived 

from brown marine algae and composed of 1, 4-linked beta-D-mannuronic and alpha-L-

guluronic residues in varying proportions. It is cheap, biocompatible polysaccharide with 

numerous applications in biotechnology industry. It has -COOH and -OH functionalities 

which help to act as both reducing and stabilizing agent. These groups facilitate the 

formation of complexes with silver ion. Subsequently, these silver ions are reduced to 

silver nanoparticles (Ag0). Thus, these oxygen-containing groups on the surface of 

alginate have a remarkable reducing ability for the in-situ synthesis of metal 

nanoparticles as shown in Scheme 4.2. 

 

Scheme 4.2: Schematic representation of formation of SA capped Ag-NPs having 

interactions with -COOH and -OH groups 
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4.4.2. Synthesis of Ag-NPs embedded SA/EHM-200 beads 

The alginate is known to form hydrogel beads with divalent cations such as Ca2+, 

Ba2+, Sr2+ etc. This 3D crosslinked network structure occurs via ionic interaction of 

carboxylic groups of the alginate polymer and divalent cations in the presence of EHM- 

200, where in this EHM-200 is physically entangled in the 3D structure of SA resulting 

into Semi-IPN hydrogel beads. These hydrogel beads have been demonstrated as “Green” 

material for incorporation of nanoparticles. Entrapment of metallic nanoparticles by 

alginate beads is very safe and simple process obtained by just dropping the SA capped 

Ag-NPs solution blended with EHM-200 into the crosslinker solution (CaCl2). 
 

4.4.3. UV-Vis spectroscopy 

The formation of sodium alginate capped Ag-NPs was confirmed by UV-Vis 

spectroscopy. Figure 4.1 shows the distinct absorption peaks of Ag-NPs capped with SA 

at ≈ 425 nm and there is a complete disappearance of absorption peak of AgNO3 solution 

at ≈  300 nm. This clearly indicates the formation of Ag-NPs. The observation of brown 

color also further confirms the formation of Ag-NPs. It can be seen from Figure 4.1 that 

the intensity of absorption peak at 425 nm increased with time with no significant 

difference in the peak position or shift in SPR (at 425 nm), indicating a continuous 

reduction of the silver ions. 

 
 

Figure 4.1:  UV-Vis spectra of Ag -NPs capped with SA at different times 
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4.4.4. Transmission electron microscopy (TEM) 

Figure 4.2 shows the TEM images of as synthesized SA Ag-NPs. It can be 

readily seen that the nanoparticles are more or less spherical in shape with sizes in the 

range of 15-30 nm. The selective area electron diffraction (SAED) pattern of Ag-NPs is 

clearly observed as diffraction ring, which is attributed to the face-centered cubic (fcc) 

structure of Ag-NPs shown in Figure 4.2 (b) 

 

Figure 4.2: TEM images of a) SA Ag-NPs b) SAED pattern of Ag-NPs 

4.4.5. Scanning electron microscopy (SEM) 

The morphology of SA Ag-NPs and SA/EHM-200 Ag-NPs beads was studied by 

SEM. The results are shown in Figure 4.3. From the SEM images, it is observed that the 

beads in both the cases are more or less spherical in nature. 

 

Figure 4.3: SEM images of a) SA Ag-NPs beads, b) SA/EHM-200 Ag-NPs beads 
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4.4.6. Swelling measurements 

Figure 4.4 shows the equilibrium swelling ratios of SA Ag-NPs beads and 

SA/EHM-200 Ag-NPs beads in water as well as in 4-NP/NaBH4 solution (basic). It is 

observed that SA Ag-NPs beads swell least in water and 4-NP/NaBH4 solution. However, 

in the case of SA/EHM-200 Ag-NPs beads equilibrium swelling ratio (Q) increased in 

both water as well as in 4-NP/NaBH4. The Q value increased significantly in 4-

NP/NaBH4 solution. This could be attributed to the fact that EHM-200 is a 

hydrophobically modified polymer with long alkyl phenol chains. In the basic solution, 

these phenolic -OH groups ionize and hydrogel become more ionic in nature which 

results in the enhanced swelling. 

 

Figure 4.4: Swelling studies of SA Ag-NPs and SA/EHM-200 Ag-NPs beads in water and 

4-NP/NaBH4 solution 

4.4.7. Catalytic activity of Ag-NPs beads   

The catalytic efficiency of Ag-NPs beads was evaluated for a model reduction 

reaction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP). Although the reduction of 4-

NP to 4-AP is thermodynamically favorable but the reaction proceeded very slowly in the 

absence of catalyst. Normally, 4-NP exhibit strong absorption peak @317 nm, which has 

a red shift to 400 nm after the addition of NaBH4 due to formation of intermediate 4- 

nitrophenolate ion discussed in Chapter III, 3.4.8. Section and shown in Figure 3.9 (a). 

The reduction of 4-NP to 4-AP can be performed with only NaBH4. However, the 
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reaction is very slow and show only 5% conversion after 6-8 hrs. In the presence of Ag 

catalyst, the reaction goes very fast with 90% conversion in 8-9 minutes. This is 

demonstrated below.        

Upon addition of SA/EHM-200 Ag-NPs beads to the reaction medium, there was 

a gradual decrease in the intensity of absorption peak at 400 nm with time and 

simultaneously, there was an appearance of new absorption peak at 298 nm indicating the 

reduction of 4-NP and the formation of 4-AP as shown in Figure 4.5 (a). The completion 

of reaction with SA/EHM-200 Ag-NPs beads, which happened in  ≈ 8-9 minutes, was 

indicated by the slow fading of yellow colour of the reaction mixture. 

 We also show that just by the addition of SA Ag-NPs beads to reaction medium 

did not reduce 4-NP to 4-AP even in 60 minutes [See Figure 4.5 (b)]. This could be 

attributed to the fact that SA/EHM-200 Ag-NPs beads have more swelling ratio compare 

to plain SA Ag-NPs beads and this enhanced swelling helps in easy diffusion of reactants 

resulting into more products. 

 

Figure 4.5:  Catalytic effect of (a) SA/EHM-200 Ag-NPs beads (b) SA Ag-NPs beads on 

reduction of 4-NP to 4-AP 

Due to the large excess of NaBH4 in the reaction medium, the reduction reaction 

can be regarded as a pseudo-first-order reaction based on the evaluation of the rate 

constant with regard to 4-NP. Therefore, the reaction kinetics can be described as,  
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𝑙𝑙𝑙𝑙 (𝐶𝐶 𝐶𝐶0) =  −𝑘𝑘𝑘𝑘                           (1)⁄  

Where ‘k’ is the first order rate constant (since the concentration of NaBH4 is in 

large excess), ‘t’ is the reaction time, ‘C’ and ‘C0’ are the concentration of 4-NP at time 

‘t’ and ‘0’ respectively. 

