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ABSTRACT 

 

The thesis has been divided into six chapters. The literature survey including several 

reported hydrogels based sensors and adsorbents are summarized as an introduction in 

Chapter 1. Scope and objectives of the research work discussed in chapter 2. In 

chapter 3 considering the toxicity of heavy metal ions we have developed a 

colorimetric sensor 11, 16-bis (phenyl)-6, 6, 21, 21-tetramethyl-m-benzi-6,21-

porphodimethene (meta-BPDM) incorporated polyacrylamide/carboxymethyl guar 

gum (PAM/CMG) polymeric hydrogel. Meta-BPDM is an organic moiety containing 

pyrrolic and carbocyclic units insoluble in aqueous medium. Zn2+, Cd2+ and Hg2+, 

owing to their biological significant value and environmental harm, have attracted 

more attention. The selective detection of Zn2+, Cd2+ and Hg2+ metal ions has always 

been challenging due to their closed-shell d10 electronic configuration which makes 

them spectroscopically silent. The meta-BPDM embedded hydrogel shows high 

stability, sensitivity and selectivity when it is dipped into the aqueous solutions of 

Zn2+, Cd2+ and Hg2+ metal ions. During detection, the binding of these metal ions in 

hydrogel causes hydrogel to change from red to bluish-green which was visually 

detected and confirmed by UV–visible spectroscopy.  The hydrogel was characterized 

by using solid-state UV–visible spectroscopy, scanning electron microscopy, X-ray 

diffraction, Thermogravimetric analysis, Fourier-transform infrared spectroscopy, 

Energy-dispersive X-ray analysis and its sensing properties were studied. The meta-

BPDM-embedded polymeric hydrogel was found to be an excellent, selective 

colorimetric sensor for Zn2+, Cd2+ and Hg2+ in aqueous medium without leaching of 

meta-BPDM from the hydrogel in presence of various other alkali, alkaline and heavy 

metal ions.  
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The selectivity to sense these ions is mainly dependent on the binding constant of 

these metal ions with the meta-BPDM embedded in the hydrogel. The sensitivity of 

the hydrogel was 0.5, 1, and 2 mg/L with Hg2+, Zn2+ and Cd2+, respectively. To the 

best of our knowledge, no colorimetric sensor is available to sense Zn2+, Cd2+ and 

Hg2+ in aqueous medium based on colour changing molecule-embedded polymeric 

hydrogels. In chapter 4 subsequently applications of polymeric hydrogel explored for 

on-site visual naked-eye detection of spectroscopically silent Zn2+, Cd2+ and Hg2+ 

metal ions in real industrial wastewater and of Zn2+ in E. coli bacterial cells. Chapter 5 

discussed selective removal of Zn2+, Cd2+ and Hg2+ ions from water. This hydrogel 

appears to be a competitive sorbent and has been successfully applied to efficient 

removal of Zn2+, Cd2+ and Hg2+ ions from water in the presence of others. Batch 

adsorption experiments with respect to pH, initial metal ion concentration and contact 

time were also investigated. Chapter 6 discussed conclusion and future prospect of the 

work.  
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Chapter 1 

Introduction 

1.1 Hydrogels  

Researchers, over the years, have given different definitions of hydrogels. Such as they are 

polymeric networks extensively swollen with water and retain significant amount of water 

within its structure, but insoluble in water. The hydrophilic functional groups attached to the 

polymeric network attributes to the absorbance and water retention property in a hydrogel. On 

the other hand, the cross-links between the polymeric chains attributes to their reluctance to 

dissolution. Hydrogels can be defined composed of two or more components having a 3-D 

network of polymeric chains. Hydrophilic gels are interpreted as networks of polymeric chains 

which are often colloidal gels having water as a medium of dispersion.1,2 Hydrogels are 

commonly defined as a cross-linked polymeric chains that undergoes swelling in presence of 

water, and are obtained through a simple reaction between one or more monomers.  It maintains 

its 3-D property in its swollen phase by the virtue of crosslinking.3  Hydrogels have acquired 

huge attention in the past 50 years, due to their exceptional promise in various applications.4  

Hydrogels exhibit flexibility very similar to that of natural tissue due to their capability of 

carrying large water and fluid contents, such as biological fluids which may resemble 

biological tissues. Because of this property, great interest had been developed in designing the 

innovative devices by varying their physicochemical properties which can be tuned. Recently, 

natural hydrogels were gradually replaced by synthetic hydrogels having distinct structures that 

can be further modified to yield tailorable functionality and degradability.  Relying upon the 

properties of the components utilized in polymeric network along with the density of the 

network joints, they can contain various amounts of water in equilibrium.5 



 

2 
 

 

The synthesis of hydrogels can be achieved by a number of chemical ways involving one-step 

methods like cross-linking of multifunctional monomers, polymerization, and multiple step 

methods which involves synthesis of polymeric chains containing highly reactive functional 

groups, which subsequently gets cross-linked with a suitable cross-linking agent. A polymer 

engineer can formulate polymeric networks possessing a molecular-scale control over structure 

including cross-linking density with modified features like, mechanical properties, 

biodegradation, biological and chemical response to stimuli.6  

1.2 Natural Gums based Hydrogels 

In the recent past, the prospected uses of natural gum polysaccharides in various aspects of 

water, food, energy, environment, biotechnology and medicine industries, have gained an eye 

of research fraternity, owing to their availability, low cost, structural diversity and remarkable 

properties. Natural gums or polysaccharides7 are obtainable from various tree groups, 

possessing extraordinary properties, including renewable, biodegradable, biocompatible, non-

toxic nature and can be easily modified chemically.7 Hydrogels based on natural gums or 

polysaccharides provide several valuable properties compared to synthetic origin. In the recent 

years they have witnessed remarkable improvement as a novel alternative because of health, 

environmental pollution and ecological issues faced by the uncontrolled use of synthetic 

polymers based hydrogels.8, 9 Hence, there is a great demand of the materials that do not harm 

the ecosystem. These hydrophilic polymeric networks are insoluble in water, display higher 

strength and elasticity.1, 10 They are eminently responsive towards their environment, like any 

change in, pressure, electric field, solvent composition, pH and temperature.11,12,13 The 

practical importance of these hydrated polymeric network is tremendously increasing day by 

day and are of interest as biomimetic, intelligent and smart materials. They have applications 

in sensors, actuators and frequently they are being studied as self-oscillating gels.14 Hydrogels 

termed as Smart networks exhibit a significant physicochemical response towards small 
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changes in the surroundings. These changes are reversible and have capability of returning to 

its initial state after the trigger is removed.15  

1.3 Classification of Hydrogels 

Based on source: They can be of natural or synthetic origins. Natural polymers including 

proteins such as collagen and gelatine and polysaccharides such as alginate, starch, cellulose, 

glucomannan, pectin, hemicellulose, gums, and agarose forming hydrogels. Synthetic 

polymers including polyvinyl alcohol (PVA), polyethylene glycol (PEG), polyacrylic acid 

(PAA), polyacrylamide (PAM) that form hydrogels are conventionally synthesized using 

chemical polymerization methods.2 

Based on polymeric composition or synthesis techniques:  

(I) Homopolymer hydrogels have basic structural and functional unit comprising of a 

single type of monomer in the polymeric network. They can have cross-linked 

skeletal depending on the polymerization technique as well as on the type of  

monomer.16  

(II) Copolymeric hydrogels are derived from a variety of monomeric units with at least 

one hydrophilic component. The polymeric network chains can be arranged in a 

random, block or alternating configuration. 17   

(III) Multipolymer interpenetrating polymeric network (IPN) can be synthesized using 

two independent cross-linked natural or synthetic polymer component, confined in 

a network form. In case of  Semi-interpenetrating hydrogel, one polymer is a cross-

linked and other polymeric component is a non-cross-linked.18 They interact  

without any chemical bonding between them, one straight polymeric chain 

penetrates into another crosslinked network.19 
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Based on physical structure and chemical composition: (I) Non-crystalline (Amorphous) (II) 

Semicrystalline, a composite of amorphous and crystalline phases. (III) Crystalline.2 

Based on cross-linked networks:  Chemically cross-linked networks have permanent bonding 

involving covalent interaction while physical networks have transient junctions involving 

entanglements of polymeric chain involving hydrogen bonds, polar or ionic, hydrophobic  type 

of physical interactions.2  

Based on electrical charge: (I) Neutral (non-ionic), (II) Ionic (including anionic or cationic), 

(III) Amphoteric having both acidic and basic groups, (IV) Zwitterionic (polybetaines) possess  

both cationic and anionic functionality in each repeating unit.2  

1.4 Preparation of hydrogels 

Hydrogels can be synthesized using natural, synthetic, and composite of both natural and 

synthetic polymeric materials. Cross-linking of polymer chain by chemical modification, 

external cross-linking agent, by exposure to high energy radiation and polymerization grafting 

have been utilized for the preparation of hydrogels. In the hydrogel formation chemical cross-

linking involve the formation of new covalent bonds between polymeric chains in the hydrogel, 

where as physical cross-linking involves physical interactions between polymer chains.53 Both 

physical and chemical methods have their own advantages and disadvantages related with 

them. Conventional and controlled radical polymerization techniques results hydrogels with 

various morphologies, size and composition including hollow core-shell particles.54, 55  The 

most widely used mechanism is free radical polymerization to prepare hydrogels.56, 57 Usually 

in hydrogel formulation, the gel reactants react with crosslinker (s) to form 3D-crosslinked 

networks in presence of radical initiators like potassium persulfate or ammonium persulfate. 

Free radical polymerization occurs in three main steps: initiation, propagation, and 

termination58. In the initiation step, free radicals (R●) are generated by the dissociation of an 
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initiator and then react with other molecules (M) to produce the first radicals M●. In the 

propagation step highly, reactive free radicals rapidly react with molecules of monomer 

resulting formation of macroradicals. Usually, termination occures by combination or 

disproportionation reaction of free radicals. Various shape of hydrogels like bulk, sphere, and 

films can be obtained by selecting the appropriate preparation process, raw material, and 

polymerization condition.47 

Bulk Hydrogels:  Usually, they are smoothly obtained by solution or homogeneous 

polymerization wherein all the reactants i.e., the monomer (or polymer), initiator, and cross- 

linker are soluble in the medium. The resultant hydrogel generally takes up the shape of the 

container in which it has been polymerized and yields a relatively homogeneous hydrogel.59 

However, due to the slow diffusion of solute to the adsorption sites within hydrogel it will take 

long time to reach equilibrium during water treatment.60 Usually, bulk hydrogel is cut into 

small sized pieces manually or by using food blender to produce small size hydrogel beads for 

better adsorption efficiency. However, sometime cutting or grinding step may yield hydrogel 

particles with polydispersity and damaged morphology.61, 62 

Spherical Hydrogels:  Spherical hydrogel does not require grinding or cutting and thus avoids 

further morphology destruction and energy consumption. Hydrogel bead is one of the examples 

of spherical hydrogel with a millimetre diameter. Generally, synthesis of spherical hydrogels 

involves dropping the monomer or polymer suspension using syringe into a solution thus, the 

size of the resultant hydrogel bead is usually dependent on the diameter of the syringe. 

Chitosan, a natural polysaccharide which is biodegradable, nontoxic, odourless, biocompatible 

and biopolymer is commonly used for hydrogel bead preparation. It can be crosslinked by 

contacting with sodium and potassium cations.63-67  
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Hydrogel Films: Hydrogel composite film seems to have a great potential for real application. 

They exhibit robust and repeatable self-healing behaviour in the aqueous medium and are easy 

to prepare. Many hydrogels have been used as an efficient ion-exchange film for water 

purification. Recently, the electrospinning technique is selected as a method to directly 

synthesis nanofiber hydrogel film.68 In order to synthesize a particular hydrogel composite with 

desired properties, some additional components could be incorporated into the hydrogel film 

either by mixing additive with hydrogel precursor before polymerization or by grafting after 

polymerization.69 Usually, hydrogel film is used in sensing applications in which it is generally 

employed as an active membrane, primarily to provide more hydrophilic surface and less 

susceptible to contamination.66  

1.5 Characterization of Hydrogels 

Various types of characterization techniques have been utilized for understanding the 

hydrogel’s physical and chemical properties. The physical properties of polymeric hydrogels 

determined by the volume fraction, effective molecular weight of the polymeric chain in 

between two crosslinking junction and on the density of the crosslinking.20 Hydrogels have 

many properties, such as absorption capacity, permeability, swelling behaviour, optical, 

surface, and mechanical properties. The nature of the polymer chains and the crosslinking 

present in the network structures play a significant role in the outcome of the properties of the 

hydrogel. All these properties are responsible for making hydrogel a promising material for a 

wide range of applications.21  

Fourier Transform Infrared Spectroscopy FTIR analysis: This technique provides an authentic 

data about the crosslinking and give an idea about morphology of hydrogels. 

Atomic Force Microscopy (AFM): This technique helps to examine the surface morphology of 

the hydrogels. It uses multimode atomic force microscope. 



 

7 
 

 

Network Pore Size: Various techniques, for instance, Quasi-elastic laser light scattering, 

mercury porosimetry, rubber elasticity measurements, electron microscopy, and equilibrium 

swelling experiments are employed to find out the network pore size of hydrogel. This is an 

important technique for hydrogel characterization. 

 X-ray Diffraction: X-ray diffraction analysis enables one to understand the crystalline and 

amorphous nature of hydrogel, whether the crystallinity is maintained or was deformed while 

synthesizing. 

Swelling Behaviour: In order to study the potential use as a hydrogel, the specific swelling data 

studies are employed and many researchers have successfully worked upon it.  

Crosslinking and Mechanical Strength:  The crosslinking density inside the network structure 

of hydrogel determines its mechanical strength. Generally, with increasing crosslinker 

concentration mechanical strength of the hydrogel also increases.  

Rheology: It depends on the type of interactions (association, entanglement and crosslinks) 

present in the polymeric network among polymer chains.  

All these characterization methods provide important information about the desired 

crosslinking results, formation of hydrogel. Which can be useful further for various 

applications.3 

1.6 Applications of Hydrogel  

The salient features of hydrogels, they are biodegradable, hydrophilic character, biocompatible, 

less toxic, highly flexible similar to tissues and easily modifiable. They have good transport 

properties and the ability to response towards environmental changes such as pH, temperature, 

or the concentration of metabolites. Owing to their extraordinary properties, hydrogels are said 
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to have novel applications in a number of fields like wound dressing, drug delivery, agriculture, 

tissue engineering, water purification, hygiene applications, etc.3,7 

Owing to the properties similar to human soft tissue, hydrogels have been frequently utilized 

in biomedical field, such as drug delivery.22-25, gene vectors, tissue engineering26, 27, and 

biosensors28, 29. Hydrogels meet both material and biological requirements because they have 

unique characteristics like desired functionality, reversibility, and biocompatibility. They are 

commonly used for cell-laden, tissue regeneration, drug delivery, and biosensor.  

Soft Contact Lenses:  It remain one of the most widely used applications of hydrogels due to 

their biocompatibility and mechanical properties. Hydrogels have the adjustability towards the 

global ocular curvature and allow the atmospheric oxygen to reach up to cornea by dissolving 

the water of the lens.30  Polyhydroxyethylmethacrylate (PHEMA) was the first ever established 

synthetic hydrogel as a favourable and great candidate for manufacture of contact lens by 

Wichterle and Lim (1960).3  

Tissue Regeneration and Tissue Engineering: The loss or chronic failure of any organ function 

due to some severe disease or accident necessitates the demand of tissue and organ 

transplantations. It has become challenging due to lesser availability of donors, social norms, 

legal norms etc.31 Tissue Engineering has developed a hope for designing an ideal living 

substitute which imitate the functions of living tissues in human system.3 Scaffolds act as 3-D 

artificial templates in which the rebuilding of targeted tissue is cultured to grow. The extremely 

porosity  of hydrogel enables the diffusion of cells during migration,  transfer of nutrients and 

excludes the unwanted products outside of cellular membranes.32 Now, both synthetic and 

natural hydrogels are used as scaffolds in many tissue engineering applications, including 

repair of tendon, cartilage, ligament, blood vessels, skin and even heart valves.33 They have 

been utilized in various biomedical applications such as fillers for aesthetic correction of scars7, 



 

9 
 

 

bladder34, cartilage35, orthopaedic applications36, skin37 and bone38. Polysaccharides based 

hydrogels that exhibit biocompatibility with tissues which makes them more significant for 

biomedical and tissue engineering applications.  