Figure 4.6 (a) shows the linear plot between ln (C/C0) and reaction time ‘t’ for 

the reduction of 4-NP to 4-AP using SA/EHM-200 Ag-NPs beads. It can be readily seen 

from the figure that the reaction follows pseudo first order reaction kinetics with the rate 

constant obtained from the slope of liner plot which was found to be 0.204 min-1. The 

correlation coefficient of the linear plot was very good with the value =0.997. 

We have also compared the catalytic activity of reaction with only NaBH4, with 

the SA/EHM-200 Ag-NPs beads for cycle 0, 1, 2 and with the SA Ag-NPs beads which 

can be shown in Figure 4.6 (b). 

 

 

Figure 4.6: (a) Linear plot between ln (C/C0) and reaction time‘t’ for the reduction of 4-

NP to 4-AP using SA/EHM-200 Ag-NPs beads (b) comparsion of the catalytic acitivity 

with only NaBH4, SA Ag-NPs beads, SA/EHM-200 Ag-NPs beads 

4.4.8. Catalyst recycling 

Stability and recyclability is of great importance for the practical applications of 

catalysts. After completion of the first run of reaction, we also explored the repeated use 
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of the same catalyst in successive multiple reaction runs. The SA/EHM-200 Ag-NPs 

beads could be easily separated from each cycle and washed with Milli Q water and dried 

under vacuum before taking it for the next reaction. We have observed that beads can be 

recycled for atleast two times as shown in Figure 4.6 (b). However, the second and third 

cycle required 43, 80 minutes respectively for complete conversion which may be 

attributed to adsorption of reactants and products on Ag-NPs surface which block active 

sites for catalysis. The mechanism of catalytic reduction of 4-NP by Ag-NPs is already 

discussed in the previous chapter. The reduction in the catalytic activity may be attributed 

to the surface adsorption of catalyst which can hinder the catalyst sites.  

4.5. Conclusions 

In summary, we report on the environmentally friendly route for the synthesis of 

Ag-NPs incorporated in Sodium alginate (SA) and hydrophobically modified ethyl 

hydroxy ethyl cellulose (EHM-200) hydrogel beads and used them for the catalytic 

reduction reaction of 4-NP to 4-AP. Sodium alginate could act as both reducing agent and 

capping agent for Ag-NPs. The formation of Ag-NPs in the hydrogel beads was 

confirmed by UV-Vis spectroscopy, and TEM. In the absence of Ag-NPs and with only 

NaBH4, the reduction reaction of 4-NP to 4-AP was very slow and the conversion was 

very low. However, in the presence of SA/EHM-200 Ag-NPs beads as catalyst, the 

reaction rate was faster with high conversion upto  ≈  90 %. The isolation of catalyst after 

the reaction was quite easy and the catalyst could be reused for 2-3 cycles. 
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        In the fifth chapter, we have worked on incorporating Ag-NPs into 

Poly(vinyl alcohol)/Poly(aspartic acid) (PVA/PAS) nanofibers and studied 

their applications in detecting toxic metal namely mercury (Hg). Ag-NPs were 

synthesized by green route in the PVA/PAS nanofibers and their formation is 

confirmed by UV and TEM analysis. Low-cost, linear response, easy 

synthesis are some of the prominent features of these nanofibers as sensors. 
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5.1. Introduction 

Homogeneous distribution of nanoparticles in a polymer matrix is still considered 

as an important challenge in material science today, especially at a low volume fraction.1 

Amongst the nanoparticles, silver nanoparticles (Ag-NPs) have become important and 

applied in many hygienic and medical fields.2-3 Their predominant antimicrobial activity 

can be attributed to a strong interaction with bacterial cells,4 but relatively low toxicity to 

human cells.5 Nevertheless, such dispersed metallic nanoparticles often tend to con-

gregate and become unstable, and lose their desired properties. Moreover, the size and 

size distribution are two crucial factors for Ag-NPs induced toxicity and biological 

responses.6-7 Thus, many efforts are being made to design and synthesize stable Ag-NPs 

of a smaller size.  

Besides these applications, Ag-NPs are now attracting increasing attention in the 

area of sensors also. They can be used as selective chemosensors for heavy metal ions 

which have toxic issues in the environment.8-9Amongst them, mercury (Hg) is considered 

as one of the most toxic metal for environment. Therefore, environmental monitoring of 

mercury becomes very important. Currently, methods of detecting mercury such as 

colorimetric methods10-12 atomic absorption spectrometry13-14 inductively coupled plasma 

mass spectrometry15, mercury sensors with gold nanorods,16 and gold nanoparticles17 

have been reported. Although these methods have good sensitivity and selectivity, they 

are costly and time consuming. Therefore, it has become necessary to develop a simple 

and rapid method to detect Hg. Ag-NPs have been used for colorimetric sensors for Hg 

where in, silver forms amalgam with Hg and influence the surface plasmon resonance 

extinction of Ag-NPs.  

Since, these NPs are susceptible to oxidation and degradation, embedding 

nanoparticles in the polymer matrix can resolve these problems to a great extent.18-19 

Further, packing of these sensors in general is cumbersome. Therefore, incorporation of 

Ag-NPs into electrospun fibers is gaining interest and the electrospinning is a simple 

approach to prepare polymer nanofibers embedded with Ag-NPs having high porosity 

and large specific surface area.  
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The electrospinning technique has been widely used in filtration membranes, 

catalysis reaction, protective clothing, molecular templates, tissue scaffolds, wound 

dressings and this procedure is easy-to-handle and cost-effective to fabricate man-made 

fibers with Ag-NPs.  

In this chapter, we have worked on incorporating Ag-NPs into Poly(vinyl 

alcohol)/Poly(aspartic acid) (PVA/PAS) nanofibers and studied their applications in 

detecting toxic metal, mercury (Hg). 

5.2. Experimental 

5.2.1. Materials 

PVA (99% hydrolyzed, Mw = 1,15000) was procured from Loba chemicals. 

Poly(aspartic acid) (PAS) was synthesized in the laboratory. Silver nitrate (AgNO3) was 

procured from S. D. Fine Chemicals Ltd. (India). 

5.2.2. Synthesis Ag-NPs embedded nanofibers 

5.2.2.1. Synthesis of PAS capped Ag-NPs  

PAS capped Ag-NPs were synthesized by dissolving PAS in aqueous AgNO3 

solution (3 mM and 5mM) with polymer concentration 0.5 wt %. The solution was stirred 

at 80°C for 8 hr. The change in colour of solution to yellow/dark brown indicates the 

formations of Ag-NPs which were analyzed by UV- Vis spectroscopy.  

5.2.2.2. Synthesis of Ag-NPs embedded PVA/PAS electrospun nanofibers  

To the above Ag-NPs solution, PVA was added and dissolved to make 10 wt% 

solution and fibers were formed by electrospinning using the conditions, 0.5 ml/hr flow 

rate, 25 KV voltage and 15 cm distance between the nozzle and collector. These 

nanofibers were later crosslinked by glutaraldehyde vapours for different times (24, 48 

h). 