Wound healing: Injured skin is covered to avoid bleeding and to protect the wound from 

environmental infections. Wound dressings are non-toxic, antiseptic, permeable to oxygen, 

preserve wound moisture, cause minimum damage, eliminates excess exudates and thus fasten 

the healing process while direct interacting with the wound. A great advantage of gum based 

hydrogel in wound dressings is that they can easily be applied or removed without interfering 

with the wound beds.39, 40 The mechanical properties of hydrogels increase its elasticity and 

flexibility to adapt with wounds and bring instant relief to patients in pain, as compared to 

conventional bandages, pads or gauzes. They act as a coolant to localized wound in case of 

burn also reduces the pain and recovers from resultant damage.41, 42 Non-adhesive nature and 

hydrophilic surface of hydrogels do not allow it to attach with cells therefore causes less pain 

and discomfort to patient. Hydrogel transparency has an advantage over traditional bandages 

as it causes less pain during peeling it off. Various hydrogels for wound dressings are available, 

like amorphous gels, gel-impregnated gauzes, plasters or sheets. The development of hydrogel 

formulations to address different aspects of wound healing and management such as easy 

dressing, reduction in infection is attaining new heights.43, 3  

Drug Delivery: The porous structure of hydrogels can provide a matrix for drug loading or 

delivery while protecting drugs from hostile environment at the same time. Hydrogel targets 

specific sites like colon as a drug delivery agent and release drug or other nutrients timely. In 

addition to this hydrogel interacts very less with the drug and other loaded solute hence 

sustained and prolonged release occurs in the larger fraction comparative to conventional drug 

delivery systems.7 The unique property i.e., hydrophilicity of hydrogels enables to hold 

excessive amounts of water which make it useful in drug delivery application that control 
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release of solute over a given time period. Numerous biomaterials have been explored for this 

purpose, which act by two mechanisms (1) controlled release of drug may be achieved by 

varying the crosslinker amount and monitoring the ratio of hydrophilic to hydrophobic 

monomers. (2) Hydrogel release large fraction of active drug molecules (protein and peptides) 

because its interaction with drug is very less. Targeted and controlled drug delivery would 

decrease the undesired side effects and support the recovery aspects. Several mechanisms 

express the release of drug from hydrogel such as (a) diffusion, (b) chemical control, (c) 

deswelling and environmentally responsive release.3  

Agricultural Applications : Water management is a notable footstep for accomplishing 

sustainable development and growth in agriculture44. Superabsorbent polymeric hydrogels 

SPH based on natural polysaccharides exhibit ability to hold and retain huge amount of water 

thus gaining importance in agriculture. Prolonged moisture can be retained by addition of SPH 

to the soil in arid and semi-arid areas so that crop can withstand harsh climatic conditions. 

Hydrogels function as ‘mini liquid tanks’ in arid and semi-arid soil, releasing water along with 

desired loaded nutrients into the soil. Modification in hydrogel properties as required give 

fertile physical properties of soil.45 The usage natural polysaccharides based SPH is flourishing  

owing to their biodegradability, durability, high water holding ability, avoid loss of nutrients, 

nontoxic, and their sustainability compared to synthetic polymer based hydrogels.46 Hydrogels 

have been used for the prevention of soil erosion over a decade by reduction in soil erosion, 

increasing water holding capacity, enhancing permeability of finely textured  soils, improve 

water infiltration among fine-textured agricultural soils. The water-soluble polyacrylamide 

(PAM) hydrogels form a thin film covering soil surface and are very efficient in preventing 

soil erosion. This film protect soil surface from washing away during irrigation and retains the 

optimum water content within the soil system, so that irrigation water can permeate easily.3 
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Hydrogel as adsorbent:  As we all know emerging contaminants including pharmaceuticals, 

pesticides, industrial chemicals, metal ions, surfactants, and personal care products have raised 

global concern for their significant hazard to aquatic ecosystem and human health. Many of 

them have no regulatory standards on the effects of chronic exposure due to the lack of 

information.70 These contaminants are stable under various conditions such as aerobic 

digestion, heat and light thus they can accumulate and cause adverse effects on ecosystems. 

Therefore, adsorption method has been greatly adopted to treat emerging contaminates as it is 

cost-effective and highly efficient.71 

There has been a growing interest in exploring hydrogel as adsorbent in the application of 

pollution control. The adsorption process strongly depends on the nature of adsorbate as well 

as on the hydrogel adsorbents. The adsorption data of emerging contaminates on hydrogels can 

be well interpreted by the Freundlich model and Langmuir model, with the kinetic model 

usually pseudo-second-order. Hydrogel adsorbents have strong affinity for pollutants 

predominantly due to the various interactions between adsorbate and adsorbent, including 

hydrophobic interaction, hydrogen bonding, ionic or electrostatic interaction, and π–π 

interaction. This varies according to the chemical nature of adsorbent and adsorbate, pH, 

adsorbent dose, the ionic strength of the solution, and so on. When the solution pH is different 

from the isoelectric point of hydrogel adsorbents, the surface of adsorbent will carry ionic 

charge. At the same time, ionic adsorbate also gets protonated or deprotonated at different pH 

values, this results electrostatic interactions between them. Hence, pH is an important factor 

responsible for adsorption mechanism.47, 3 Many solid and liquid phase removal trials remained 

tracked for the elimination of pollutants from liquid such as coagulation, adsorption, 

biochemical precipitation, photodegradation, ion exchange, electrochemical treatment, 

flocculation, and membrane percolation.48-51 Among these various techniques, adsorption 

owing to its high efficiency, minimal effort and simplicity considered better than other 
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techniques. Hydrogels are considered unique for water refinement by adsorption due to their 

porous structure, high absorption capacity, low crystallinity and abundant in functional groups. 

Polysaccharides (Gum) contain various important functional group in their structure, in this 

way, hydrogel based on them and graft copolymers have been largely explored as adsorbents 

for the elimination of pollutants such as heavy metal ions and organic dyes from aqueous 

media. The principle advantage of using natural gum-based hydrogels as adsorbents is their 

biocompatibility, their structure can be easily tailored according to the nature of the pollutant.52 

Although hydrogels are found to be superior candidate for the removal of a wide range of 

aqueous pollutants, including heavy metals, dyes and other emerging contaminates but 

selective adsorption of contaminates is rarely explored. Therefore, research efforts are required 

to develop hydrogels with the desired properties, sensitivity and selectivity toward a specific 

pollutant. Many hydrogels have been developed with desirable strength and adsorption 

capacity, but their chemical and biological stability always ignored which needs to be 

considered in wastewater treatment for economic viability and sustainability.47 

Hydrogel as sensor of heavy metal ions in environmental and biological sample (targeted 

application): Nonbiodegradable heavy metal ions widespread existence in water are potentially 

threatening to the ecosystem and living organisms. Hydrogels have been functionalized with 

many biomolecules, including DNA, to form stimuli-responsive sensors and materials72,73 

However, for sensing application most of them rely on hydrogel phase transition or volume 

change. Hydrogels are ideal for optical sensor immobilization due to their good 

biocompatibility, large sensor loading capacity, and very low optical background. Moreover , 

hydrogel backbone property such as charge and hydrophobicity can be modified by mixing 

with different monomers, allowing further control of sensor performance.73 The stimuli-

responsive hydrogel can be used as a transducer material for transforming the reaction of a 

recognition unit into a physical signal, which can be detected by, e.g., quantifying the change 
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of optical length with an optical fibre, observing the resulting change in swelling pressure under 

isochoric conditions or by measuring the diffracted wavelength of a polymerized crystalline 

colloidal array. The host-guest interactions in sensing applications have been proven to be a 

powerful tool. Usually, macrocyclic polyethers, i.e., crown ethers have been proved to be 

promising candidates in combination with hydrogel facilitated by the generation of highly 

selective and reversible host-guest complexes with specific alkali and heavy metal cations. 

Notably, colorimetric sensing method has attracted considerable attention because of its ease 

of operation, low cost, rapidity, and direct visual perception. To have better sensitivity, most 

colorimetric sensors are diffused in sample solution for full interaction with the target 

substance, but sometimes an uneven and unstable dispersion of the sensors induces unsteady 

detection results. To avoid this problem, chemo sensor can be assembled on a solid substrate. 

The selection of a solid substrate is most important as it can considerably affect the sensitivity 

of the sensor. In the sensor studies, a colorimetric chemo sensor can be formed by the design 

of molecules that change their colour in sample solution due to an alteration in their molecular 

structure in the presence of target ions.74 The solubility of the designed sensor molecule is 

important in aqueous media. One of the most important issues in these studies is the fact that 

pollutant species i.e., anion or cation are soluble in water, but the sensor cannot dissolve 

directly in water. Moreover, the soluble sensor is only suitable for a single use. Researchers 

have chosen to polymerize the molecules with sensor characteristics to stand with such 

problems. In this view, the sensor must be insoluble to be used again and can be easily removed 

from the sample solution. The best example of a solid support or polymer, which can be easily 

removed from the sample solution with a filtering process, is hydrogel. They are important for 

various sensing applications as they can be synthesized with good yield, have swelling in water, 

are reusable and stimuli responsive.74,75 
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Among other sophisticated technique such as atomic absorption (AAS) spectroscopy, 

inductively coupled plasma (ICP) spectroscopy which needed additives that are time 

consuming and complicated. Hence formulation of a new sensing methods for simple, fast, and 

portable on-site detection of multiple metal ions is considerable research interest. A 

colorimetric hydrogel sensor can act as an indicator which can produce visual changes in the 

presence of metal ions. The colorimetric probe has many binding sites like -OH, -NH and -SH 

functional groups that can form water-insoluble and stable complexes with various metal ions 

under ambient conditions. The colour change mechanism involved chemisorption process. 

Which implies the electron transfer mechanism occurring between adsorbent (sensor) and 

adsorbate (metal ions).76  

Stimulus-sensitive hydrogels give response to slight changes in their environment such as 

physical stimuli including temperature, pressure, electric field, light, ionic strength, and 

magnetic field, chemical stimuli for example pH or ions change, or biological stimuli by 

changing volume in antigen, glucose, and enzyme. The hydrogels in the presence of these 

stimuli experience phase transition by sensing target substrate and simultaneously transform 

this sense into a macroscopic event. Such hydrogels may act as active sensing material and 

their response time depends on the shape, size and composition of hydrogel and can be 

improved by increasing both the number of ionic groups, and pore size and by reducing the 

size and cross-linking density.77 Polysaccharide-based natural polymers, including cellulose, 

starch, protein, chitosan and their derivatives, have also been explored in hydrogels synthesis 

for sensing applications, because, moreover to their ample functional groups and special 

chemical or physical properties, they are more interesting than their synthetic analogues which 

make them suitable for sensing. Hydrogels embedded with ion sensitive component can 

provide a great way of sensing ions, their concentration, and pH. Hydrogels based on 
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polyacrylamide because of excellent biocompatibility and well-defined synthesis protocols 

with desirable physiological and mechanical functions are widely used in biosensors.78 

Hou formulated an injectable hydrogel based on polysaccharide/polyacrylamide system for 

high-performance strain sensors.79 Hydrogels based on PAM and photonic crystals have also 

been explored as glucose or pH sensors by tracking the ionic strength. In addition to photonic 

crystal sensors, PAM hydrogels were immobilized with protein, enzymes, peptides, or 

antibodies for molecular recognition. They have been used humidity sensing, in the form of 

composites, because of their super absorbency.78 

Amine-functionalized polyacrylamide hydrogels cross-linked with 5,6-dicarboxylic 

fluorescein are more selective for Cu2+ in presence of other metal ions and can be used to detect 

and quantify cupric ions.80 Toxic heavy-metal ions (Hg2+) may be identified by polyethylene 

glycol diacrylate (PEGDA) hydrogels by judicious exploitation of optical waveguides. The 

material allows to modify smooth surface with minimal light scattering at the surfaces. The 

fluorescence of embedded carbon dots (CDs) can be used to detect absorbed metal ions.81 Other 

mechanisms including fluorescence red shifts upon Hg2+ ions binding can be used through 

exploitation of thymine rich DNA-polyacrylamide hydrogels.82 

The colloidal photonic crystal hydrogel (CPCH) films functionalized with aptamer were 

employed for the visual recognition of heavy metal ions (Hg2+ and Pb2+). The CPCHs were 

obtained from a colloidal crystal arrangement of monodisperse silica nanoparticles, 

polymerized inside the polyacrylamide hydrogel and aptamers were then cross-linked within 

hydrogel network. The specific binding of target ions and single-stranded aptamers cross-

linked in the hydrogel network caused the hydrogel to shrink during detection. Which was 

identified as a corresponding blue shift in the Bragg diffraction peak position of the CPCHs 

and used to estimate the amount of the target ion.83 
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Diehl et. al. discussed the rapid mechanical actuation and sensing performance of plasmonic 

nanostructures combined with responsive polymeric network.84 Stimuli-responsive DNA-

based nucleic acid hydrogel system  and their  novel applications have been reported.85 Recent 

developments about enzyme-responsive polymeric assemblies, nanoparticles, hydrogels and 

discussed their promising applications in biocatalysis, drug controlled release, sensing, 

imaging, and diagnostics.86 The molecular recognition properties of analyte-responsive 

hydrogels, the physicochemical changes occurs upon analyte binding can be used to generate 

a detectable signal for sensing applications and how these materials have been incorporated 

into sensors and drug delivery systems have been reported.87 

1.7 Literature Survey   

1.7.1 Guar gum (GG), Carboxymethyl guar gum (CMG) and Polyacrylamide (PAM). 

Guar gum (GG), belong to the galactomannan family, is a natural polysaccharide extracted 

from the seeds of Cyamopsis Tetragonolobus leguminous plant which is grown in India and is 

currently used as an edible item. Guar gum is one of the most important water-soluble, naturally 

occurring and non-ionic polysaccharides. It also finds application in various industries as 

viscosity builder and water binder. The common structure of GG as shown in fig.1. having a 

linear chain of β-1,4-linked D-mannose units (M) as the main backbone, linked by α-1,6-linked 

D-galactopyranose residues (G) as the side branches. The most general arrangements of the 

galactose branches to occur in every other mannose unit. The precise ratio of mannose to 

galactose unit (M/G) is depend on its origin and climatic conditions. The molecular weight of 

GG is the highest among all known natural polymers produced of industrial gums causing it to 

form highly viscous solutions at low polymer concentrations.88 GG is extensively used in 

various industries such as oilfield89, pharmaceutical industry90, food91, paper, textile92 and 

cosmetic93. Different techniques are used for processing of GG which depends on the end 
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products. Guar gum has been tailored by various methods such as derivatization, grafting and 

network formation to enhance its properties for a wide range of applications. Generally, guar 

seeds are dehusked to allow guar splits, then frequently it is crushed to obtain powder form of 

guar gum which is easily soluble in water. High molecular weight guar gum undergoes great 

intermolecular hydrogen bonding resulting in a highly viscous solution, but some limitations 

are associated with it such as unrestricted and incomplete hydration at room temperature, low 

thermal stability, bad clarity of the solution and high susceptible to microbial degradation 

which limits its application in industry. Therefore, some chemical modifications are required 

to overcome these limitations with enhanced properties like swelling, solubility and stability. 

Modified GG has a significant use in petroleum production, mainly, in hydraulic fracturing 

operations.93 The grafting on Guar gum with acrylamide94, methacrylic acid95, acrylic acid96, 

N-isopropylacrylamide97, ethyl acrylate98, acrylonitrile99, methyl acrylate100 and methyl 

methacrylate101 has been reported. Chemical modification of guar gum to produce guar gum 

derivatives includes reaction of the hydroxyl groups.  