5.3. Characterization 

5.3.1. UV-Vis spectroscopy 
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UV-visible absorption spectra of Ag-NPs were recorded on a SHIMADZU 1610 

PC UV-2450 UV-Vis spectrophotometer, Japan in the range of 800-200 nm. A solution 

of PAS capped Ag-NPs were taken for measurements. 

5.3.2. X-ray diffraction (XRD) 

Ag-NPs were characterized by X-ray diffraction using Philips X’pert pro powder 

X-ray diffractometer operating with CuKά radiation 

5.3.3. Transmission electron microscopy (TEM)  

The morphology of nanoparticles in the solution as well as in nanofibers were 

investigated using a high-resolution transmission electron microscope (HR-TEM) at 300 

kV (Cs = 0.6 mm, resolution 1.7Å), Technai- FEI 3010. For TEM measurements, 

samples were prepared by dropping 5-10 μl PAS capped Ag-NPs solution on copper grid 

and then allowed to dry in air and stored in desiccators before taking for microscopy. Ag-

NPs embedded nanofibers were directly electrospun on TEM grid for measurements.  

5.3.4. FT-IR spectroscopy 

The FT-IR spectra of all the nanofiber samples were recorded on a FT-IR 

spectrum Perkin Elmer Spectrometer, UK in a diffused reflectance mode between 400 to 

4000 cm−1. 

5.3.5. Scanning electron microscopy (SEM) 

The surface morphology of nanofibers was investigated using a scanning electron 

microscope (SEM), a Quanta 200 3D dual beam ESEM (FEI, Finland). The electron 

source was a tungsten filament with thermionic emission at a resolution of 3 nm (30 kV) 

in high vacuum. The nanofibers were mounted on an appropriate stub and then coated 

with a thin layer of gold by sputtering in a vacuum evaporator in an argon atmosphere. 

The coated samples were then observed under a scanning electron microscope.  

5.3.6. General procedure for the colorimetric determination of Hg 

For colorimetric detection of mercury ion, 4-5 mg of Ag-NPs embedded 

crosslinked nanofibers were taken in 2 ml of DI-water. The Ag-NPs were leached out and 

solution becomes orange in color. 10 ppm solution of Hg2+ was added subsequently into 
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Ag-NPs solution. The assays and the changes in the UV-Vis absorption spectra were 

performed and monitored at room temperature. The photographs were taken with a digital 

camera after 2 min of mixing. 

5.4. Results and Discussion 

5.4.1. Synthesis of Ag-NPs embedded PVA/PAS nanofibers  

The formation of Ag-NPs in the PAS solution was easily confirmed by the color 

change to yellowish brown, and the strong surface plasmon resonance (SPR) peak in the 

range of 425 nm. It is now established that PAS acts as reducing agent to form Ag-NPs. 

When AgNO3 was mixed with PAS solution, Ag+ ions could bind to PAS chains via 

electrostatic interactions, forming PAS-Ag+ complex. Under certain conditions (heating, 

irradiation), reduction from Ag+ to Ag0 could take place. PVA acts as a supporting 

template for polymer nanofibers-Ag-NPs composites. Further, PVA has good fiber 

forming property and stabilize the PAS capped Ag-NPs in the nanofibers to prevent from 

aggregation and oxidation. These Ag-NPs embedded nanofibers were found to be stable 

for several months. The process of making Ag-NPs in PAS and subsequent 

electrospinning with PVA is shown in Scheme 5.1. The obtained nanofibers were later 

crosslinked by glutaraldehyde vapours for 24 and 48 hrs. 

 

Scheme 5.1: Formation of Ag-NPs in PAS and subsequent Electrospinning with PVA 
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5.4.2. UV-Vis spectroscopy  

We have shown in Figure 5.1 the distinct absorption peaks of Ag-NPs at 415 nm 

due to the characteristics Surface Plasmon Resonance effect in UV spectroscopy. As 

silver nitrate concentration increases, number of nanoparticles also increase which can be 

seen in the intensity of the peak. 

 

Figure 5.1: UV spectra of PAS capped Ag-NPs with two different concentration of 

AgNO3 (a) 3mM AgNO3 (b) 5 mM AgNO3 

5.4.3. X-ray diffraction (XRD) 

Figure 5.2 shows X-ray diffraction pattern of plain PVA/PAS nanofibers and Ag-

NPs embedded nanofibers. Ag-NPs embedded nanofibers exhibit the presence of 

reflection peaks typical of a face centered cubic (fcc) structure of silver nanoparticles, 

with 2θ values of about 38.4° and 46.5° assigned to the lattice planes of face centered 

cubic (fcc) structure of silver. 
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Figure 5.2: XRD patterns of plain PVA/PAS and Ag-NPs embedded PVA/PAS nanofibers 

5.4.4. Transmission electron microscopy (TEM) 

To further confirm the formation of Ag-NPs in PAS solution as well as trapped 

nanoparticles into nanofibers, TEM was performed on the samples and the results are 

shown in Figure 5.3. It can be readily seen that the nanoparticles are more or less 

spherical in shape with sizes in the range of 10-35 nm. Higher density of Ag-NPs was 

observed in sample with higher concentration of AgNO3 (5 mM) (see Figure 5.3 b). We 

have also shown the Ag-NPs into the nanofibers (see Figure 5.3 a-1, b-1). The Ag-NPs 

were located preferentially on the edges of nanofibers. Thus, it can be confirmed that Ag-

NPs were trapped in nanofibers which prevent them from agglomerization and found to 

be stable for several months in dry state.  

 

Figure 5.3: TEM of Ag-NPs in PAS solution as well as in the nanofibers containing 

different concentration of AgNO3, (a, a-1) 3mM, (b, b-1) 5mM respectively  
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5.4.5. FT-IR spectroscopy 

The Ag-NPs embedded PVA/PAS nanofibers were crosslinked using 

glutaraldehyde vapours. To confirm the crosslinking of Ag-NPs embedded PVA/PAS 

nanofibers by glutaraldehyde, the IR spectra were recorded for the samples.  

We show in Figure 5.4, the IR spectra of neat Ag-NPs embedded nanofibers and 

crosslinked nanofibers by reacting with glutaraldehyde vapours for 24 hrs and 48 hrs. It is 

seen from the figure that the -OH stretching vibration band at 3340 cm−1 is observed in all 

spectra of samples. However, the intensity of the -OH peak decreased as the crosslinking 

with glutaraldehyde increased. This indicate that, -OH group are involved in the 

crosslinking to form acetal bridges. The two vibrational bands observed between 2943 

and 2907 cm−1 refer to the stretching vibration of C-H from alkyl and O=C-H from the 

aldehyde and the bands between 1700-1720 cm−1 are due to the -C=O stretching of the 

unreacted end of the aldehyde in the vapor crosslinked PVA. The band observed at 1093 

cm−1 with gradual broadening of the peak width w.r.t increase in crosslinking is attributed 

to O-C-O vibration of the acetal group. 

 

Figure 5.4: FT-IR spectra of neat Ag-NPs embedded PVA/PAS and glutaraldehyde 

vapours crosslinked nanofibers  
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5.4.6. Scanning electron microscopy (SEM) 

The morphology of PVA/PAS nanofibers with 3mM and 5mM AgNO3 was 

studied by SEM and micrographs are shown in Figure 5.5. The average diameter of Ag-

NPs embedded PVA/PAS nanofibers with 3mM and 5mM AgNO3 were 283 ± 25 nm, 

195 ± 22 nm respectively. The diameters of nanofibers slightly decreased with the 

increasing concentration of AgNO3. This might be because of the influence of AgNO3 

concentration on the viscosity and conductivity of the electrospinning solutions. It is 

obvious that the viscosity and conductivity will increase with the increase of AgNO3. The 

increase of Ag+ concentration evidently induced the increase in conductivity. In addition, 

the interaction between PAS and Ag+/Ag-NPs lead to chelation which may induce an 

increase in viscosity. The morphology of nanofibers was affected by the viscosity and 

conductivity of solution mixture which resulted into decrease in diameter of nanofibers 

with increase in concentration of AgNO3.  

To confirm the formation of Ag-NPs, the nanofibers with Ag-NPs were analyzed 

by energy dispersive X-ray analysis (EDAX) shown in Figure 5.5 a-1 and b-1. Metallic 

silver nanocrystals generally show typical optical absorption peak approximately at 3 

keV due to Surface Plasmon Resonance. We could see a signal in the Ag region 

confirming the presence of Ag-NPs in the nanofibers. 

 

Figure 5.5: SEM and EDAX images of PVA/PAS nanofibers containing different content 

of AgNO3 (a, a-1) 3mM, (b, b-1) 5mM respectively 

5.4.7. Hg metal sensing experiments 

The response in optical properties of the Ag-NPs embedded PVA/PAS nanofibers 

to mercury metal ions was investigated as shown in Figure 5.6. 
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 Interestingly, the addition of Hg2+ solution into Ag-NPs decolorized the solution 

from dark orange and demonstrated the sensing of Hg2+ ions. Initial addition of Hg2+ ions 

(50 μl of 10 ppm solution) slightly blue shifted λmax with reduction of absorption intensity 

during subsequent additions (100, 150, 200, 250 μl of 10 ppm solution). The clear decay 

and blue shift of absorption peak were completely disappeared after adding 10 μl of 500 

ppm Hg2+ solution as shown in Figure 5.6 (b). 

 

Figure 5.6: Variation of the SPR spectra of Ag-PVA/PAS nanofibers in different 

concentrations of Hg2+ 

 

Figure 5.7: Schematic representation of mechanism Hg2+ sensing by Ag-NPs embedded 

PVA/PAS nanofibers 
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The mechanism of Hg2+ sensing could be explained based on the electrochemical 

differences of Ag+ and Hg2+ ions. The standard reduction potential for Ag is +0.80V 

whereas for Hg2+ it is +0.92 V and according to the electrochemical series, metals with a 

higher reduction potential act as better oxidizing agents. Hg2+ reduces to Hg0 and deposits 

on Ag-NPs surface to form silver- amalgam complex. Because of this complex formation, 

aggregation in Ag-NPs occur leading to a color change from dark orange to colourless 

which causes blue shift in UV-absorption as shown in Figure 5.6. The mechanism Hg2+ 

sensing is shown in Figure 5.7. 

5.5. Conclusions 

In summary, we have reported on the synthesis of Ag-NPs embedded PVA/PAS 

nanofibers which could sense Hg2+ metal ions in solution. Ag-NPs were synthesized by 

green route and the formation of nanoparticles confirmed by UV-Vis and TEM. 

PVA/PAS nanofibers were used to stabilize Ag-NPs and prevent them from degradation 

and oxidation. Characteristic blue shift of the SPR spectrum upon interaction with 

mercury was observed. Low-cost, linear response, easy synthesis are the main features of 

these nanofibers as sensor. 
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In the sixth chapter, we have synthesized and evaluated Poly(2-

acrylamido-2-methyl-1-propanesulfonic acid)/sultone modified Poly(vinyl 

alcohol) Semi-IPNs hydrogel as a proton conducting membrane. Non-ionic 

PVA was modified by reacting it with 1, 3 propane sultone which partially 

introduced -SO3H groups on PVA backbone chain. The -SO3H groups gave 

proton conductivity property to PVA. The in-situ crosslinking of the 

membranes were effected using methylene bis acrylamide (MBA) as a 

crosslinker. The obtained membranes were characterized in terms of 

swelling, mechanical strength, and evaluated for conductivity with respect to 

humidity and temperature.  
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6.1. Introduction 

Proton exchange membrane fuel cells (PEMFCs) are considered as one of the most 

promising energy conversion systems for powering all kinds of vehicles.1 Therefore, 

currently major efforts are being made to develop efficient fuel cells for technological 

applications. The key component of a fuel cell is the proton conducting polymer membrane 

and the membrane is expected to have good conductivity and selectivity for proton transport, 

good chemical, thermal and mechanical stability. The most used PEM membrane is Nafion 

which is perfluorinated ionomer developed by DuPont, USA having high proton 

conductivity. However, its applications are restricted due to its high cost, high methanol 

permeability (~10–6 cm2/s) and difficulty in synthesis and processing.2-7 To overcome these 

drawbacks, major efforts are now undertaken to synthesize new proton conducting 

membranes based on sulfonated aromatic polymers like sulfonated poly(ether ether ketone),8 

sulfonated polyimide,9 polybenzimidazoles,10 and sulfonated polyposphazene.11 Other 

strategies like acid base blends,12  irradiation graft polymers,13-14 crosslinked15 and polymer 

blends,16 have been studied.  

Currently, more focus is given to relatively cheaper poly(2-acryalmido-2-methyl-1-

propanesulfonic acid) (PAMPS) polymers which contain sulfonic acid groups. PAMPS 

polymers are expected to give high conductivity due to high dissociation constant, both in 

polar organic solvents and in water. There are literature reports on linear and crosslinked 

copolymers of AMPS monomer with acrylamide,17 n-tert-butylacrylamide,18 2-

hydroxyethylmethacrylate19-20 which show potential as PEM for fuel cell applications. 

In this chapter, we report on the synthesis of PAMPS/sultone modified PVA Semi-

IPNs hydrogel as a proton conducting membrane. PAMPS exhibits good proton conducting 

properties and PVA shows an excellent film forming property. PVA itself does not have any 

ionic groups, and hence acts as a poor proton conducting material. However, several 

functional groups like amine, carboxylate, sulfonate can be incorporated into PVA to impart 

hydrophilicity and ionic property. In this work, a non-ionic PVA is modified by reacting it 

with 1, 3-propane sultone which partially introduce -SO3H groups on PVA backbone chain. 