Carboxymethylguargum (CMG) is very important guar gum derivative, because it covers a 

broad range of industrial applications. The polysaccharide backbone is similar to guar gum, a 

galactomannan. The polar carboxyl group offers CMG a strong hydrophilic water soluble 

commercial polysaccharide and so it can be used in the production of superabsorbent 

hydrogels. Carboxymethyl guar gum (CMG) is an anionic guar gum derivative with good 

transparency, good stability, high viscosity dissolution speed, and with low price. Many 

laboratory procedures have been developed to synthesize carboxymethyl derivative of guar 

gum. CMG is obtained by reacting monochloroacetic acid or its sodium salt with deprotonated 

guar gum. Strong base, like sodium hydroxide, is required to activate hydroxyl group of GG 

for the nucleophilic substitution.94  
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Polyacrylamide is a water-soluble polymer consists of a hydrophobic main chain and 

hydrophilic functional groups present in side chains. Swelling of PAM is not greatly affected 

by the presence of electrolytes or varying pH of the medium. The function of amide group is 

to introduce the possible ionic functionalities in the gel.102 In addition to this polyacrylamide 

readily forms hydrogen bonding with water and when copolymerized with biopolymer 

expected to be more water absorbent. Synthesis of hydrogels based on polyacrylamide and 

carboxymethyl guargum (PAM-Cl-CMG) by using initiator potassium persulphate and cross 

linking agent N, N’methylenebisacrylamide have been reported. Swelling percentage was 

selected as a parameter for determining the best combination of hydrogel in each series of CMG 

concentration. The obtained results show that the swelling percentage is directly proportional 

to the concentration of carboxymethyl guar gum and inversely proportional to the concentration 

of crosslinker16.                                                                              
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Figure 1.1.  Structure of Guar gum (GG), Carboxymethyl guargum (CMG), Acrylamide (AM), 

N, N’methylenebisacrylamide (MBA) and Potassium Persulphate (KPS).103  

 1.7.2 meta-benziporphodimethenes 

 meta-Benziporphodimethene was firstly synthesized by Martin Stępień during his research 

works of Ph.D. thesis. This is a partially reduced form of meta-benziporphyrin. Those 

synthesized benziporphodimethenes obtained from m-benziporphyrins oxidation were alkoxy 

and hydroxy analogues. Actually, meta-Benziporphodimethenes are modified m-

benziporphyrins having two tetrahedral meso carbon atoms at 6 and 21 positions. (Fig. 1.2) It 

is to be noted that meta-benziporphodimethenes are non-aromatic due to structural limitation 

as the ring current attenuated due to tetrahedral meso carbon atoms.104,105  
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Figure: 1.2 Chemical structure of meta-Benziporphodimethene.105,106 

m-Benziporphodimethenes can be synthesized in good yield by the synthetic procedure adopted 

by Latos Grażyński and Martin Stępień, involving Lewis acid catalyzed condensation of 

pyrrole, 𝜶, 𝜶’–dihydroxy–1, 3–diisopropylbenzene and an aromatic aldehyde in a fixed ratio. 

This reaction yield was found to approximately 27%.104,106 (Fig. 1.3) 

 

Figure: 1.3 Synthesis of meta-benziporphodimethenes. 

meta-Benziporphodimethenes are normally red color compounds. They show a broad UV-Vis 

spectrum due to discrete conjugated system. In meta-benziporphodimethenes high energy Soret 

band is observed at about 350 nm and lower energy Q band is observed at about 510 and 550 

nm approximately.  
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Figure: 1.4 UV-Vis Spectra of meta-Benziporphodimethene107. 

1.7.3 Metal complexes of meta-Benziporphodimethenes 

The Zn, Cd, Hg, Ni and Ag108 complexes of meta-benziporphodimethes have been reported so 

far which are quite stable also. Latos Grażyński and co-workers in 2004 have reported metal 

complexes of meta-benziporphodimethenes with zinc, cadmium, mercury and nickel.104 Later 

Hung and co-workers also reported the metal complexes of meta-benziporphodimethenes with 

Zn, Cd, Hg and Ag showing for hydrogen bonding, agostic  metal arene interaction, η2 and π 

coordination.108 The general synthetic procedure involves mixing of free-base m-

benziporphodimethenes with anhydrous metal salt in presence of mild base 2, 6-lutidiine in 

mixed solvents of acetonitrile with either chloroform or dichloromethane. The metal complex 

formation is indicated by change in color of solution from red to greenish blue  in minutes after 

mixing at room temperature. Evaporation of solvent invacuo under reduced pressure yields the 

metal complex and the crystals can be obtained by crystallization using hexane solvent.109  

1.7.4 Fluorescence enhancement property of meta-benziporphodimethenes and its 

explored applications 
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These compounds possess an important property that they are non-fluorescent in free-base form 

but fluorescence turn on upon zinc metalation with no background emission.105 The crucial  

part of this finding is that meta-benziporphodimethenes act as a selective sensor for zinc ions 

in presence of cadmium and mercury ions110. Comparatively very less fluorescence is observed 

for cadmium and mercury ions. This kind of fluorescence which switch on upon metalation 

comes under the category of ‘’chelation enhanced fluorescence’’(CHEF). Mostly CHEF 

sensors are based on fluorophores, such as fluorescein, anthracene and dansyl which emit at 

wavelength shorter than 600 nm. Sensors that emit above 600 nm, having minimum 

background emission, cause lesser light induced tissue damage, penetrate effectively and have 

less scattering in optically diffuse samples.109 It is important to note that these kinds of 

molecules do not form complexes with alkali, alkaline earth and other some transition metals 

which are physiologically important as shown by Hung and co-workers.105 Hung and 

coworkers also found that the stability constant of meta-benziporphodimethene zinc 

complexation is greater than the cadmium and mercury respectively.The main reason for this 

observation is planarity of the macrocycle in the bind state. The free-base macrocycle exists as 

highly distorted non-planar molecule, but on metalation the tripyrrin moiety becomes planar. 

In the complex metal ions occupy a tetrahedral coordination site composed of three nitrogens 

of tripyrrin moiety and a chlorine which sits at the axial position.105 

Zinc ions can be found throughout the human body in bound state with protein as structural 

cofactors  , gene expression regulator, labile pool of zinc ions in the vesicles of neurons and 

Zn2+ is also an important regulator of the cellular apoptosis.111 They are involved in various 

biological processes in the human body. While a disorder of zinc metabolism can cause severe 

diseases such as Alzheimer’s disease112 , Parkinson’s disease113 and patients with inflammatory 

diseases,  tumors also show abnormal Zn2+ concentration.114  The vital roles and toxic 

influences of Zn2+ are commonly observed therefore, real-time detection of Zn2+ may help to 
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discover its physiological and pathological roles. Keeping such crucial application in mind 

Hung and co-workers have developed an organic hydrogel film for real-time and free from 

indicator detection of zinc ions in the solution with micron-sized pillar array by embedding a 

fluorescent indicator 11,16-bis(phenyl)-6,6,21,21-tetramethyl-m-benzi-6,21-porphodimethene 

in a hydrogel host poly(2-hydroxyethyl methacrylate). The organic hydrogel film shows high 

stability and selectivity to Zn2+ ions. The sensitivity of the sensing film was enhanced by 

increasing the surface area via fabricating a micron-sized pillar array on the surface of the 

hydrogel sensing film. The response time for Zn2+ concentrations of 10-4 and 10-3 M, was found 

to be around 30 and 3 s, respectively.110  

Recently, Kumar and his coworkers have explored these meta-benziporphodimethenes for 

cellular imaging of zinc ions in MDA-MB-468 breast carcinoma cells and observed that they 

are lesser cytotoxic for longer time and can internalize successfully. Further, they can be used 

for selective sensing of intracellular zinc ions. The electron releasing and withdrawing 

substituent at meso positions does not impact on internalization. Though, meta-

benziporphodimethenes also respond to Cd2+ and Hg2+ ions but their concentration in healthy 

cells rarely present so will not interfere in imaging of Zn2+ ions in healthy cells.115  

1.7.5 Heavy Metals and Toxicity  

The heavy metals are toxic bio-accumulative, non-biodegradable pollutants of the environment 

that pose a risk to human health. Heavy metals, such as arsenic, mercury, cadmium, lead, etc., 

are well-known bio accumulative, highly toxic, non-biodegradable pollutants of the 

environment. Increased urbanization, industrialization and natural calamities such as volcanic 

activity, erosion of minerals and leaching of deposited ores are responsible for an increased 

level of heavy metals in our environment.116 Living organisms require small quantities of heavy 

metals such as manganese, iron, cobalt, copper and zinc. These are nutritionally essential for 
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the regulation of human metabolism. Although all metals are toxic at higher concentration, 

heavy metals, such as cadmium, mercury and lead, are toxic even at lower levels.117 Heavy 

metals such as lead, mercury and plutonium have no known vital role in organisms but can 

cause serious illness due to their accumulation over time in the bodies of animals.118 These 

metal ions aggregate in the human and animal bodies through the food chain, ecological system 

induces irreversible pollution and causes some serious health issues such as cancer, organ 

damage, nervous system damage and sometimes death.119 Though, metal ions play vital roles 

in biology, but even nectar is a poison if taken to excess. Thus, surplus levels of metal ions in 

living bodies can lead to malfunctioning in respiration, growth, gene transcriptions, enzymatic 

reactions and immune functions.120 Therefore, routine detection of heavy metal ions is 

important for the environment. Current techniques, such as AAS, ICPMS, X-ray fluorescence, 

etc., require expensive equipment, complicated and time-consuming methods and high levels 

of operator skills. The cost-effective, simple, fast, facile toxic metal ion detection method that 

allows real time on spot detection of heavy metal ions is an important goal.121 

Among the most common pollutants found in wastewater, heavy metals are the main pollutants 

and causes severe ecological problems, thus their elimination from water during water 

treatment is crucial and requires research attention.122 The wastewater contaminated with toxic 

heavy metals released directly into aquatic ecosystems including with or without pre-

treatment.123 These metal ions may accumulate to very high toxic levels without any visible 

sign. Long term irrigation with such heavy metal ion contaminated wastewater creates a 

problem for safe rational use of agricultural soils. Excessive agglomeration of heavy metals 

like Cd, Cu, Cr, Zn, Hg, Pb, Mn etc. in agricultural soil affects food quality adversely. Plants 

and vegetables cultivated in the nearby zones of industrial areas show increased levels of heavy 

metals. This accumulation of heavy metal ions in edible and nonedible items is enough to cause 

clinical problems to both human beings and animals consuming that. Therefore, early detection, 
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determination and elimination of heavy metal ions from effluents are important for the survival 

of living organisms.124,125 

The monitoring of Zn2+ in living cells and tissue is very crucial owing to its predominant 

functions as signalling agents to mediate processes such as gene expression, neurotransmission, 

apoptosis, cell growth and division.126 Disturbance of zinc homeostasis in human bodies have 

resulted in health disorders like Alzheimer’s disease, diabetes, and several neurodegenerative 

disorders.115 Furthermore, living organisms have the tendency to take up and accumulate death-

dealing metals from the environment that are not necessary for their survival and can instigate 

intoxication in the body. For instance, cadmium is one of the most common toxic metallic 

pollutants even at very low concentrations. Cadmium has detrimental effects on humans 

causing brain development disorders, chronic inflammation to the heart and kidney, renal 

dysfunction, and impairing reproductive systems. Cd2+ ions are used in phosphate fertilizers, 

and may be generated by waste incineration and fossil fuel burning. Subsequently, it easily 

passes into the environment through industrial wastewater.127 Another hazardous metal ion that 

is often absorbed by living organisms is mercury. Hg2+ ions have high affinity for thiol groups 

(-SH) present in proteins and enzymes. Consequently, the presence of Hg2+ ions in human 

bodies leads to the dysfunction of cells in the kidney, brain, and central nervous system. It is 

highly desirable to monitor Zn2+, Cd2+ and Hg2+ ions, efficiently and sensitively. Therefore, the 

need of the hour is to develop a novel probe for the detection of these metal ions in both 

biological and environmental systems.128,129  

1.7.6 Heavy metal ions sensors 

Recognition of metal ions using fluorescent molecules has been carried out a lot in the 

literature.130-134, 113 Notably, a highly selective and sensitive fluorescent chemosensor for Zn2+ 

and Al3+ based on europium complex with ligand 1,10-Phenanthrolin was reported by Pu, Fan 

and their co-workers and shows remarkable colour changes.135 Furthermore, a fluorescent 
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sensor based on diarylethene with a pyrene unit for the onsite detection of Cd2+ and Zn2+ in real 

water.136 A highly sensitive fluorescent sensor based on diarylethene was used to detect Zn2+ 

and showed 27-fold increase in fluorescence intensity.137 Later, Ding and co-workers used 

Salamo-type bisoximes and demonstrated them a relay-sensor for Zn2+/Cu2+ and further use of 

their complexes for successive sensing of H+ /OH−.138 Also, diarylethene salicylhydrazide 

Schiff base derivative was explored for Al3+ and Zn2+ sensing and their bio-imaging in live 

cells was also reported in the literature.139 Supramolecular gel-based multi-analyte sensor array 

was also reported by Zhang and co-workers.140 Pu and co-workers also reported the turn-on 

fluorescent chemosensor for the detection of Zn2+ based on the diarylethene derivatives.141  

Fluorescent probes have emerged as powerful tools, owing to their high sensitivity, simplicity, 

quick-response ability and reproducibility. A variety of zinc ion sensors have been developed 

based on various fluorophores including BODIPY, anthracene, coumarin, fluorescein and 

quinolone.142 Although the detection ability of these sensing probes is impressive, but they still 

suffer from some drawbacks such as low selectivity, complicated synthesis and poor 

selectivity. Therefore, there is a need of developing fluorescent sensors for the selective and 

sensitive detection is an ongoing research endeavor. The synthesis of fluorescent sensor based 

on 1,8-naphthalimide as fluorophore modified with 2,2 -dipicolylamine (DPA) receptors 

through an amide linkage for the detection of Zn2+ in aqueous solution have been reported. The 

fluorescence intensity enhanced on addition of Zn2+ to the solutions of sensor, ranging between 

2.5 and 14 folds.143 The DPA component is specific for Zn2+ so has been frequently used for 

Zn2+ over alkali and alkaline-earth metal ions exist in higher concentrations in biological 

samples.144 On the other hand, 1,8- naphthalimide derivatives have good photostability and 

strong yellow-green fluorescence are extensively used as environmentally sensitive 

fluorophore for sensing of metals and other ions.145 An amide linkage was introduced in 

between the DPA and naphthalimide fluorophore in order to increase the inflexibility or rigidity 
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of the receptor or ligand scaffold. Which may provide a right coordination geometry for the 

receptor for enhanced Zn2+ selectivity.   

Unlike linear conjugated oligopyrroles, the porphyrins macrocyclic framework is rather rigid, 

and metal complex formation cannot significantly improve the rigidity. Consequently, upon 

coordination to metal ions, say Zn2+ fluorescence cannot be drastically enhanced Therefore, 

the porphyrin macrocycle system cannot be utilized simultaneously as the binding moiety as 

well as the reporting moiety for the formation of fluorescence “turn-on” Zn2+ probes.146 

Fortunately, its meso-positions can be readily modified with different functionalization, and 

thus Lippard et al.  synthesized Zn2+ probes by incorporating dipicolylamine (DPA) moieties 

as the binding motifs.147 Wang, Lv and co-workers developed a ratiometric fluorescent 

Zn2+ probe by the combination of a triamino Zn2+ chelating unit with a porphyrin 

fluorophore.148 The triamino unit exhibit good Zn2+ affinity and enhanced water solubility of 

the probe. Ye et al. developed two fluorescent Cu2+ probes, which emit red fluorescence using 

a zinc porphyrin as the fluorophore and 2,2′-dipyridylamine (DPA) as the receptor site149,150 in 

CHCl3. Porphyrin analogues can be effectively synthesized by replacing one of the pyrrole 

units with a 1,3-phenylene moiety resulting in a N3C cavity for Zn2+ sensing. Hung et 

al.  synthesized an oligopyrrole compound in one pot with a yield of 27%, and reported as a 

fluorescent probe for sensing Zn2+.151 The presence of a relatively flexible conjugation 

framework renders no apparent fluorescence in acetonitrile. But the fluorescence at 672 nm 

was sharply enhanced upon addition of Zn2+, (The probe shows sufficient selectivity towards 

Zn2+, with appreciable interference from Cd2+ and Hg2+ only). The Zn2+ sensing procedure was 

monitored by mass spectrum, NMR, Job's plot and X-ray analysis, which clearly indicated the 

formation of a zinc complex of with a Zn2+/ stoichiometry of 1 : 1. 