The -SO3H groups give proton conductivity property to PVA. Proton exchange membranes 

were prepared using the combination of PAMPS and sultone modified PVA. The obtained 
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membranes were characterized in terms of swelling, mechanical strength, and evaluated for 

conductivity in fuel cell applications. 

6.2. Experimental  

6.2.1. Materials 

2-Acrylamido-2-methyl-1-propanesulfonic acid (AMPS), N,N-Methylenebisacryl- 

amide (MBA), potassium per sulphate (KPS) , 1, 3-propane sultone, potassium tert-butoxide 

were procured from Aldrich (USA) and used as received. PVA (99% hydrolyzed, average 

MW 1,86,000 gmol-1) was procured from Loba chemicals, India. 

6.2.2. Synthesis 

6.2.2.1. Synthesis of sultone modified PVA (1, 3-propane sultone grafting on PVA-OH) 

[PVA (OH) x (SO3H) y] 

Into a 250 ml three necked round bottom flask equipped with an addition funnel, 

weighed quantities of PVA and NMP were added. The dissolution was carried out at 120°C 

under nitrogen atmosphere. After complete dissolution, the temperature was decreased to 

50°C and 1, 3-propane sultone dissolved in 20 ml NMP was added. The solution of t-BuOK 

dissolved in 20 ml NMP was added dropwise through the addition funnel. The reaction was 

continued at 60°C for 3 hrs. Then the obtained polymer was precipitated in acetone to get dry 

powder. Further, the polymer was dissolved in water and packed in dialysis bag and dialyzed 

for 5 days and then lyophilized. The obtained polymers were denoted as, PVA (OH) 93 

(SO3H) 7 as [PVA-1b], PVA (OH) 87 (SO3H) 13 as [PVA-1c] and the precursor polymer PVA 

(OH) 100 (SO3H) 0 as [PVA-1a]. Stoichiometry for the PVA and sultone reaction and the 

nomenclature of the samples are given in Table 6.1. 
 

Table 6.1: Stoichiometry for the synthesis of sultone modified PVA 

Sr.No Polymer % of 
grafting 

PVA 
(mmol) 

1,3-propane 
sultone (mmol) 

t-BuOk 
(mmol) 

1 PVA-1b 10 111.63 11.63 11.63 
2 PVA -1c 25 111.63 28.32 28.32 
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6.2.2.2. Synthesis of PAMPS/sultone modified PVA hydrogel membranes 

PAMPS/PVA-1a, PVA-1b, PVA-1c Semi-IPN hydrogels were synthesized by free 

radical polymerization using AMPS as monomer in the presence of PVA. N, N’-

methylenebisacrylamide (MBA) was used as a crosslinker, ammonium persulfate as an 

initiator. In a typical reaction, known amount of PVA/sultone modified PVA dissolved in 

distilled water at 80°C. Solution was allowed to attain the room temperature. To this, AMPS, 

MBA were added and dissolved completely. Upon complete dissolution, KPS was added and 

solution was poured in Petra dish. Polymerization was carried out at 60°C for 4 hrs. After 

polymerization, films were dried in oven at 40°C. Stoichiometry of reactants and the 

nomenclature of the samples are given in Table 6.2.  

Table 6.2: Stoichiometry for the synthesis of Semi-IPN hydrogel membranes 

Sr. 
No. 

Samples 
(50:50) ratio 

AMPS 
(g) 

PVA 
(g) 

PVA(OH)x(SO3H)y 
(g) 

MBA 
(g) 

KPS 
(g) 

1 PAMPS 0.5 - - 0.015 0.013 

2 PAMPS/PVA-1a 0.5 0.5 - 0.015 0.013 

3 PAMPS/PVA-1b 0.5 - 0.5 0.015 0.013 

4 PAMPS/PVA-1c 0.5 - 0.5 0.015 0.013 

 

6.3. Characterization 

6.3.1. FT-IR spectroscopy  

The FT-IR spectra of sultone modified PVA samples were recorded on a FT-IR 

spectrum Perkin Elmer Spectrometer, UK in a diffused reflectance mode. The samples were 

mulled with KBr and the frequency range used was from 400 to 4000 cm-1. 

6.3.2. NMR spectroscopy 

The 1H-NMR of sultone modified PVA samples were recorded using a 5 mm QNP 

probe in Bruker DRX-500 spectrometer operating at a proton frequency of 500 MHz. The 

samples were made in DMSO-d6 and TMS used as a reference for chemical shifts (0 ppm). 
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6.3.3. Zeta potential measurements 

The surface charge of PVA before and after modification was determined by 

measuring zeta potential. The electrode probe was dipped in a dilute polymer solution. 

Electric field of 7.0 V/cm was applied across two electrodes. Zeta potential was determined 

with input of pH. For each measurement, 10 runs were averaged with each run employing 10 

cycles. The data was analyzed using zeta pals software of Brookhaven instruments.  

6.3.4. Energy dispersive X-ray analysis (EDAX) 

The elemental analysis was performed using EDAX, to confirm the presence sulfur 

and % of sulfur in sultone modified PVA samples. The powder samples of polymer were 

analyzed by EDAX spectra. 

6.3.5. Swelling measurements 

An accurately weighed membrane was swollen in water for a day, then the surface 

water was carefully wiped with a filter paper, and weighed immediately. The equilibrium 

swelling ratio (Q) of the hydrogel was calculated using the following equation 1. 

𝑄𝑄 =
𝑊𝑊𝑠𝑠 −𝑊𝑊𝑑𝑑

𝑊𝑊𝑑𝑑
× 100                        (1)  

 Where, Ws = mass of the equilibrium swollen hydrogel membrane, Wd = mass of dry 

hydrogel membrane 

6.3.6. Ion exchange capacity (IEC) 

The ion exchange capacity (IEC; mequiv g-1) of the membranes was determined 

titrimetrically. Square (1cm x 1cm) pieces of each membrane were soaked in 15 ml of a 2 M 

NaCl solution and equilibrated for at least 24 h to replace the protons by sodium ions. The 

remaining solution was then titrated with a 0.1 M NaOH solution using phenolphthalein as 

an indicator.  

6.3.7. Dynamic mechanical analysis (DMA) 

Mechanical strength of the membranes was determined by Uniaxial Tension using 

RSA III (TA Instrument). Tensile tests were carried out with a load cell of 1 kN, at room 
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temperature with an elongation rate of 1mm/min. Films with fixed dimensions of 3 mm 

(width) x 0.15-0.2 mm (thickness) were used. 

6.3.8. Proton conductivity 

Impedance spectroscopy was used for measuring the proton conductivity in the 

temperature range of 30 to 60°C and in the humidity range of 30-95% RH. The samples were 

sandwiched between the stainless steel blocking electrodes and placed in humidity and 

temperature controlled chamber (ESPEC). The impedance measurements were carried out on 

a Bio-Logic VMP-3 instrument in the frequency range of 1MHz to 0.1Hz against the open 

circuit potential with AC amplitude of 10 mV. Proton conductivity was obtained from 

following equation 2. 