Many approaches have been explored to enhance the performance of fluorescent sensors for 

zinc ion detection.126,115,152,153 Recently, Xia et. al. reported the synthesis of boron-
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dipyrromethene (BODIPY) based sensors and their application in monitoring Zn2+ in solution 

and living cells with high selectivity and sensitivity over other competitive metal ions.126 

Photochromic fluorescence chemosensor for Zn2+ based on diarylethene linked with Schiff 

base derivative has also been reported, lately.141 Fluorescent sensor for Al3+ and Zn2+ based on 

europium complex with a 1,10 phenanthroline ligand 135 and for Cd2+ and Zn2+ based on 

diarylethene with a pyrine unit.136 Colorimetric sensors based on silver nanoparticles for Cd2+, 

Hg2+ and Pb2+ ions and nanoparticles functionalized for metal ions were reported.128,154  

Several fluorescent and colorimetric sensors for Hg2+and Cd2+ ions have been reported in the 

literature.155,156 Mostly developed sensors suffer from poor sensing properties including 

sensitivity and selectivity, high light scattering, low binding affinities. Reports on colorimetric 

hydrogel based sensors for detection of heavy metal ions in an aqueous medium with 

satisfactory comprehensive performance are scarce. For instance, a novel hydrophilic 

colorimetric sensor which could easily detect spectroscopically silent zinc, cadmium and 

mercury ions in water and cells. As these metal ions because of their closed-shell electronic 

configuration shows neither magnetic nor spectroscopic signal.120,157 It has been observed that 

the colorimetric solid sensors render a robust way for sensing and quantification of metal ions 

with high selectivity and sensitivity. Visual detection is an increasingly attractive method in 

various fields because both qualitative and semi-qualitative analyses can be performed without 

any advanced or complicated instrumentation. It is most useful for the rapid diagnostics in 

disaster situations where low cost, rapidity and simplicity is required. 

Sensing of group 12 metals: Owing to their biological importance or environmental harm, zinc, 

cadmium, and mercury, have attracted more and more attention. However, selective 

identification of zinc, cadmium, and mercury ions has always been challenging mainly because 

of their closed-shell d10 electronic configurations making them to be spectroscopically silent. 

Fluorescent sensors because of its high sensitivity and simplicity as well as ease of signal 
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transduction have thus become the most effective means for detecting the metal ions.158 

Although there are many fluorescent sensors developed for zinc (II),159 cadmium (II),160 or 

mercury(II),161 but few sensors have been reported which can detect the three cations 

simultaneously.162 Instead, there still exist some inadequacy among the known chemosensor: 

limited fluorophores are there for detecting the cations; most of the sensors exhibit fluorescence 

quenching; and have relatively scarce “turn-on” responses, and usually the detections are 

carried out in non-polar or organic solvents which limited practical applications of many 

sensors.163 So, development of new turn-on fluorescent chemosensors and colorimetric sensors 

for the selective detection of under aqueous conditions is still practical and challenging.  

The detection of group 12 metal ions is perplexing and problematic because they are 

spectroscopically and magnetically inactive due to its d10 electronic configuration. The 

presence of the d10 electronic configuration resists the application of the analytical techniques 

such as EPR spectroscopy, Mossbauer, and magnetic susceptibility measurements for their 

recognition.164 On the other hand, fluorescence spectroscopy or emission spectroscopy can be 

fruitfully applied for group 12 metal cations because their metal complexes change the 

fluorescence intensity of organic fluorophores having coordinated center.165-167 metal ions [d10] 

lead to diverse complex nuclearity, which may be explained by the fifty years old hard and soft 

acids and bases (HSAB) principle.168 This principle becomes the guiding line of structural 

diversity of d10 metal coordination complexes. 

A new fluorescent chemosensor, which shows enhanced fluorescent responses in the presence 

of Zn2+, Cd2+, and Hg2+ and could also simultaneously and selectively differentiate the three 

cations in a simulated physiological condition. This sensor is based on a helical imide as 

fluorophore and a cyclen moiety as ionophore with the help of cysteine as an auxiliary 

reagent.158 
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1.7.7 Elimination of heavy metals   

Heavy metal ions are usually removed physically and chemically from the wastewater via 

conventional process such as coagulation/ flocculation, reverse osmosis, 

complexation/sequestration, electrochemical operation, ion exchange, biological treatment, 

chemical precipitation, adsorption, membrane filtration, zeolites, carbon-based sorbent. The 

above mentioned process becomes economically non-viable for the removal of heavy metals 

at lower concentrations and may cause secondary contamination.169-171 Several techniques have 

been developed to eliminate heavy metal ions from wastewater but each one exhibits 

limitations for instance in case of solvent extraction the eluent has to be processed to avoid any 

further pollution. Chemical precipitation of toxic sediments is not an economically successful 

method, then regarding adsorption of pollutants on solid sorbents appeared to be an efficient 

technique. Among all these adsorption techniques is widely regarded as an easy, effective and 

versatile method for the removal of heavy metals from aqueous solution. The high-water 

retention capacity of hydrogel allows more rapid ion penetration into the cross-linked 

framework of hydrogel.172 They undergo reversible change in volume towards external stimuli 

such as change in pH and temperature. This property brought about the utilization of hydrogels 

as molecular detectors, absorbent, and sensors. The highly porous structure of hydrogel allows 

water molecules, ions to easily diffuse and interact with functional groups (-COOH, -NH2, -

OH) in a polymeric network. The potential of hydrogels to be complex with metal ions allows 

them to be an efficient metal absorbent.173 Depending on the type of the polymers used, as well 

as on the properties, nature and density of the network junctions, such structures are in an 

equilibrium with aqueous medium can contain different amounts of water with a low optical 

background, high loading capacity, and good biocompatibility. Hydrogels which can swell up 

to thousands of times of their dry mass in aqueous media in response to external stimuli are 

called smart materials. This is due to the presence of hydrophilic functional groups like -NH2, 
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–OH, -COOH, and -SO3H in the three dimensional structures, these groups can interact with 

pollutant species through both electrostatic and secondary interactions in aqueous media.174 

Hydrogels are perfect for optical sensor immobilization owing good biocompatibility, better 

sensor loading capacity, and very low optical background.175 Further, by mixing with different 

monomers hydrogel backbone property such as charge and hydrophobicity can be modified, 

allowing  control of sensor performance.  

Various other methods have been reported to remove toxic metal ions from water for instance, 

Cerium phosphate polypyrrole flower like nanocomposite material (CePO4-PPY) was found to 

be a promising adsorbent for the efficient removal of Cr (VI) from wastewater. The removal 

process involved both adsorption and simultaneous in situ chemical reduction of Cr (VI) and 

to Cr (III).176 Nanocomposite based on  Lanthanum phosphate polyaniline (LaPO4-PANI) was 

found to be promising adsorbent for the removal of Cr (VI). The adsorption mechanism 

involved combined effect of both adsorption and reduction.176 The core–shell nanocomposite 

based on polyaniline (PANI) and thorium dioxide (ThO2) used for the removal of Cr (VI) from 

water. ThO2-PANI nanocomposite could effectively adsorb Cr (VI) and partially reduced to Cr 

(III) during the adsorption experiment.177 Adsorbent based on lanthanum phosphate (LaP) and 

poly o-toluidine (POT) was found to be effective adsorbent with higher regeneration capability 

and potential removal of fluoride from ground contaminated water.178 Table 1. Showing few 

reported hydrogels-based adsorbent with removal efficiency. 

Methods for the removal of Zn2+, Cd2+ and Hg2+ from water have been reported. For instance, 

DNA-functionalized polyacrylamide hydrogels employed for Hg2+removal from water.179  A 

modified mesoporous conjugate adsorbent was formulated by fixing the organic ligand of 2-

hydroxyacetophenone-4 N-pyrrolidine thiosemicarbazones onto mesoporous ZSM-5 for 

selective and effective mercury removal from aqueous solution.156  Highly ordered mesoporous 

silica impregnated with ligand N, N-disalicylidene-4,5- dimethyl-phenylenedene based optical 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/lanthanum
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nanocomposite material used for the sensitive and selective removal of Hg2+from waste 

water.180 Mesoporous silver-melamine based nanocomposites formulated by controlled 

supramolecular self-assembly employed for selective removal Hg2+.155 Poly(N-

isopropylacrylamide) hydrogel cross-linked with the diacryloyl derivative of cysteine used for 

removal of Cd2+ and Pb2+.172 A sensitive fluorescent sensor i.e.  2,2-dipicolylamine modified 

naphthalimide fluorophore followed by immobilization to the surface of silica microsphere 

used for detection and removal of Cd2+, Hg2+ and Pb2+ toxic metal ions from aqueous 

samples.181 Red mud, waste of an aluminium industry has been transformed into an efficient 

and inexpensive adsorbent for Zn2+, Cd2+ .182 Carbon aerogel is a new form of activated carbon 

used for adsorption Pb2+, Cd2+ and Hg2+ metal ions.183 Rice straw was used as a bio-sorbent for 

adsorption of Cu2+, Zn2+, Cd2+ and Hg2+ ions in industrial effluents.184 

Table 1.1 Showing Adsorption capacity and percentage removal of various heavy metal ions 

by hydrogel based adsorbents. 

S. No Hydrogel based Adsorbents Adsorption Capacity 

𝒒𝒆(𝒎𝒈/𝒈) 

% Removal References 

 

1. Spherical chitosan/gelatin 

hydrogel particles 

Hg2+ 47.5, 

Pb2+ 7.62, 

Cd2+ 0, 

Cr3+ 1.5 

Hg2+ 84.7, 

Pb2+ 8.7, Cd2+ 

0, 

Cr3+ 6.7 

185 

2. Spherical shaped graphene 

oxide incorporated chitosan-

gelatin hydrogel particles 

Hg2+ 54.6, 

Pb2+ 5.4, 

Cd2+ 1.67, 

Cr3+ 0 

Hg2+ 54.6, 

Pb2+ 7.3, 

Cd2+ 1.9, Cr3+ 

0 

186 
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3. Poly (acrylamide-co-sodium 

methacrylate) based hydrogel 

Cu2+ 24.05, 

Cd2+ 33.0 

Cu2+ 48, Cd2+ 

66 

187 

4. Polyacrylamide based 

hydrogel 

Cd2+ 5.3 mmol. g−1, 

Pb2+ 0.63 mmol. g−1, 

Zn2+ 1.27 mmol. g−1 

 188 

5. Polyacrylic acid hydrogel Cd2+ 132.9, 

Cr6+ 58.1, 

Fe3+ 12.4, 

Mn2+ 120.4, 

Ni2+ 128.8, 

Ag+ and Ce3+ 203.5, 

Zn2+ 157.8 

Cd2+ 57.1, 

Cr6+ 26.9, 

Fe3+ 5.3, 

Mn2+ 52.7, 

Ni2+ 52.5, 

Ag+ 45.3, 

Ce3+ 70, Zn2+ 

58.4 

189 

6. Gelatin/chitosan hydrogel  Hg2+ 97, Pb2+ 

12, Cd2+ 2, 

Cr3+ 24 

173 

7. Sulfonic acid based hydrogels Cd2+ 0.95, 

Cu2+ 0.87, 

Fe3+ 0.83, 

Zn2+ 1.00, 

Mn2+ 0.77, 

Pb2+ 0.18 

 190 

8. Alginate-fibroid hydrogel Cu2+ 316.0, 

Cd2+ 232.35, 

Pb2+ 465.2 

 191 
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9. Graphene oxide/alginate 

based hydrogel membrane 

Pb2+ 327.9, 

Cr3+ 118.6 

 192 
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Chapter 2 

Scope of the work and Objectives 

 

2.1 Scope of the work 

Mostly developed sensors suffer from poor sensing properties including sensitivity and 

selectivity, high light scattering, low binding affinities. A large number of fluorescent probes 

(e.g., Fluorescein1, dansyl2, anthracene3.) have been synthesized and utilized in sensing and 

biological imaging but almost all shows high background fluorescence and low increase in 

fluorescence intensity.4 Colorimetric sensors for heavy metal ions based on hydrogel in an 

aqueous medium with satisfactory comprehensive performance are scarce. Visual detection is 

an increasingly attractive method in various fields because both qualitative and semi-qualitative 

analyses can be performed without any advanced or complicated instrumentation. Current 

techniques require costly and sophisticated equipment for heavy metal ion detection, e.g., 

ICPAES and AAS. Since most of the toxic metals are found in waste water. The detection of 

heavy metals in aqueous systems has become very important and challenging due to the 

common co-existence of other metal ions. Therefore, there is a need of development of sensors 

which can sense metal ions in water.5 

Zinc, cadmium and mercury are spectroscopically silent metals therefore techniques such as 

electron paramagnetic resonance  and nuclear magnetic resonance spectroscopy cannot be used 

for their detection. No colorimetric sensor is available to sense Zn2+, Cd2+ and Hg2+ in 

environment and biological samples based on color changing molecule embedded polymeric 

hydrogels.6 Colorimetric sensors for heavy metal ions based on hydrogel in an aqueous medium 

with satisfactory comprehensive performance are scarce. For instance, a novel hydrophilic 

colorimetric sensor which could easily detect spectroscopically silent zinc, cadmium and 
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mercury ions in water and in bacterial or human cells. To have better sensitivity, most 

colorimetric sensors are diffused in sample solution for full interaction with the target 

substance, but sometimes the uneven and unstable dispersion of the sensors induces unsteady 

detection results. To avoid this problem, chemo sensor can be assembled on a solid substrate 

and the selection of a solid substrate is most important as it can considerably affect the 

sensitivity of the sensor. Hydrogels are perfect for optical sensor immobilization owing good 

biocompatibility, better sensor loading capacity, and very low optical background. Further, by 

mixing with different monomers hydrogel backbone property such as charge and 

hydrophobicity can be modified, allowing  control of sensor performance. They are the better 

candidate for metal ions sensor formulations. The development of easy, inexpensive, and 

reliable analytical tools for real-time on-site detection of toxic metal ions in various biological 

and environmental samples is still in great demand.7 

Several techniques have been developed to eliminate heavy metal ions from wastewater but 

each one exhibits limitations for instance in case of solvent extraction the eluent has to be 

processed to avoid any further pollution. Chemical precipitation of toxic sediments is not an 

economically successful method, then regarding adsorption of pollutants on solid sorbents 

appeared to be an efficient technique. Among all this adsorption technique is widely regarded 

as an easy, effective and versatile method for the removal of heavy metals from aqueous 

solution. The potential of hydrogels to be complex with metal ions allows them to be an 

efficient metal absorbent. Although hydrogels are found to be superior candidate for the 

removal of a wide range of aqueous pollutants, including heavy metals, dyes and other 

emerging contaminates but selective adsorption of contaminates is rarely explored. Therefore, 

research efforts are required to develop hydrogels with the desired properties, sensitivity and 

selectivity toward a specific pollutant. Removal of heavy metal ions from aqueous medium 
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using different formulations of hydrogel based on biopolymers such as raw wool, 

carboxymethyl tamarind, carboxymethyl guar gum to be further explored.7,8  

2.2 Objectives 

➢ To develop a robust procedure for the visual on-site detection of spectroscopically silent 

metals zinc, cadmium and mercury in an aqueous medium using a color changing 

molecule embedded polymeric hydrogel matrix-based colorimetric sensor.  

➢ To develop a sensor which provides on-site visual naked eye detection of 

spectroscopically silent Zn2+, Cd2+ and Hg2+ metal ions in real industrial wastewater 

and of Zn2+ in animal and bacterial cells. 