𝜎𝜎 =  
𝑙𝑙
𝑅𝑅𝑅𝑅

                                 (2) 

Where σ is the proton conductivity (Scm-1), R is the bulk resistance or ohmic 

resistance of the membrane sample, l is the thickness of the membrane (cm) and A is the 

cross-sectional area of the membranes sample (cm2). 

 

6.4. Results and Discussion 

6.4.1. Synthesis of sultone modified PVA and PAMPS/sultone modified PVA hydrogel 

membranes 

In order to enhance the proton conductivity of PVA, the -SO3H groups were 

introduced by reacting PVA with 1, 3-propane sultone. Then, the Semi-IPN hydrogel 

membranes were prepared using the combination of sultone modified PVA and PAMPS 

polymers. Synthetic pathway is shown in Scheme 6.1.  

Free radical polymerization of AMPS monomer was carried out in the presence of 

sultone modified PVA using MBA as crosslinker. The polymerization could be initiated 

using standard initiators like KPS, APS or by photoinitiators such as AIBN-hydrochloride 

(V50). The photo initiation can be important since proton conducting membrane can be 

directly obtained between two electrodes. Since the hydrogel synthesis is performed in the 
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presence of sultone modified PVA, it is physically entangled in the 3D structure of PAMPS 

resulting into Semi-IPN hydrogel. The synthetic pathway for making Semi-IPN hydrogel is 

shown in Scheme 6.2. and pictorial representation is shown in Figure 6.1.  
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Scheme 6.1: Synthesis of sultone modified PVA by grafting 1, 3-propane sultone 

 

Figure 6.1: Pictorial representation for making Semi-IPN hydrogel membrane 
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Scheme 6.2: Synthesis of PAMPS/sultone modified PVA Semi-IPN hydrogel membranes 

 
6.4.2. FT-IR spectroscopy 

We show the FT-IR spectra of PVA-1a, PVA-1b, PVA-1c polymers in Figure 6.2. It 

is clear from the figure that the absorption band at 3390 cm-1 arises from -OH stretching. The 

C-H methylene stretch appeared at 2934 cm-1, the absorption band at 1635 cm-1 corresponds 

to the carbonyl functional groups due to the residual acetate groups remaining after obtaining 

PVA from hydrolysis of polyvinyl acetate.  

Further, the absorption bands at 1415 cm-1 and 1132 cm-1 corresponds to -SO2 

asymmetric and symmetric stretch respectively, which indicated the presence of sulfonic acid 

groups in PVA chains. 
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Figure 6.2: FT-IR spectra of PVA-1a, PVA-1b, PVA-1c 

 6.4.3. NMR spectroscopy 

The structural characterizations of the sultone modified PVA-1b and PVA-1c were 

also done by 1H NMR spectroscopy.  

We show in Figure 6.3, the stacked plots of 1H NMR spectra of PVA-1a, PVA-1b, 

and PVA-1c recorded in DMSO-d6. In the case of PVA and sultone modified PVA, the 

methylene protons of the backbone (-CH2) appeared in the range of 1.36-1.94 ppm and 

methine (-CH) protons attached to carbon to which -OH and -OCOCH3 groups are attached 

appeared at 3.35 and 3.83 ppm, respectively. The -OH protons appeared at 4.25/4.49/4.68 

ppm (atactic) because of the formation of intermolecular H-bonding in the polymer. Protons 

which appeared at 3.40 ppm corresponds to the methylene group (-CH2) attached to -SO3H 

group and ether group (-OCH2) which is overlapping with protons attached to carbon to 

which -OH group is attached. Therefore, the quantitative NMR was difficult.  
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Figure 6.3: 1H NMR spectra of PVA-1a, PVA-1b, PVA-1c  

  6.4.4. Zeta potential analysis 

To determine the Zeta Potential and mobility measurements of polymer PVA-1a, 

PVA-1b, PVA-1c, Smoluchowski’s Equation was used to determine the electrophoretic 

mobility and zeta potential of the particle.  
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The Zeta Potential of the polymers was measured at 0.3 wt% concentration of the 

polymer. The pH of polymers was in the range of 6.3 to 6.5. Zeta potential measurements 

gave negative values and lower negative value was obtained in the case of PVA-1a and 

higher negative values were observed for PVA-1b and PVA-1c. These results clearly indicate 

the presence of -SO3H groups in polymers. 

Table 6.3: Zeta potential values of PVA-1a, PVA-1b, PVA-1c 

Samples pH Zeta potential 

PVA-1a 6.4 -10.6 

PVA-1b 6.5 -19.4 

PVA-1c 6.4 -22.4 

 

6.4.5. Energy dispersive X-ray analysis (EDAX) 

To confirm the presence of sulfur and % of sulfur after reacting PVA with different 

amount of 1, 3-propane sultone, polymers were analyzed by energy dispersive X-ray analysis 

(EDAX). The results are shown in Figure 6.4. A strong signal in the sulfur region of PVA-

1b and PVA-1c samples confirm the presence of -SO3H group in polymers. We also show in 

Table 6.4, the composition of each element (wt %) present in the polymer.  

 

Figure 6.4:  EDAX images of (a) PVA-1a (b) PVA -1b (c) PVA-1c                   
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Table 6.4: Weight % of each element by EDAX measurements 

Element 
PVA-1a 

(Wt %) 

PVA-1b 

(Wt %) 

PVA-1c 

(Wt %) 

C  (K) 36.7 29.7 27.9 

O  (K) 63.3 55.6 42.3 

S (L) 0 7.5 13.3 

K (L) 0 7.2 16.5 

Total 100.00 100.00 100.00 

  

6.4.6. Swelling measurements of hydrogel membranes 

Figure 6.5 shows the equilibrium swelling ratios (Q) of Semi-IPN hydrogels 

membranes. Swelling is in the order of PAMPS/PVA-1c > PAMPS/PVA-1b > 

PAMPS/PVA-1a. The swelling of PAMPS/PVA-1c hydrogel membrane was more compared 

to PAMPS/PVA-1b and PAMPS/PVA-1a. This could be attributed to the fact that, 

PAMPS/PVA-1c contains more -SO3H groups compared to others which make hydrogel 

more ionic in nature and increase the hydrophilicity of the hydrogel. As a result, more 

swelling of the hydrogel membrane was observed. 

 

Figure 6.5: Equilibrium swelling ratio (Q) of PAMPS/PVA 1a, 1b, 1c Semi-IPN hydrogel 

membranes in water 
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6.4.7. Ion exchange capacity (IEC) 

In general, proton conductivity increases with increase in swelling of the hydrogel 

membrane because of the larger free volume which contributes to the high mobility of free 

ions. Also, the proton conductivity increases with increase in IEC because of the high charge 

density of the membranes.  

Table 6.5 shows swelling of membrane (g g-1) with IEC and proton conductivity 

(Scm-1). IEC and the swelling of membrane increased with increase in sultone modified PVA 

content as a result of high charge density. Despite their high ion exchange capacity (IEC) and 

high water uptake compare to nafion, the membranes showed good stability/strength at even 

95%  RH. IEC were both higher than that of Nafion 117 (swelling = 0.34 g g-1 and IEC = 

0.94 mequiv g -1)                            

Table 6.5: IEC values of hydrogel membranes 

Ratio Swelling 
(g g-1) 

IEC 
(mequiv g -1) 

σ 
( 10-2 Scm-1) 

PAMPS/PVA-1a 17.5 1.98 0.59 

PAMPS/PVA-1b 28.7 2.10 2.48 

PAMPS/PVA-1c 36.3 2.15 4.31 

 

 

Figure 6.6:  Proton conductivity (●), swelling (▲), and IEC (■) of PAMPS/PVA-1a, 

PAMPS/PVA-1b, PAMPS/PVA-1c   
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6.4.8. Dynamic mechanical analysis (DMA) 

The mechanical properties of hydrogel membranes were determined using uniaxial 

extension experiments. Figure 6.7 shows the tensile stress-strain curve for hydrogel 

membrane at R.T, at 95% relative humidity (RH). Sample PAMPS/PVA-1a at R.T. showed 

the tensile strength of 30 MPa with a percent elongation of 220%. Whereas, sample 

PAMPS/PVA-1b showed tensile strength of 22.8 MPa with a percent elongation of 360% 

and sample PAMPS/PVA-1c showed tensile strength of 19.9 MPa with a percent elongation 

of 420%. This clearly indicates that sulfonated PVA gives considerable flexibility to 

membranes because of pendant alkyl chain which contributes to the relaxation of chains.  

However at 60°C and 95% RH, there is a decrease in tensile strength and elongation 

in all hydrogel membranes which are shown in Table 6.6 and Figure 6.7. This could be 

attributed to fact that hydrogel membranes are in a swollen state at 95% RH and decrease the 

mechanical strength. Nevertheless, even in the hydrated state all the membranes showed 

good elongation properties which could help in easy handling of the membranes. 

 
Figure 6.7: Uniaxial extension of PAMPS/PVA-1a, PAMPS/PVA-1b, PAMPS/PVA-1c 

hydrogel membranes at RT and at 95% RH, 60°C 
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Table 6.6.: Tensile strength and % elongation of hydrogel membranes 

Samples Tensile Strength    
(MPa) 

Elongation 
(%) 

PAMPS/PVA-1a  at R.T 30.0 220 

PAMPS/PVA-1b  at R.T 22.8 360 

PAMPS/PVA-1c  at R.T 19.9 420 

PAMPS/PVA-1a at 95% RH, 60°C 7.4 215 

PAMPS/PVA-1b at 95%  RH, 60°C 6.1 205 

PAMPS/PVA-1c at 95% RH, 60°C 5.2 190 

 

6.4.9. Proton Conductivity  

We show in Figure 6.8 the proton conductivities (σ) of hydrogel membranes 

measured at constant humidity and temperature (95% RH, 60°C). It can be seen from the 

figure that conductivity has increased significantly in the case of PAMPS/PVA-1c due to 

higher swelling and high ion exchange capacity (IEC) as a result of the presence of sulfonic 

acid groups.  

 

Figure 6.8: Nyquist plot of a) PAMPS/ PVA-1a, b) PAMPS/PVA-1b, PAMPS/PVA-1c at 95% 

relative humidity and 60°C temperature 
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 Swelling in the hydrogel membranes enhances the mobility of free ions and increase the 

number of charge carriers in the system. It can be noted that, PAMPS/PVA-1a showed the 

least proton conductivity (See Table 6.7) mainly due to the less number of sulfonic acid 

groups. 

Table 6.7: Proton conductivities of hydrogel membranes at 95% RH and 60°C 

Samples Humidity 
(%) 

Conductivity at 
60°C (10 -2 Scm-1) 

PAMPS/PVA-1a 95 0.59 

PAMPS/PVA-1b 95 2.48 

PAMPS/PVA-1c 95 4.31 

 

6.4.10. Effect of humidity on proton conductivity of hydrogel membranes 

In order to understand the influence of humidity on the proton conductivity of 

hydrogel membranes, the proton conductivity of PAMPS/PVA-1b and PAMPS/PVA-1c 

hydrogel membranes was measured at three different humidity conditions e.g. 30%, 60% and 

95% humidity. Figure 6.9 shows the Nyquist plots for PAMPS/PVA-1b and PAMPS/PVa-1c 

for three different values of humidity. The resistance values were determined from the 

impedance of real and imaginary plots and the point of resistance is where the imaginary part 

is zero.  

From the figure, it is clear that both the samples showed decrease in resistance with 

increase in relative humidity (RH) which implies higher proton conductivity at higher 

humidity. Particularly, the hydrogel membrane PAMPS/PVA-1c showed higher proton 

conductivity compared to PAMPS/PVA-1b membrane at 95% RH. This can be attributed to 

the fact that former membrane contained more number of -SO3H groups compared to the 

later and hence exhibited higher proton conductivity. However, at low RH (i.e. 30% and 60 

%) PAMPS/PVA-1c showed lower proton conductivity which may be due to low 

coordination of H3O+ ion with sultone and groups at low water contents. 
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Figure 6.9: Nyquist plot for effect of humidity on proton conductivity of a) PAMPS/PVA-1b, 

b) PAMPS/PVA-1c hydrogel membranes 

6.4.11. Effect of temperature on proton conductivity of hydrogel membranes 

To determine the activation energy (Ea) required for the proton conduction of 

hydrogel membranes, the temperature dependent proton conductivities were measured at 

constant relative humidity (95% RH) in the temperature range of 25-60°C. The results are 

shown in Figure 6.10. It is observed from the figure that, the change in conductivities of 

hydrogel membranes followed the Arrhenius behaviour. The activation energies were 

calculated from the slopes of log σ vs 1000/T liner plots and found to be 7.5 KJ/mol and 3.5 

KJ/mol for PAMPS/PVA-1b and PAMPS/PVA-1c respectively. These values are slightly 

lower than the activation energy (Ea) of Nafion 117, which has the Ea of 12 KJ/mol. From 

these results, it can be inferred that higher amount of -SO3H groups improves the proton 

transport in the hydrogel membranes. Further, the water molecules form H-bonding network 

with -SO3H and -OH groups through which protons can “hop” along via the Grotthuss 

mechanism. 

Alternatively, the proton (from -SO3H group) can migrate to solvent molecules like 

water to form hydrated ions such as H3O+, H5O2
+, etc. and the proton transfer can occur by 

diffusion of these hydrated ions. This is known as vehicle mechanism. The high water 

content in the membranes can influence and enhances the diffusion of hydrated ions. Both 
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the mechanisms are represented in Figure 6.11. In our hydrogel membranes, the possibility 

of both mechanisms could be operative and can contribute to proton conductivity. 