➢ To developed a robust and cost-effective adsorbent for removal of Zn2+, Cd2+ and Hg2+ 

from aqueous solution.  
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Chapter 3 

Fabrication of  a Metal ion Sensor using Meta-Benziporphodimethene Embedded 

Polymeric Hydrogel 

 

3.1 Introduction  

Though, metal ions play vital roles in biology, but even nectar is a poison if taken to excess. Thus, 

surplus levels of metal ions in living bodies can lead to malfunctioning in respiration, growth, gene 

transcriptions, enzymatic reactions and immune functions.1  Heavy metals are extensively  present 

in the air, water, and soil as a result of solid waste incineration, fossil fuel burning, chemical, 

mining industries and metal smelting.1-3 The monitoring of Zn2+ in living cells and tissue is very 

crucial owing to its predominant functions as signaling agents to mediate processes such as gene 

expression, neurotransmission, apoptosis, cell growth and division.4  Disturbance of zinc 

homeostasis in human bodies have resulted in health disorders like Alzheimer’s disease, diabetes, 

and several neurodegenerative disorders.5 Cadmium is one of the most common toxic metallic 

pollutants even at very low concentrations. Cadmium has detrimental effects on humans causing 

brain development disorders, chronic inflammation to the heart and kidney, renal dysfunction, and 

impairing reproductive systems.  Mercury  ions have high affinity for thiol groups (-SH) present 

in proteins and enzymes. Consequently, the presence of Hg2+ ions in human bodies leads to the 

dysfunction of cells in the kidney, brain, and central nervous system. It is highly desirable to 

monitor Zn2+, Cd2+ and Hg2+ ions, efficiently and sensitively. Therefore, the need of the hour is to 

develop a novel probe for the detection of these metal ions in both biological and environmental 

systems. 6–8  
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The colorimetric hydrogel sensor can easily recognize metal ions in aqueous medium by naked 

eyes and monitored color change with different metal ions concentration without any complicated 

instrumental analysis. Metallochromic dyes change color on complexing with certain metal ion are 

introduced to develop colorimetric sensors. To achieve immobilized dyes into hydrogel, they are 

first modified to acrylic monomer using esterification reaction. Hydrogels functionalized with dyes 

are prepared in the forms of bulk and porous by using monomer functionalized with dye and 

worked to manufacture user-friendly sensing kit. For instance, 4-(2-pyridylazo) resorcinol (PAR) 

have been modified with vinyl moiety to incorporate it into vinyl-based hydrogel. PAR is one of 

organic chelate to sense specific bivalent metal (such as Co, Ni, Cu, etc.) and was selected to be 

broadly applicable than other organic chelate that detect only one metal at a time.9 Two fluorescent 

probes incorporated in a highly dense manner, in the hyperbranched poly (poly (ethylene glycol) 

diacrylate) (HB-PEGDA) and thiolated sodium alginate (SA-SH) composite hydrogel 

microspheres. It was used to construct the sensor, and were prepared by using a self-assembly 

process in conjunction with a microfluidic device.10 

In our case the in-situ incorporation of 11, 16-bis (phenyl)-6, 6, 21, 21- tetramethyl-m-benzi-6,21-

porphodimethene (meta-BPDM) ligand was achieved without any pre- modification in a host 

hydrogel. The synthesis of meta-BPDM-embedded PAM/CMG hydrogels was performed using 

water as a solvent. The main advantage of our synthesized sensor is that meta-BPDM ligand does 

not leach out from the hydrogel matrix after metalation with metal ions in aqueous system or even 

without metalation during the sensing studies. The hydrophilic nature of polymeric hydrogels 

enables metal ions in an aqueous environment to diffuse into the polymeric network containing 

meta-BPDM and reacts with it causing color change from red to bluish-green. The detection of 

heavy metals in aqueous systems has become very important and challenging due to the common 
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co-existence of other metal ions. The synthesized sensor does not show any change in color due to 

interfering metal ions such as alkali, alkaline and other transition metal ions. The sensor changes 

color only when bound with Zn2+, Cd2+ and Hg2+ separately as well as in the mixture of three metal 

ions which is a clear advantage for on-site inspection. The sensor changes color due to the specific 

binding of physically engulfed meta-BPDM with these metal ions in the presence of other metal 

ions. 

To the best of our knowledge no colorimetric sensor is available to sense Zn2+, Cd2+ and Hg2+ in 

aqueous medium based on color changing molecule embedded polymeric hydrogels. meta-BPDM 

is an organic moiety containing pyrrolic and carbocyclic unit’s insoluble in aqueous medium. 

Therefore, it cannot be used directly as a sensor in water and requires a hydrophilic matrix which 

can be a mediator between water and meta-BPDM. To sense Zn2+, Cd2+ and Hg2+ metal ions in 

water effectively is a great challenge for scientists. The hydrophilic nature of polymeric hydrogels 

enables metal ions in an aqueous environment to diffuse into the polymeric network containing 

meta-BPDM and react with it causing color change from red to bluish green. The porous matrix 

of the hydrogels allows small molecules and ions to penetrate into the hydrogels through diffusion. 

Usually, hydrogels have physically well-defined three-dimensional hydrophilic porous structure 

and chemically active functional group which makes them to capture metal ions from water and 

form stable complexes. Novel methods that fulfill the criteria of required selectivity,  sensitivity,  

good biocompatibility and lesser background disturbance in natural framework are continuously 

being explored.11  The synthesized hydrogel is used as a colorimetric probe for the on-site visual 

selective detection of Zn2+, Cd2+and Hg2+ in aqueous medium. 

3.2 Experimental Section  
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3.2.1 Materials 

Pyrrole and substituted aldehydes (liquid) were distilled prior to use. α,α dihydroxy-1, 3-

diisopropylbenzene (TCI) and boron trifluoride ethyl ether complex, 2,3-dichloro-5,6-dicyano-p-

benzoquinone (DDQ) were used as supplied (SRL). Solvents and all other reagents were used as 

such without purification. Silica gel was obtained from Merck. Carboxymethyl guar gum was 

procured from Hindustan Gum and Chemicals Ltd., Bhiwani, Haryana (India). Potassium 

persulfate (K2S2O8) was obtained from Thomas Baker chemicals, Acetone and N, Ń-

methylenebisacrylamide (MBA) were purchased from Merck Germany and Acrylamide from 

SRL. All reagents were used as obtained. All solutions were prepared in deionized water. 

3.2.2. Synthesis  

Polyacrylamide/ carboxymethyl guar gum hydrogel: In a 100 mL beaker acrylamide (2.5 g) 

was dissolved in 25 mL distilled water. K2S2O8 (0.025 g), N, Ń- methylenebisacrylamide (0.05 g) 

and carboxymethylguargum (0.5 g) were added and stirred for 1 hour after that the reaction mixture 

was transferred into test tubes and placed in water bath at 60 ̊C up to gel formation. The hydrogel 

was obtained by breaking the test tubes and then cut into slices, washed with distilled water to 

remove unreacted chemicals, firstly dried at room temperature and then in the oven to obtain a 

dried form of hydrogels.12 

meta-Benziporphodimethenes embedded polyacrylamide/carboxymethyl guar gum: meta-

BPDM was synthesized as reported elsewhere.13 meta-BPDM embedded PAM/CMG hydrogels 

were synthesized successfully using a mixture of acrylamide (2.5 g in 20 mL distilled water) and 

meta-BPDM (4 mg in 5 mL acetone:H2O (1:1) was taken in a beaker. K2S2O8 (0.025 g), N, Ń- 

methylenebisacrylamide (0.05 g) and carboxymethyl guar gum (0.5g) were added into the beaker 
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and stirred for 1 hour after that the reaction mixture was transferred into test tubes and placed in 

water bath at 60 ̊C up to gel formation. The hydrogel was obtained by breaking the test tubes and 

then cut into slices, washed with distilled water to remove unreacted chemicals, firstly dried at 

room temperature and then in the oven to obtain a dried form of hydrogels. The color of the 

obtained hydrogel was red. 

3.2.3. Characterization  

Thermogravimetric analysis (TGA): The thermogravimetric analysis was carried out with a 

Perkin Elmer TGA 4000. TGA was performed in an atmosphere of N2 and up to a temperature of 

800 ̊C starting from 31 ° C. The heating rate was constant in all cases at 10 ̊C/minute. 

Scanning electron microscopy (SEM): The morphology was observed by JEOLJSM-6610LV 

after coated with platinum film. 

X-ray diffraction (XRD): X-ray diffraction patterns were analyzed using BRUKER AXS 

diffractometer. The scattered radiation was detected in the 2Ɵ range of 2 to 80 ̊ with a step size of 

0.02 ̊. 

FTIR spectroscopy: The FTIR spectrums were plotted out using NICOLET 380 FTIR 

Spectrophotometer. Potassium bromide pellet technique was used for FTIR study. 

UV-Visible spectroscopy: The UV-visible absorption spectra of synthesized meta-BPDM 

dissolved in dichloromethane was obtained using UV 1800 Shimadzu Spectrophotometer and 

solid-state UV-visible absorption spectra of meta-BPDM embedded hydrogels (powder form) 

was obtained using PerkinElmer Lambda 750 Spectrometer. 
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Sensing studies: meta-BPDM embedded hydrogels were synthesized and used for the recognition 

of Zn2+, Cd2+ and Hg2+. The meta-BPDM embedded hydrogels sensing abilities were scanned in 

solutions of alkali metal salts, alkaline earth metal salts, ZnCl2, HgCl2, CdCl2 of various 

concentrations. Time, concentration, temperature dependent sensitivity of meta-BPDM 

embedded hydrogel was noted. Each sensing experiment was performed three times. 

3.3 Results and Discussion 

3.3.1. Synthesis: The synthesis of meta-BPDM embedded PAM/CMG hydrogels was performed 

using water as solvent. All reactants were soluble in water except meta-BPDM. To overcome this 

difficulty a mixture of acetone and water (1:1) were found to be the best composition for dissolving 

meta-BPDM. The synthesis of meta-BPDM was repeated using reported protocols in our earlier 

reports. The spectral data matches with the reported literature13.  The synthesis of meta-BPDM 

embedded polymeric hydrogel was achieved in-situ formation of hydrogel in the presence of meta-

BPDM (scheme 3.1). The red color of the meta-BPDM is retained in the meta-BPDM embedded 

PAM/CMG hydrogel. The presence of embedded meta-BPDM was further confirmed with UV-

visible spectroscopy. 
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Scheme 3.1. Synthesis of meta-BPDM embedded PAM/CMG hydrogel. 

3.3.2. Thermogravimetric analysis (TGA): Thermogravimetric analysis is a method to assess 

the thermal stability of various substances by studying their decomposition pattern. TGA is also 

used to investigate the thermal stability of the polymers. In this technique, the weight loss of the 

sample is measured with respect to time as a function of temperature. This method also gives data 

about adsorption, absorption, desorption and thermal decomposition. The instrument used in TGA 

is known as thermogravimetric analyzer that comprised  of  a precision balance with a sample 
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holder situated inside the furnace. Usually, the temperature is raised with the constant rate and 

reaches up to 1000 °C during the thermal reaction under inert atmosphere, especially N2 gas and 

weight percentage is measured. In addition, TGA provides a curve between mass percentage and 

temperature. When the sample material is thermally stable, the mass change will not be observed 

therefore no slope in the TGA trace.14-16 

The TGA curve of PAM/CMG hydrogel is similar to meta-BPDM embedded PAM/CMG hydrogel 

which indicates that meta-BPDM does not affect thermal behavior of hydrogel which may be 

attributed that meta-BPDM does not involve in any kind of chemical bond formation with the 

hydrogel but hydrogen bonding interaction may occur. Nevertheless, we cannot rule out any π-π 

stacking like interaction of meta-BPDM itself and other hydrogen bonding interaction with the –

NH of meta-BPDM with the freely available –OH or –NH group on the hydrogel. meta-BPDM-

Zn2+-PAM/CMG hydrogel shows different degradation behavior. This may be attributed due to a 

change in the geometry of meta-BPDM once metalated. The early weight loss in hydrogels is due 

to evaporation of adsorbed water molecules. The main decomposition starts above 200  ̊C. The 

second zone of weight loss is 250 ̊C to 350  C̊. This is because of the degradation of the 

carboxymethyl group, hydroxyl group. The third zone of weight loss at 350 ̊C to 450 C̊ is due to 

the degradation of polymer backbone, crosslinking, amide groups and the final weight loss at 

450 ̊C to 600 ̊C due to the degradation of C-O-C, organic backbone and in case of meta-BPDM 

embedded hydrogels degradation of meta-BPDM backbone occurs i.e., the decomposition of 

macrocyclic ring, benzene, pyrrole moiety (Fig 3.1). We were not interested in quantifying the 

amount of zinc metal ions or other absorbed through TGA analysis. Here using this TGA technique 

only thermal stability of hydrogels was observed. 
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Fig.3.1. TGA curves of PAM/CMG, meta-BPDM embedded PAM/CMG and meta-BPDM-Zn2+-

PAM/CMG hydrogel. 

3.3.3. Scanning Electron Microscopy (SEM):  

SEM is a strong technique gives information about sample morphology, topography, and 

crystallographic information. It produces a two-dimensional image of the specimen. For mounting 

the material, it should be dried,  since this technique is based on the electron beam sample should 

be electrically conducting. Therefore, a very thin gold coating is applied by sputtering on the 

surface of non-conducting  material to make it electrically conducting for imaging. The free 

electron source is thermionic emission gun  and these electrons are converted into a fine beam 

using the magnetic lens. The image is developed by rastering the accelerated beam striking the 

sample. Various type of signal is produced such as secondary electrons, auger electrons, back-

scattered electrons, and x-ray. Which imparts information about the topography, sensitivity and 

composition of the surface respectively. Mainly  secondary electrons are detected for image 
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generation, which displays the topographic surface of the sample.17 The morphology of 

synthesized samples was observed at various magnifications and shown in Fig.3.2. 

 

 

 

Fig. 3.2. Surface microphotograph of (A) Carboxymethyl Guar Gum (B) PAM/CMG hydrogel (C) 

PAM/CMG meta-BPDM hydrogel (D) PAM/CMG meta-BPDM-Zn2+ hydrogel. 

It is clearly visible from the image of SEM micrograph of Carboxymethyl Guar Gum that it has 

rough layered and morphology and shown in Fig.3.2 (A) while PAM/CMG hydrogel has spherical 

layered structure and shown in Fig. 3.2 (B). This change in morphology is due to hydrogel 



      
 

75 
 

 

formation and crosslinking between polymeric chains. The uneven and rough surface morphology 

of meta-BPDM embedded PAM/CMG hydrogel and meta-BPDM -Zn2+ -PAM/CMG hydrogel is 

unaffected with the insertion of meta-BPDM and results are shown in Fig. 3.2 (C) and Fig. 3. 2 

(D), respectively. Rough morphology of hydrogel is responsible for metal uptake and enables it to 

bind with meta-BPDM i.e., physically engulfed in hydrogel which does not affect the hydrogel 

morphology.  

3.3.4 X-ray diffraction (XRD):  

X-ray diffraction is one of the best techniques for the identification of crystalline or amorphous 

nature of the materials and various structural properties. It works on the principle of Bragg’s law 

involving  a beam of X-ray having the energy (1-100 keV) is incident on the crystal planes of the 

material and it is scattered by the atoms in all directions. These scattered X-rays can interfere 

constructively and destructively. In  general, XRD provides information about long-range order 

structure, crystallinity, phase composition, crystal size, shape, micro-stress, and strain. The 

presence of broad signal is due to the lack of long-range crystallographic order.18,19 

 In Fig. 3.3 PAM/CMG hydrogel XRD spectrum, a broad peak of less intensity was observed 

which demonstrates that there is no crystalline region hence shows amorphous nature of 

crosslinked hydrogel. Further decrease in peak intensity was observed in case of meta-BPDM 

embedded PAM/CMG hydrogel. This may be due to the conformation changes upon insertion of 

meta-BPDM in hydrogel. In the case of meta-BPDM-Zn2+-embedded PAM/CMG hydrogel slight 

increase in intensity and crystalline nature was observed and similar with Hg2+ and Cd2+. This may 

be due to the complexation of metal ions with embedded meta-BPDM which causes a change in 

conformation in the polymer backbone. The crystalline region is formed by the H-bonding among 
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-OH, -NH groups present in the polymeric network. Overall, nothing important regarding 

metalation and structure of the hydrogel can be interpreted from XRD analysis.  

 

 

 

 

 

 

Fig. 3.3. The XRD spectra of hydrogels. 

3.3.5. Fourier-Transform Infrared Spectroscopy (FTIR):  

The infrared spectroscopy technique used to identify the functional groups in the unknown organic 

compound. The principle includes the absorption in the infrared region by molecules having bonds 

involving change in dipole moment while vibration on absorption of infrared radiation and are 

known as infrared active molecule. The fingerprint region (below 1500 cm-1 ) contains many 

characteristics absorption bands due to bending and stretching vibration of the molecules which 

can be identified easily. Fourier transform is a preferable method to study infrared spectroscopy. 

Which is connected with a simple optical device called interferometer and generates a signal called 

interferogram.20-22 FTIR study was performed to analyze the structure, type of functional groups, 

nature of bonding interaction between functional groups of all samples before and after hydrogel 

formation. The FTIR Spectra of all samples are shown in Fig. 3.4. 
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Fig. 3.4 The FTIR spectra of PAM/CMG hydrogel, meta-BPDM embedded PAM/CMG hydrogel, 

PAM/CMG meta-BPDM-Zn2+ hydrogel and Carboxymethyl guar gum. 

Assignment of corresponding peaks are shown in Fig. 3.4. The FTIR spectra of PAM/CMG 

hydrogel and meta-BPDM embedded PAM/CMG hydrogel are almost the same. The stretching 

and deformation vibrations were observed at 3424 cm-1 and 3445 cm-1 (O-H stretching), 2914 cm-

1 and 2936 cm-1 (C-H stretching), 1640 cm-1 (C=O stretching), 1427 cm-1 (C-H and C-N bending). 

In the FTIR spectra of PAM/CMG meta-BPDM-Zn2+ hydrogel absorption peak at 3190 cm-1 (O-
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H stretching), 2936 cm-1 (C-H stretching), 1662 cm-1 (C=O stretching), 1449 cm-1 (C-H and C-N 

bending). In the FTIR spectra of carboxymethyl guar gum peak at 3467 cm-1 (O-H stretching), 

2914 cm-1(C-H stretching), 1618 cm-1 (C=O stretching), 1427 cm-1(C-H and C-N bending). The 

difference in absorption and intensity of peaks is due to crosslinking and metalation of polymeric 

hydrogels. The observed spectra show that insertion of meta-BPDM does not affect the absorption 

pattern but it’s metalation affects. This is because metalation of meta-BPDM changes its 

conformational geometry.  

3.3.6. Ultraviolet-Visible Spectroscopy: The ultraviolet (UV) region includes approximately the 

10–380 nm wavelength range of the electromagnetic spectrum. Since it involves excitation of the 

outermost electrons of the atoms, which are involved in the formation of molecules therefore, it is 

also referred to as “electronic spectroscopy”. When the frequency of incident radiation corresponds 

to the energy difference  between two energy levels that specific frequency is absorbed by the 

sample causing electronic transition between them. This energy difference depends on the 

electronic structure and environment of the molecule. This phenomenon causes distribution of the 

electronic density in the outermost orbitals of an individual atom and in case of molecular orbitals 

electronic transition occurs from the occupied molecular orbitals to the unoccupied molecular 

orbitals. Which decides the absorption bands in the UV-Vis region. For a transition to occur after 

absorption of incident radiation it is necessary to result in dislocation of charge and follow some 

rules, such as Spin Multiplicity Selection Rule, Laporte Selection Rule, and Coupling Interaction 

with adjacent cations, have to be respected.23,24 

The synthesis of meta-BPDM was confirmed by using UV-visible absorption spectra as shown in 

Fig.3.5 (A) and spectral values match with the reported literature elsewhere.13 meta-BPDM has 

been reported to sense Zn2+, Cd2+ and Hg2+ in organic solvent i.e., acetonitrile in our earlier 
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reports.13,25,26 To ensure the engulfing of meta-BPDM in hydrogel, the solid-state UV-visible 

spectra of meta-BPDM embedded in PAM/CMG was recorded at room temperature and shown in 

Fig. 3. 5(B). The recorded spectra show similar spectra as for free meta-BPDM which confirms 

meta-BPDM is physically engulfed in a network of hydrogels.27-29 The UV-visible absorption 

spectra of meta-BPDM embedded in PAM/CMG hydrogel is broad due to discrete conjugated 

system, high energy Soret band is observed between 333 nm whereas low energy broad Q bands 

are observed at 515 nm and 560 nm. The metalation was observed with the change in color from 

red to bluish green upon addition of dried meta-BPDM embedded polymeric hydrogel 60 mg into 

aqueous solution 50 mg/L of individual M2+ (M = Zn, Hg and Cd) separately.  Further, it was 

confirmed by shifting of visible band or low energy Q bands in UV-Visible Spectra from 560 nm 

to 670 nm. The solid-state UV-vis spectra corresponding to Zn2+, Cd2+and Hg2+ metalated hydrogel 

was found to be the same and the observed UV-vis values match with the reported literature.13,25,26  

Since we want to observe only the sensing of Zn2+, Cd2+ and Hg2+ in water therefore the hydrogel 

was not allowed in the metal ion solution for longer to get complete metalation. The significant 

red shift of visible bands as shown in Fig. 3.5(C) is because of metalation.13,26,30 To verify that 

meta-BPDM does not leach out into the aqueous solution of metal ions the UV-vis spectra of the 

water was taken before and after adding hydrogel during the sensing experiment. The observed 

spectra do not show any of the meta-BPDM absorption peaks. which confirms that it has not 

leached out of the hydrogel into water. 

 

 

 



      
 

80 
 

 

 

 

 

 

 

 

 

 

Fig. 3.5 (A) The UV-Visible spectra of synthesized meta-BPDM. (B) Solid state UV-Visible 

spectra of meta-BPDM embedded in PAM/CMG hydrogel and (C) Zn2+ Metalated meta-BPDM in 

PAM/CMG hydrogel. 

3.3.7. Sensing Studies: 

(A) 
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(B)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

 

 

(C)  

 

 

 

 

 

 

(D) 
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Fig.3.6 Sensing studies using meta-BPDM embedded polymeric hydrogels, a change in color was 

obtained with Zn2+, Cd2+ and Hg2+ only in presence of other metal ions. 

My main focus was to develop a sensor in aqueous medium for Zn2+, Cd2+ and Hg2+. Since all the 

three metal ions are spectroscopically silent therefore their simultaneous detection is very 

challenging. The meta-BPDM molecule is insoluble in water and does not sense metal ions directly 

in aqueous medium, therefore, it has been used through a hydrogel matrix. which acts as a mediator 

between water and meta-BPDM. The sensing ability of the synthesized 

polyacrylamide/carboxymethyl guar gum polymeric hydrogel was checked in aqueous medium. 

meta-BPDM is a red colored molecule that has been incorporated in-situ in hydrogel synthesis. 

The meta-BPDM changes color upon metalation with Zn2+, Cd2+ and Hg2+ in presence of other 

alkali, alkaline metal salts.13  It is evident from the literature that a successful sensor should also 

indicate selectivity to its corresponding targets.31 It has become very important and challenging 

the detection of heavy metals in aqueous systems due to the common co-existence of other metals 

ions. The synthesized sensor does not show any change in color due to interfering metal ions like 

alkali, alkaline and other transition metal ions and shown in Fig 3.6 (C). The polymeric hydrogel 

network captures all metal ions because of the presence of polar groups but naked eye on-site 

inspection cannot be performed. In this study the sensor changes color only when bound with Zn2+, 

Cd2+ and Hg2+ separately as well as in the mixture of three metal ions which is a clear advantage 

for on-site inspection. The sensor changes color due to the specific binding of physically engulfed 

meta-BPDM with these metal ions in the presence of other metal ions. It was observed that the 

binding constant of meta-BPDM with Zn2+, Cd2+ and Hg2+ is relatively higher with other metal 

ions which are in the order of our earlier report.13 The main advantage of our synthesized sensor 
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is that meta-BPDM ligand does not leach out from the hydrogel matrix after metalation with metal 

ions in aqueous system or even without metalation during the sensing studies. The color change 

of the hydrogel could be used to estimate qualitatively Zn2+, Cd2+ and Hg2+ target ions in the 

presence of others. The selectivity of the sensor was studied with respect to change in color of 

hydrogel with time. The sensor cannot be reversed back once metalated as it does not show any 

effect in acidic or basic conditions. We have taken several solutions of different concentrations of 

metal ions, Zn2+, Cd2+ and Hg2+ in a test tube and dipped the small piece of hydrogel into it. The 

change in color was noted with different intervals of time with respect to the concentration of Zn2+, 

Cd2+ and Hg2+ and temperature.  It was found that the minimum concentration of 0.5 mg/L of Hg2+ 

ion shows the change in color in 3hrs at 32 ̊C and in 1 h at 60 ̊C. The time taken to change in color 

for Zn2+ and Cd2+ was found to be higher at 32 ̊C and 60 ̊C both and shown in Fig.3.6 (D) and 

Table 3.1.   

Table 3.1. Sensing experiment. 

Test Solution Volume 

(mL) 

Weight of the 

hydrogel used 

(mg) 

RPM Time(h) of hydrogel 

color change at 32˚C 

Time(h) of 

hydrogel color 

change at 60˚C 

H2O  50 60 120 No change No change 

ZnCl2(1mg/L) 40 60 120 4 2 

HgCl2 (0.5 

mg/L) 

40 60 120 3 1 

CdCl2(2 mg/L) 40 60 120 5 3 

ZnCl2(1 mg/L) 

+ HgCl2 (0.5 

mg/L) 

+ CdCl2(2 

mg/L) 

 

40 60 120 3 ( which confirms 

Hg2+ presence) 

1 ( which confirms 

Hg2+ presence) 
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Fig. 3.7 (A) The temperature dependent sensing at constant concentration 0.05M (mol/L-1), i.e.  

Molarity and (B), (C) and (D), concentration dependent sensing of M2+ ion (M= Zn, Cd, Hg) 

respectively. 

Fig. 3.7 (A) depicts the time required for the color change of hydrogel with temperature. It has 

been noted that at constant metal ion concentration i.e. (0.05M) of each metal ion and at 

temperature 30 ̊C the color change of hydrogel occurred at 60 minutes, 120 minutes and 30 minutes 

for Zn2+ , Cd2+ and Hg2+ respectively. Further at 60 ˚C the sensing was achieved in 5 minutes for 
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Zn2+ and Hg2+ and in 60 minutes for Cd2+. The probable cause for the above observations of 

sensing time for Zn2+, Cd2+ and Hg2+ can be explained on the basis of binding constants or stability 

constants of each metal ion with meta-BPDM ligand. Zinc and cadmium both have similar 

properties whereas mercury is somewhat different. As per the theory of Hard-Soft-Acid- base, the 

meta-BPDM contains discrete conjugation pathways and may behave differently than highly 

conjugated porphyrin analogue and does not come under the category of hard base. Also, the ligand 

meta-BPDM contains sp2 and sp3 at meso carbons and does contain three pyrrolic –NH involved 

in conjugation system. It is to be understood that whenever we have diffused electronic conjugation 

it is to be considered as soft ligand. Meta-BPDM binding site are the inner nitrogen’s which have 

conjugated system.  Hg2+ is soft acid and considering ligand as moderate or soft, the binding of 

Hg2+ is relatively more than Zn2+ and Cd2+. Therefore, binding of Hg2+ with meta-BPDM is taking 

less time relatively. Fig 3.7 (B), (C) and (D) represent variation of recognition time with 

temperature of Zn2+, Cd2+, Hg2+ respectively at different concentrations. It was found that at low 

metal ion concentration the hydrogel takes longer time to sense metal ions relative to high metal 

ion concentrated aqueous solution. The time of sensing decreases on increasing temperature and 

on increasing metal ion concentration of aqueous solution. 

3.3.8. Energy dispersive X-ray analysis (EDX): EDX is an analytical method of elemental 

analysis related to electron microscopy. Energy Dispersive X-ray spectroscopy (EDX) is a 

technique that provides information about the abundance of elements and its distribution present 

in the material. It is based on the emission of characteristic X-rays that indicates the presence of 

elements within the surface volume of the specimen. EDX of meta-BPDM PAM/CMG Zn2+ 

hydrogel was done along with SEM on the same instrument which shows the presence of Zn2+ 

metal ions within the hydrogel. Zn2+ is complexed by meta-BPDM embedded in hydrogel.32 
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Fig. 3.8 Energy dispersive X-ray analysis meta-BPDM-Zn2+- PAM/CMG hydrogel. 

3.4 Conclusions 

In a nutshell, a polyacrylamide/carboxymethyl guar gum polymeric hydrogel-based metal ion 

sensor was successfully synthesized by in situ incorporation of meta-benziporphodimethene using 

water as solvent. Since meta-BPDM is hydrophobic in nature for dissolving this a mixture of 

acetone and water was used. This hydrogel successfully sensed Zn2+, Cd2+ and Hg2+individually 

and in mixture by showing color change from red to bluish green. The synthesized sensor 

recognizes Hg2+ metal ions upto 0.5 mg/L, which is quite comparable to above the permissible 

limit.  Further, it has also been observed that the sensing time decreases with increase in 

temperature. This is the first report on polymeric hydrogel can be used for sensing zinc, mercury, 

cadmium metal ions in aqueous medium. The detection of these metal ions in cells during cell lysis 

and their estimation and removal from industrial effluents will be discussed in further chapters.  
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Chapter 4 

Detection of Zn2+ in E. coli Bacterial cells and Zn2+, Cd2+ and Hg2+ in Industrial Effluents 

using Modified Polymeric Hydrogels 

 

4.1 Introduction 

The monitoring of heavy metal contamination in wastewater is an important step in ensuring 

human and environmental health. Excess levels of heavy metal may be responsible for several 

short-term and long-term health effects. The monitoring of Zn2+ in living cells and tissue is very 

crucial owing to its predominant functions as signaling agents to mediate processes such as gene 

expression, neurotransmission, apoptosis, cell growth and division.1 Disturbance of zinc 

homeostasis in human bodies have resulted in health disorders like Alzheimer’s disease, diabetes, 

and several neurodegenerative disorders.2 Cadmium has detrimental effects on humans causing 

brain development disorders, chronic inflammation to the heart and kidney, renal dysfunction, and 

impairing reproductive systems. Hg2+ ions have high affinity for thiol groups (-SH) present in 

proteins and enzymes. Consequently, the presence of Hg2+ ions in human bodies leads to the 

dysfunction of cells in the kidney, brain, and central nervous system. It is highly desirable to 

monitor Zn2+, Cd2+ and Hg2+ ions, efficiently and sensitively. Therefore, the need of the hour is to 

develop a novel probe for the detection of these metal ions in both biological and environmental 

systems.3-5  It has been observed that the colorimetric solid sensors render a robust way for sensing 

and quantification of metal ions with high selectivity and sensitivity.6  Polymers are the most 

widely used classes of materials owing to their cost-effectiveness, easy to proceed and their 

recyclability.7 In continuation to our last chapter, herein, we further explore the applications of 

synthesized m-BPDM engulfed polymeric hydrogel which provides on-site visual naked-eye 
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detection of spectroscopically silent Zn2+, Cd2+, and Hg2+ metal ions in real industrial wastewater 

and of Zn2+ in E. coli bacterial cells. The complex formation is Zn2+-meta BPDM is stable near 

physiological pH  (7.4) allowing visual naked-eye detection of zinc present in cells via cell lysis.  

4.2. Expermental  

4.2.1 Materials: Pyrrole, 2,6-difluorobenzaldehyde were distilled prior to use. α, α- dihydroxy-1, 

3-diisopropylbenzene were purchased from TCI Chemicals (India) Pvt. Ltd. Boron trifluoride ethyl 

ether complex, 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) were purchased from SRL Pvt. 

Ltd. (India) and used as supplied. Silica gel and metal salts were obtained from Merck Germany. 

Carboxymethyl guar gum was procured from Hindustan Gum and Chemicals Ltd., Bhiwani, 

Haryana (India). Potassium persulfate (K2S2O8) was purchased from Thomas Baker chemicals. 

Acetone and N, Ń-methylenebisacrylamide (MBA) were purchased from Merck Germany and 

Acrylamide from SRL. Escherichia coli NCIMP-1, phosphate buffer, saline solution (0.9%), Luria 

broth medium (2%) all reagents were used as obtained. Solvents and all other reagents were used 

as such without purification. Deionized water was used for aqueous solution preparation. 

4.2.2 Synthesis: m-BPDM embedded PAM/CMG hydrogels were successfully synthesized using 

a mixture of acrylamide (2.5 g in 20 mL distilled water) and m-BPDM (4 mg in 5 mL acetone: 

H2O, 1:1) was taken in a beaker. K2S2O8 (0.025 g), N, Ń- methylenebisacrylamide (0.05 g) and 

carboxymethyl guar gum (0.5g) were added into the same beaker and stirred for 1 hour after that 

the reaction mixture was transferred into test tubes and placed in the water bath at 60 ̊C up to gel 

formation. The obtained red-colored hydrogel was washed with distilled water to remove 

unreacted chemicals dried first at room temperature and then in the oven to obtain a dried form of 

hydrogels. 
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4.2.3 Atomic absorption spectroscopy: The absorption spectra of water containing metal ions 

were obtained using Spectrum, ZX press 8000 and wavelengths used for Zn2+ and Cd2+ are 213.9 

nm and 228.8 nm respectively. The hydride generation method was used for Hg2+ determination 

using Spectrum SP-HS 100 chemical vapor generator. 

4.2.4 UV-visible absorption spectra:  UV 1800 Shimadzu Spectrophotometer and PerkinElmer 

Lambda 750 Spectrometer were used for recording UV-visible absorption spectra of m-BPDM 

and m-BPDM embedded hydrogel, respectively.8,9 

4.2.5 Sensing studies: m-BPDM embedded PAM/CMG hydrogels were synthesized successfully 

and used for the recognition of Zn2+ in E. coli bacterial cells via cell lysis using SDS detergent 

(1%) and in real industrial wastewater. Each sensing experiment was performed three times. Each 

metal ion solution was prepared in deionized water at room temperature. 