 

Figure 6.10: Temperature dependences of the proton conductivity for PAMPS/PVA-1a, 

PAMPS/PVA-1b, PAMPS/PVA-1c hydrogel membranes 

 
Figure 6.11: (a) Vehicle and (b) Grotthuss type mechanism for proton Transfer 

6.5. Conclusions 

In conclusion, we have synthesized proton exchange Semi-IPN hydrogel membranes 

using polyacrylamido propane sulfonic acid (PAMPS) and sultone modified PVA polymers. 

Sultone modified PVA content in the hydrogel membrane was varied from 0-15 mol%. The 

structural characterization of sultone modified PVA was performed using FT-IR, NMR and 
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EDAX spectroscopy. The swelling and mechanical strength of the hydrogel membranes were 

studied. The proton conductivity and ion exchange capacity (IEC) of the hydrogel 

membranes were determined and the influence of humidity and temperature on the proton 

conductivity was investigated. The proton conductivities were obtained in the range of (0.6 - 

4.30) x 10-2 Scm-1. Activation energy (Ea) for proton conductivity was determined and 

compared with the Ea of commercial membrane, nafion 117. The tensile strength of the 

hydrogel membranes varied from 5-30 MPa depending on the humidity content in the 

hydrogel membrane. The % elongation was in the range of 200-400%. The proton 

conductivity and IEC of the hydrogel membranes increased with increase in water content. 

The activation energy decreased with increase in -SO3H content in the membranes and 

exhibited higher proton conductivity. The mechanism of proton transfer was explained using 

both “hop” along via Grotthuss method as well as Vehicle transport of hydrated ions. These 

hydrogel membranes show promise in fuel cell application. 
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In the seventh chapter, we have discussed the summary and conclusions of 

the thesis work. 
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The objective of this thesis was to design and synthesize the hydrogels for novel 

applications such as metal nanoparticles incorporated hydrogels for catalytic applications, 

conducting hydrogels as proton exchange membranes in fuel cell applications and 

hydrogels as sensor materials for toxic metals. Although extensive work has been done 

on hydrogels in terms of their synthesis, stimuli-sensitive properties, structure-property 

relations and their wide variety of applications in bio-medical, controlled drug delivery, 

health-care, tissue engineering, robotics, actuators etc., still there is enormous scope in 

looking at other novel applications. Therefore, in this thesis we have undertaken work on 

synthesizing hydrogels with metal nanoparticles for catalytic and sensor applications and 

making conducting hydrogel membranes for fuel cell applications.   

In the first chapter, a detailed literature survey was done on hydrogels in terms of 

their introduction, classification, properties and on a few reports on their applications in 

catalysis, conducting membranes and sensors field. The characterization techniques such 

as XPS, XRD, TEM, Electrospinning, etc., used for studying the atomic composition, 

surface morphology and making nanofibers were briefly explained. The scope and 

objectives of thesis was discussed in second chapter. 

In the third chapter, we have synthesized Ag-NPs embedded Semi-IPN hydrogels 

based on combination of PAm and PAS by free radical polymerization and its application 

in catalytic reduction of 4-NP to 4-AP. The presence of PAS enhances swelling and 

diffusion of more Ag+ ions into the hydrogel through electrostatic interaction between -

COO- groups of PAS and Ag+ ions. The presence of Ag-NPs in hydrogels was clearly 

evidenced by TEM, EDAX and UV-Vis analysis. The swelling studies on PAm/PAS 

hydrogels showed Non-Fickian diffusion of transport. The catalytic reduction of 4-NP to 

4-AP was performed using Ag-NPs embedded Semi-IPN hydrogel where the completion 

of reaction occurred in ≈ 16 minutes. The completion of the reaction was indicated by 

slow fading of yellow colour of the reaction mixture. The Ag-NPs embedded hydrogel 

could be easily separated and reused for subsequent repeated cycles without losing the 

catalytic activity which is most desired in catalytic applications. 

In the forth chapter, we have demonstrated the green synthesis of Ag-NPs by SA 

(polysaccharides) as a reducing as well as capping agent and further incorporated them 



Summary and Conclusions                                                                                           Chapter - VII                                                                                                                                                                                                      
 

S P Pune University                                   105                   CSIR-National Chemical Laboratory  
         

into SA/EHM-200 blend beads. EHM-200 with long alkyl phenol helped in stabilizing 

the nanoparticles. EHM-200 also helped in enhancing the swelling of the hydrogel as a 

result there could be better diffusion of reactants through the hydrogel. The conformation 

of formation of Ag-NPs was done by UV-Vis spectroscopy, which gave a surface 

plasmon resonance in the range of 410-425 nm. The TEM images indicated the size of 

nanoparticles in the range of 15-30 nm. SEM images indicated that beads are more or less 

spherical in nature. Finally, we demonstrated the use of this Ag-NPs embedded hydrogel 

blend for the catalytic reduction reaction of 4-NP to 4-AP. The completion of the reaction 

was achieved in ≈ 8 minutes and could be recycled for atleast 2 times. The combination 

of SA and EHM-200 makes the system biodegradable and helps in the green synthesis of 

Ag-NPs. 

In the fifth chapter, we synthesized Ag-NPs incorporated PVA/PAS electrospun 

nanofibers as a sensor for detecting toxic metals such as Hg. It is known that, Ag-NPs on 

their own are susceptible to oxidation and degradation and using them in liquid state is 

highly cumbersome. Therefore, incorporating them into a nanofiber polymer matrix can 

resolve the above issues to a great extent. Accordingly, we have prepared PVA/PAS 

electrospun nanofibers and made in-situ synthesis of Ag-NPs in the nanofibers. In order 

to get good films of nanofibers, the fibers were post-crosslinked with glutaraldehyde. 

Morphology of the nanofibers was studied by SEM and the average diameter of the fibers 

was in the range of 195-285 nm. Presence of Ag-NPs in the nanofibers was confirmed by 

TEM analysis. Finally, we demonstrated the use of Ag-NPs embedded nanofibers for 

sensing toxic metal, mercury.  

In the sixth chapter, we synthesized PAMPS/sultone modified PVA hydrogel as a 

proton conducting membrane for fuel cell applications. The structural characterization of 

sultone modified PVA was performed using FT-IR, NMR and EDAX spectroscopy. The 

swelling and mechanical strength of the hydrogel membranes were studied. The tensile 

strength of the hydrogel membranes varied from 5-30 MPa depending on the humidity 

content in the hydrogel membrane. The % elongation was in the range of 200-400%. The 

proton conductivities were obtained in the range of (0.6 - 4.30) x 10-2 Scm-1. These 

hydrogels can have potential in fuel cell application. 
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In the overall thesis work, we have demonstrated the synthesis, characterization 

and new applications of hydrogels in the areas of catalysis, fuel cell and sensing toxic 

metals. 
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