4.3 Result and Discussion  

4.3.1 Synthesis: m-BPDM embedded polyacrylamide/carboxymethyl guar gum hydrogel 

obtained shown in Fig 4.1. The uneven and rough surface morphology of PAM/CMG hydrogel 

remains unaffected upon insertion of m-BPDM and on its metalation. The XRD spectra of 

hydrogel before and after the metalation showed the presence of a broad signal. This may be 

attributed to the lack of long-range crystallographic order. Hence, it indicated the amorphous 

nature of cross-linked hydrogel.9 
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Fig 4.1. Synthesized m-BPDM embedded polyacrylamide/carboxymethyl guar gum hydrogel. 

4.3.2 UV-visible spectroscopy: UV-visible absorption spectra were used to confirm the synthesis 

of m-BPDM and m-BPDM embedded PAM/CMG hydrogel. The UV-visible absorption spectra of 

the hydrogel are broad due to the discrete conjugated system in m-BPDM. High energy Soret band 

and low energy broad Q bands were observed at 333 nm, and 515 nm, 560 nm respectively. The 

metalation of hydrogel with Zn2+, Cd2+, Hg2+ was observed by the visually detected color change. 

It was further confirmed by observed shifting in the visible band or low energy Q bands of UV-

Visible Spectra from 560 nm to 670 nm. The obtained spectral values matched with our earlier 

report.8,9  

4.3.3 Real-time application of m-BPDM embedded polyacrylamide/carboxymethyl guar gum 

hydrogel in sensing Zn2+, Cd2+ and Hg2+ in the aqueous medium 

Free base m-BPDM exhibits no background fluorescence while its shows fluorescence turns on 

when bound to Zn2+ ions.8,10-12 A color change from red to bluish-green is observed upon binding 

with Zn2+, Cd2+ and Hg2+.9 Its sensing properties were explored in an organic solvent viz 

acetonitrile.11 In order to sense the environmentally important metal ions present in water, a 

hydrogel matrix has been utilized owing to its insolubility in water. The hydrogel is a fast response 
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sensing probe, and its stability was examined at different aqueous pH conditions (2, 4, 6, 8, 10) 

prepared from HCl and NaOH. It was observed that the sensing properties remain unaffected 

without leaching of m-BPDM. Subsequently, it demonstrates that the hydrogel is stable in the 

physiological environment. The limit of detection with standard deviation is shown in Fig.4.2 and 

no visual detection was observed below these concentrations. The standard solutions were 

prepared using their chloride salts maintained at pH 6.5 and temperature 60℃.  The observed data 

is congruent to our last report.9  All sensing experiments were performed thrice. 

  

 

 

 

 

 

Fig 4.2. Showing limit of detection of Zn2+, Cd2+ and Hg2+ in their aqueous solution at 60℃. 

4.3.4 Selectivity and interference studies:  To inspect interferences by non-toxic and other toxic 

metal ions, a fixed amount of metal salt solution (for instance, 50 ppm) was used to note a change 

in color. The colorimetric response of m-BPDM PAM/CMG hydrogel was analyzed individually 

using a series of heavy metal ions including Pb2+, Ni2+, Cu2+, Cr3+, Cd2+, Hg2+, Zn2+ in the aqueous 

solution of same metal ion concentration (50 ppm, 120 rpm, RT) to achieve optimum color change 

shown in Fig 4.3. The selective colorimetric response was observed only with Zn2+, Cd2+ and Hg2+ 

(red to bluish-green) solutions. The addition of other heavy metal ions did not exhibit any 
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colorimetric response.  To ensure the reproducibility of colorimetric response all experiments were 

performed 3 times. In order to further, confirm the binding of selective metal ions their absorption 

spectra were recorded. The spectra displayed a selective red shift of absorption.8,9 The limit of 

detection was found to be 0.5 mg/L, 1 mg/L, and 2 mg/L with Hg2+, Zn2+ and Cd2+, respectively 

and found in accordance with our earlier results.9  

 

Fig 4.3. Representation of selective colorimetric response.  

4.3.5 Sensing behavior with respect to concentration and pH of metal ion solution: 

Sensing time or color change of hydrogel in presence of Zn2+, Cd2+ and Hg2+ in an aqueous medium 

with concentration and pH were studied. The sensing time was found to be inversely proportional 

to the concentration of metal ion. This means that the time decreases with an increase in metal ion 

concentration, in each case, as shown in Fig 4.4.  The visual detection limit of 0.5, 1 and 2 ppm of 

Hg2+, Zn2+ and Cd2+ respectively was observed. Below these concentrations, no change in hydrogel 

color was observed at any condition. The pH change does affect detection time considerably, but 

slightly better results were observed near the 6-7 pH range. This is due to no protonation of acidic 

functional groups present in the hydrogel matrix as well as no hydroxide formation of metal ions 

occurring at this range. 
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Fig 4.4. Sensing studies with pH and concentration of Zn2+, Cd2+ and Hg2+ in water. 

4.3.6. Sensing in industrial wastewater: 

The present study focusses on evaluating the application of the synthesized hydrogel sensor in real 

wastewater or effluent. The wastewater was collected from Delhi Technological University 

(DTU), Delhi water treatment plant and industrial effluent in its vicinity. This experiment was 

done by directly adding hydrogel in wastewater without any pretreatment of effluent. No 

colorimetric response was observed with the wastewater collected from DTU. Further, the same 

was analyzed using AAS. The results of AAS revealed that Zn2+, Cd2+ and Hg2+ ions were absent 

in the sample. Thus, it may be concluded that the absence of these metal ions in the sample in the 

detection limit of AAS and sensor produced results in the same manner. Therefore, we can use this 

sensor to ascertain the presence/absence of these metal ions in water. WHO has suggested a 

permissible concentration of mercury in drinking water that is 0.001 mg/L and the permissible 

value of cadmium is 0.003 mg/L. 13 Cadmium and mercury metal ions detectable concentration by 

this hydrogel are above the WHO permissible limits.  The results with industrial effluents whose 

pH was found to be 6.2 and the change in color is apparent, have been shown in Fig.4.5. The 

colorimetric response was observed in 2 h, 120 rpm, at RT by simply adding a sensor directly into 

the collected effluent. These results suggested that there may be the presence of Zn2+, Cd2+ or Hg2+ 



 

99 

 

 

in wastewater. To confirm this, the quantitative determination of Zn2+, Cd2+ and Hg2+ in the effluent 

was performed by the AAS technique. The AAS results then confirmed the presence of Zn2+ (7 

ppm), Cd2+ (0.03 ppm) and Hg2+ (1.3 ppm). The concentration of zinc and mercury are above the 

limit of detection of the sensor and therefore, the color change was due to them.  

 

Fig 4.5. Sensing experiment with effluent.  

4.3.7 The colorimetric response of m-BPDM embedded PAM/CMG hydrogel Sensor to Zn2+ 

present in E. coli bacterial cells 

Cell lysis was carried out by detergents by incorporating into the cell membrane via solubilizing 

proteins in the membrane. This results in creating pores within the membrane and eventually full 

cell lysis. There are many surfactants used for cell lysis including ionic, nonionic and zwitterionic 

detergents. The choice of surfactants is important as they can affect the speed of cell lysis. Strong 

ionic detergents like sodium dodecyl sulfate (SDS) can provide cell lysis within seconds by 

denaturing proteins from the cells.14 

In this study, we have observed the colorimetric response of m-BPDM embedded 

polyacrylamide/carboxymethyl guar gum hydrogel Sensor to Zn2+ present in E. coli bacterial cells. 
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The released Zn2+ from E. coli bacterial cells via cell lysis absorbed by hydrogel matrix which 

contain m-BPDM ligand and show colorimetric response.  

The approach was validated by using Escherichia coli NCIMP-1. The cells were cultured in 2% 

Luria broth medium. Cells were allowed to grow for 24 h at 37 ℃. The cells were taken from the 

medium in a test tube and washed with PBS (2×200 μL). The cells were incubated in saline solution 

(0.9%, 0.5 mL) and with the zinc metal ion aqueous solution (ZnCl2, 1 ppm, 0.5 mL) for 12 h for 

visualizing the impact of zinc ions. After incubation the zinc ion-containing solution was removed, 

cells were washed PBS (2×200 μL). The pretreated cells with zinc ions (1 ppm) in saline solution 

(0.5 mL) were incubated with the probe (dried crushed hydrogel 1.5 mg) in two test tubes. One of 

test tubes was with SDS detergent (1%, 0.5 mL) and the other without SDS added at 37 ℃. The 

color of hydrogel was changed from red to bluish-green within 2 h. This indicated the presence of 

Zn2+ in aqueous medium, the release of zinc ion from the cell may be attributed to cell lysis. The 

test tube without SDS detergent does not show any change in color of the hydrogel as there was 

no cell lysis (controlled test) and shown in Fig. 4.6. The colorimetric response is specific to Zn2+ 

ions over many biologically relevant mono, divalent metal ions; e.g., Na+, K+, Ca2+, Mg2+ etc. 8,9 

 



 

101 

 

 

 

Fig 4.6. Sensing behavior of hydrogel. 

The sensor changes color due to the specific binding of physically engulfed ligand m-BPDM with 

zinc metal ions in presence of other metal ions. Hence, in this way, we can detect or sense zinc 

ions in animal and plant cells. However, the presence of Cd2+, Hg2+ can cause interference in 

sensing of Zn2+ in cells but Cd2+ and Hg2+ are not essential elements for life, therefore, are not 

present in healthy cells. They are toxic with no known physiological functions and come through 

absorption from the polluted or contaminated environment Therefore, interference due to them 

should not occur.8,9 

4.4 Conclusion 

In the present study, m-BPDM embedded PAM/CMG polymeric hydrogel-based metal ion sensor 

was successfully explored for monitoring zinc ions in E. coli bacterial cells and Zn2+, Cd2+ and 

Hg2+ in the effluent from the industry with high sensitivity and selectivity. The color change was 
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visually detected. This probe is a cost-effective and environmentally friendly on-site real-time 

colorimetric sensor of Zn2+, Cd2+ and Hg2+ in the aqueous medium. The sensor provides indicator 

free detection and opens the possibility for solid-state biosensors specific to Zn2+, Cd2+ and Hg2+. 

The modified hydrogel can be applied in the field of the quantification and removal of Zn2+, Cd2+ 

and Hg2+ from the industrial effluent or real wastewater using m-BPDM embedded PAM/CMG 

polymeric hydrogels. 
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Chapter 5 

An efficient adsorbent based on polymeric hydrogel for the removal of Zn2+ Cd2+ and 

Hg2+ from the wastewater  

5.1 Introduction  

Heavy metals are not biodegradable therefore their effective removal from aqueous medium is 

very important for the protection of public health and environment. Efficient techniques are 

required to monitor certain metal ions from water, mainly the toxic which are harmful even at 

low concentration.1,2 Zinc is commonly used in the process of galvanization, alloys, industries, 

catalyst, textiles. The toxicity due to zinc is uncommon but excess ingestion may cause 

gastrointestinal distress and diarrhoea. Cadmium is commonly used in batteries, coating, 

mining alloy, smelting and plastic industry. It causes irritation to the respiratory tract and 

anaemia. Mercury is one of most toxic heavy metals and non-biodegradable in nature. Major 

sources of mercury in the environment are such as paint, pulp, fertilizer, thermometers, 

fluorescent light bulbs etc. It causes genetic defects, nervous system damage, impairment of 

pulmonary functions, mental retardation, and chest pain.3 Cd and Hg ions are toxic even at low 

levels and may lead to death after being accumulated at high concentration in the body. These 

are toxic, considered carcinogenic. There is great big demand for removal of such toxic heavy 

metal ions from wastewater.2 Therefore easy, reliable, selective, and sensitive methods for 

Zn2+, Cd2+ and Hg2+ ion monitoring and removal are important for environmental safety and 

health. Currently, many research reports on industrial wastewater treatment, such as ion 

exchange membrane method, ammonia desulfurization technology, chemical precipitation, 

etc., but mostly associated with the disadvantages of complex process, secondary pollution and 

so on. Among various methods adsorption is the most effective method for removing heavy 

metal ions with many advantages.4,5 At present, there are some issues encountered during the 
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preparation of adsorbent materials, such as complex synthesis method and low recovery rate. 

Therefore, it has become very crucial to use a new adsorbent with simple preparation, high 

recovery rate and good adsorption capacity. The adsorption process involves three main stages: 

heavy metal ions permeate via convection diffusion from wastewater to the adsorbent surface; 

heavy metal ions adsorb on the surface of the adsorbent; and continue to migrate into the 

adsorbent interior.6 Adsorbent involves the binding or chemical reaction with itself and does 

not cause secondary pollution to the sewage. The operation process is very simple, friendly to 

the environment, and the removal efficiency of heavy metal ions is high and cost effective. 

This chapter presents a robust and cost-effective approach for removal of Zn2+, Cd2+ and Hg2+ 

from aqueous solution using meta-BPDM embedded PAM/CMG hydrogel in pellet form. The 

sorption, adsorption kinetics and isotherm studies of this hydrogel has been reported here which 

was not mentioned so far. The presence of polar hydrophilic functional groups (-OH, NH2, -

COOH) in polyacrylamide/carboxymethyl guar gum and porphyrin analogue meta-BPDM act 

as binding sites via polar or electrostatic interaction. It has made meta-BPDM embedded 

PAM/CMG hydrogel an effective sorbent for Zn2+, Cd2+ and Hg2+ in wastewater treatment. All 

these indicate that the hydrogel is effective adsorbent, has a crucial role in the treatment of 

effluents and the protection of ecological environment. 

5.2 Experimental  

5.2.1 Materials  

 Pyrrole, 2,6-Difluorobenzaldehyde and α, α dihydroxy-1, 3-diisopropylbenzene were 

purchased from TCI chemicals (India) Pvt. Ltd. Silica gel, Acetone, N, Ń-

methylenebisacrylamide (MBA) and metal salts were obtained from Merck Germany. Boron 

trifluoride ethyl ether complex, 2,3-dichloro-5,6-dicyano-p-benzoquinone (DDQ) were 

obtained from SRL Pvt. Ltd. (India). Carboxymethyl guar gum was procured from Hindustan 
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Gum and Chemicals Ltd., Bhiwani, Haryana (India). Potassium persulfate (K2S2O8) was 

purchased from Thomas Baker chemicals and Acrylamide from SRL. Deionized water was 

used for synthesis and for all metal ions aqueous solution preparation. 

5.2.2 Synthesis meta-BPDM embedded polyacrylamide/carboxymethyl guar gum and 

polyacrylamide/carboxymethyl guar gum hydrogel were synthesized according to previous 

reports.7 The digital photo of hydrogel is shown in Fig 5.1. 

 

 

 

 

 

Figure 5.1. (A) meta-BPDM PAM/CMG hydrogel, (B) PAM/CMG hydrogel. 

5.2.3 Instrumentation: The synthesized hydrogel and metalated hydrogel were characterized 

using Fourier-transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA), 

Scanning electron microscopy (SEM). IR-spectrum was collected using KBr pellets containing 

1% sample from 4000 cm-1 to 400 cm-1 (NICOLET 380), the surface morphology of hydrogel 

was observed by using SEM (JEOL JSM-6610LV) after coated with conductive film of 

platinum. The thermal stability of hydrogels was investigated by TGA (Perkin Elmer TGA 

4000.). The sample was heated at 10 ℃/min from 80 ℃ to 800 ℃ under the N2 atmosphere. 

The initial and residual concentration of metal ions in water were measured using ICP-MS 

(Perkin Elmer 300X) and AAS (ZX press 8000). 

5.2.4 Selectivity studies: In a 50 mL solution of all metal ions with pH 6.5 and initial 

concentration 500 ppm, 0.082g hydrogel pellet was added. The solution was shaken with 250 
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rpm at room temperature for 5 h. The equilibrium concentration of all metal ions was observed 

using AAS. The adsorption selectivity was also compared between Blank hydrogel i.e., 

PAM/CMG hydrogel and meta-BPDM embedded PAM/CMG hydrogel. Removal percentage 

was calculated for each metal ion. 

5.2.5 Adsorption experiments: Batch sorption of Zn2+, Cd2+ and Hg2+ by hydrogel (0.082g) 

were studied at room temperature (about 28℃) using 10 mL of heavy metal ion aqueous 

solution.  Analytical grade chloride salts of Zn2+, Cd2+ and Hg2+ were used to prepare standard 

stock solutions in deionized water. Adsorption experiment was performed using a diluted stock 

solution at room temperature. The desired pH was adjusted using HCl (0.1N) and NaOH 

(0.1N). The effect of initial metal ion concentration, pH and contact time were studied. The 

results obtained from these studies were used to demonstrate the optimum conditions for 

maximum removal from aqueous solutions.  

5.2.6 Removal of Zn2+, Cd2+ and Hg2+ from industrial wastewater: 0.082g hydrogel pellet 

was suspended in 10 mL of industrial wastewater (collected from industries nearby DTU, 

Delhi). The pH of the mixture was adjusted to 6.5 and stirred for 4 h (250 rpm) at room 

temperature to obtain equilibrium. The initial and remaining concentration after adsorption of 

Zn2+, Cd2+ and Hg2+ in the sample were determined by AAS. 

5.3 Result and Discussion  

5.3.1 Synthesis and Characterization of blank, meta-BPDM embedded and metalated 

meta-BPDM embedded polyacrylamide/ carboxymethyl hydrogel:  

Fig 5.2 (A). Showing the Fourier-transform infrared spectroscopy (FTIR) spectrums of meta-

BPDM embedded polyacrylamide/ carboxymethyl hydrogel, Zn2+- meta-BPDM PAM/CMG, 

Cd2+-meta-BPDM PAM/CMG, Hg2+- meta-BPDM PAM/CMG, Zn2+ Cd2+ and Hg2+-meta-

BPDM PAM/CMG. The absorption bands at 3200-3300 cm-1 were related to -OH and N-H 
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stretching and N-H and O-H overlapped. The bands at 2730 cm-1 are due to saturated C-H and 

2800 cm-1 unsaturated C-H stretching mode. The peak at 1050 cm-1 corresponds to C-N 

stretching, 1250 cm-1 represents C-O bending ,1450 cm-1 related to O-H bending ,1400 cm-1 

corresponds to C-O-C stretching vibration in the CMG. The strong peak at 1720 cm-1 

corresponded to C=O groups.8    

Thermogravimetric analysis was used to investigate thermal properties of hydrogel. Similar 

degradation pattern was observed with all hydrogels whereas in case of Zn2+ and Cd2+ 

metalated hydrogel decomposition is slightly different that may be due to binding coefficient 

of these two metal ions with meta-BPDM. Overall, it has been observed that insertion of meta-

BPDM and its metalation do not affect thermal stability of the PAM/CMG hydrogel 

considerably. Which indicates that there is no chemical interaction between them.  The weight 

loss up to 100 ℃ was owing to water evaporation from the hydrogel. The hydrogel undergoes 

sharp weight loss in the temperature range of 250-350 ℃ due to the degradation of -OH and 

carboxymethyl group. The weight loss from 350-500 ℃ is due to decomposition of the polymer 

backbone, crosslinking, and amide groups. The final weight loss is due to degradation of the 

organic backbone, C-O-C meta-BPDM ring. The overall analysis depicts that the hydrogel 

sample had adequate thermal stability. Fig 5.2. (B) 

Surface properties were analysed using scanning electron microscopy; the morphology was 

found to be irregular, porous which provides effective adsorption for the heavy metals. The 

morphology is presented in Fig.5.2 (C), (a), present surface microphotograph of meta-BPDM 

PAM/CMG hydrogel and Fig. 5.2 (C), (b), showing of Zn2+, Cd2+ and Hg2+ metal-loaded meta-

BPDM PAM/CMG hydrogel. The surface morphology slightly changes after adsorption that 

may be attributed to conformation change on metalation. Overall, no chemical change in 

morphology is observed on metalation which indicates that there is physical interaction 

between metal loaded meta-BPDM and hydrogel.  
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(C) 

Figure 5.2. (A) FTIR Spectra of hydrogels, (B) TGA Curves of hydrogels, (C) Surface 

microphotographs of hydrogels. 
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5.3.2 Selectivity/competitive studies: The industrial discharge usually contains multiple metal 

ions therefore it has become important to study the competitive removal of metal ions. Selective 

removal of Zn2+, Cd2+ and Hg2+ was observed in a mixture of multiple metal ions Fig 5.3. It 

can be attributed to specific interaction of Zn2+, Cd2+ and Hg2+ with embedded meta-BPDM or 

active functional groups in the hydrogel. Other than meta-BPDM a large number of -NH2, -

OH, -COOH, and -CONH2 functional groups of PAM/CMG hydrogel can act as binding sites 

for the Zn2+, Cd2+ and Hg2+. Functional groups having nitrogen are selectively involved in Hg2+ 

binding. Therefore, adsorption isotherm and kinetics was studied with respect to only Zn2+, 

Cd2+ and Hg2+ removal. The aqueous solutions of all metal ions of required concentrations 

were prepared using their chloride salts in deionized water. The higher affinity of hydrogel 

among Zn2+, Cd2+ and Hg2+ was found to be with respect to Hg2+. This can be supported by 

hard soft acid base theory towards active functional groups having nitrogen and meta-BPDM. 

The reason for higher chelation of Hg2+ is due to its soft nature preferably binds with soft base 

-NH2, -C=N, =N. The presence of interfering ions would affect the uptake of target ions but 

not appreciable, however the hydrogel can be used for the removal of Zn2+, Cd2+ and Hg2+. 

This hydrogel is better suited to Zn2+, Cd2+ and Hg2+ due to higher binding constants of 

embedded meta-BPDM ligands with these metal ions.7,9,10   
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Figure 5.3.  Percentage removal of heavy metal ions using meta-BPDM PAM/CMG hydrogel 

(volume for each metal ion solution 10 mL, weight of hydrogel 82mg, initial metal ion 

concentration 𝐶𝑜, 500 ppm at RT pH 6.5 and stirred magnetically at 250 rpm for 24 h). 

5.3.3 Individual heavy metal ion removal from aqueous solution (Non-Competitive 

Environment): 

Non-competitive adsorption was studied using aqueous solution containing only one type of 

metal ion. The amount of Zn2+, Cd2+ and Hg2+ removed by non-competitive adsorption is more 

than that can be achieved by competitive adsorption. The selective interaction between 

hydrogel and Zn2+, Cd2+ and Hg2+ in water dominated. The aqueous solutions of Zn2+, Cd2+ and 

Hg2+ of required concentrations were prepared using their chloride salts in deionized water. All 

experiments were carried out at pH 6.5 initially adjusted using HCL and NaOH, where the 

maximum adsorption was obtained. The weight of dry hydrogel pellets was 0.082g uniformly 

in all batch experiments. The hydrogel was immersed in 𝑉 10 mL of aqueous solution with 

initial metal ion concentration 𝐶𝑜, 500 ppm at RT and stirred magnetically at 250 rpm for 24 h. 

Metal absorbed or equilibrium adsorption capacity (mg/g),  𝑞𝑒 = 
𝑉 (𝐶𝑜−𝐶𝑒)

𝑊
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Removal efficiency or Sorption % = 
 (𝐶𝑜−𝐶𝑒)

𝐶𝑜
 × 100 

𝑊= 82.0 mg dosage of dried hydrogel, 𝑞𝑒(𝑚𝑔/𝑔)  and  𝐶𝑒(𝑝𝑝𝑚) is the amount adsorbed and 

concentration left at equilibrium respectively8. 

Table 5.1. Uptake of zinc, cadmium and mercury by meta-BPDM PAM/CMG hydrogel. 

Metal ion 𝐶𝑜(𝑝𝑝𝑚) 𝐶𝑒(𝑝𝑝𝑚)  𝑞𝑒(𝑚𝑔/𝑔) % Removal 

Zn2+ 500 106 48.0 78.8 

Cd2+ 500 162 41.21 67.6 

Hg2+ 500 98 49.02 80.4 

 

Table 5.2. Uptake of zinc, cadmium, and mercury by PAM/CMG (blank) hydrogel. 

Metal ion 𝐶𝑜(𝑝𝑝𝑚) 𝐶𝑒(𝑝𝑝𝑚)  𝑞𝑒(𝑚𝑔/𝑔) % Removal 

Zn2+ 500 265 28.43 47 

Cd2+ 500 235 32.06 53 

Hg2+ 500 280 26.62 26.62 

 

The absorption capacity and removal percentage of Zn2+, Cd2+ and Hg2+ using meta-BPDM 

embedded PAM/CMG hydrogel was found to be higher than PAM/CMG hydrogel (blank).  

5.3.4 Effect of initial metal ion concentration and contact time. The adsorption behaviour 

of hydrogel was studied in the batch experiment. Removal efficiency is significantly affected 

by the initial metal ion concentration, with increase in initial concentration of Zn2+, Cd2+ and 

Hg2+  𝑞𝑒 also increases due to higher chances of collision between metal ions. Which results in 

utilization of all active adsorption sites on adsorbent. At high 𝐶𝑜 the number of metal ions are 

higher than the available vacant sites in the hydrogel. Therefore, removal efficiency depends 
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on the initial metal ion concentration. The maximum adsorption ( 𝑞𝑒)  at equilibrium was 47.67, 

40.89 and 48.64 mg/g for Zn2+, Cd2+ and Hg2+ respectively at RT, pH 6.5, dry hydrogel 𝑊 

82mg, volume of aqueous solution 𝑉 10 mL, Time 12 h, rpm 250,  𝐶𝑜 (50, 150, 250, 300, 400, 

500, 600,700 ppm), 𝐶𝑒 = concentration at equilibrium. Fig 5.4 (A) 

𝑞𝑒 = 
𝑉 (𝐶𝑜−𝐶𝑒)

𝑊
 

Contact time is a very important factor for the determination of equilibrium point. Which can 

be used to study the kinetics of the adsorption process. The supernatants obtained after the 

hydrogel treatment were acidified and analysed by ICP-MS as an independent verification at 

each time interval (10, 20, 30, 60, 120, 180, 240, 300, 360, 420, 480, 720 840 min). The 

decrease in concentration after each interval can be explained by the ability of meta-BPDM 

PAM/CMG hydrogel to bind with metal ions. These plots with time indicate that the residual 

concentration of metal ions becomes asymptotic showing no appreciable change in the residual 

concentration of metal ions after 360 min in the case of mercury, 480 min in the case of zinc 

and 720 min in the case of cadmium. These represent the time at which equilibrium has been 

attained.   𝑞𝑡 and  𝐶𝑡 are the amount adsorbed (mg/g), residual concentration at time interval t 

respectively3. Fig 5.4 (B) 

 𝑞𝑡 = 
𝑉 (𝐶𝑜−𝐶𝑡)

𝑊
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Figure 5.4. Effect of initial metal ion concentration (A) and contact time (B) on adsorption of 

Zn2+, Cd2+ and Hg2+ ions.  

5.3.5 Effect of pH: The effect of pH plays the most important role in determining the 

parameters controlling removal of heavy metals from aqueous solutions. It affects the 

ionization or dissociation and precipitation of adsorbate and surface properties of the adsorbent. 

The effect pH is more prominent when both adsorbate and adsorbent are charged or polar 

species. The pH of the solution affects the adsorption efficiency by protonating the polar 

functional group in the sorbent and precipitating metal ions as hydroxide or oxides. Hydrogen’s 

ions may compete with metal ions for the active site on adsorbent at lower pH as well as 

adsorption sites that get protonated.3,8 The pH effect on the absorption of Zn2+, Cd2+ and Hg2+ 

was studied in a pH range from 2 to 9. At pH > 6 the metal hydroxides would precipitate in 

aqueous solution that may affect the accuracy of results. The optimum pH was found to be 6.5 

corresponds to maximum removal and above this metal hydroxide precipitation occurs. The 

observed results are displayed in Fig.5.5   
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Figure 5.5 Effect of pH on adsorption of zinc, cadmium and mercury. 𝐶𝑜= 500 ppm, 𝑊= 82.0 

mg, V= 10 mL, RT, 250 rpm. 

5.3.6 Adsorption Isotherm studies:  

Adsorption isotherms represent how adsorbate and adsorbent molecules interact with each 

other, so are important in optimizing the utility of adsorbents. The obtained results were 

analysed by the Langmuir and Freundlich models. The Langmuir model assumes the adsorbent 

is having structurally homogeneous identical sorption sites with similar energies. The linear 

form of Langmuir equation is given by  

 
1

𝑞𝑒
= 

1

𝑄𝑜
+ 

1

𝑏𝑄𝑜 𝐶𝑒
   

𝑄𝑜  and 𝑏  are the Langmuir constants.3,8,12 The linearized form of the isotherm and high value 

of correlation coefficient (R2) suggest that the adsorption follows the Langmuir model which 

indicates chemisorption. Fig 5.6 (A) 

The logarithmic equation of Freundlich model is given by 

  𝑙𝑜𝑔 𝑞𝑒  =   𝑙𝑜𝑔 𝐾𝐹  + (
1

𝑛
) 𝑙𝑜𝑔 𝐶𝑒   
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where 𝐾𝐹 and 𝑛 are the adsorption capacity and adsorption intensity related Freundlich 

constants respectively.3,8,13 Fig 5.6 (B) showing plots of 𝑙𝑜𝑔 𝑞𝑒 against 𝑙𝑜𝑔 𝐶𝑒 for the 

adsorption of zinc, cadmium and mercury. It is clearly visible that the data is not fitting very 

well in the Freundlich isotherm which indicates physisorption. Fig 5.6 (B) 

 

 

 

 

 

 

 

 

Figure 5.6.  Langmuir (A), Freundlich (B) isotherm model for Zn2+, Cd2+ and Hg2+ ions 

adsorption. 

5.3.7 Adsorption kinetics: The pseudo-first and second order model is the most common for 

solid liquid interaction and was applied to describe the sorption process. t is contact time, 𝑞𝑡  

and 𝑞𝑒 are absorption capacity at time t and at equilibrium, 𝑘1 and 𝑘2 are rate constants for 

pseudo-first and second order reactions. The Pseudo-first order model considers rate of 

adsorption as controlled by mass transfer and diffusion whereas in case of the pseudo-second 

order it considers chemisorption is the rate controlling step.8,13  

Absorption capacity,  𝑞𝑡= 
𝑉(𝐶𝑜−𝐶𝑡)

𝑊
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𝑙𝑜𝑔 ( 𝑞𝑒 − 𝑞𝑡) = 𝑙𝑜𝑔 𝑞𝑒  −
𝑘1

2.303
𝑡                    Pseudo-first order  

𝑡

𝑞𝑡
=  

1

𝑘2 𝑞𝑒
2

+  
𝑡

𝑞𝑒
                Pseudo-second order 

The calculated 𝑞𝑒 values of the pseudo second order match closely more with experimental as 

well as correlation coefficient (R2) was higher (Table 5.3). Therefore, results obtained from a 

pseudo second order kinetic model better described the adsorption by hydrogel indicating 

chemisorption adsorption process Fig 5.7 (A) and (B).   

Table 5.3. Kinetic parameters for the adsorption of Zn2+, Cd2+ and Hg2+ ions 

                                                    Pseudo-first order Pseudo-second order 

Metal 

ion 

𝑘1 𝑞𝑒1 R2 𝑘2  𝑞𝑒2 R2 

Zn2+ 0.00663 43.74 0.9539 0.00011 51.4

2 

0.9929 

Cd2+ 0.00619 52.54 0.9432 0.00009 42.5

2 

0.9950 

Hg2+ 0.00838 25.02 0.7451 0.00028 53.0

9 

0.9975 
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Figure 5.7. Pseudo-first order (A) and pseudo-second order (B) kinetic model on Zn2+, Cd2+ 

and Hg2+ ions adsorption. 

5.3.8 Removal of Zn2+ Cd2+ and Hg2+ from real wastewater:  In order to assess the feasibility 

of the meta-BPDM PAM/CMG hydrogel for the removal of Zn2+, Cd2+ and Hg2+ water. A real 

wastewater collection is collected from the vicinity of some industries nearby DTU, Delhi and 

other industrial areas of Delhi, India. ICP-MS showed very less amount of detectable Zn2+, 

Cd2+ and Hg2+ (less than 3 ppm) in the collected waste water so chlorides salts of metal ions 

were added to simulate contaminated water (500ppm). The water sample was transferred into 

the conical tubes at pH 6.5, RT, 𝐶𝑜 500 ppm, and a meta-BPDM PAM/CMG hydrogel-based 

sensor was added into the tubes, allowed to soak for 1 day. After soaking the supernatant 

solutions were collected and acidified using 1% HNO3 for ICP-MS analysis. The 

concentrations in the supernatant were found to be decreased from 500 ppm to 113, 170, 102 

ppm for Zn2+, Cd2+ and Hg2+ respectively after the gel treatment. The results suggest that the 

hydrogel was capable of removing these metal ions from natural water sources.14 Fig 5.8 

depicts the hydrogel removal efficiency with respect to Zn2+, Cd2+ and Hg2+ in water. Removal 

% = 
 (𝐶𝑜−𝐶𝑒)

𝐶𝑜
 × 100 
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Figure 5.8. Removal (%) of Zn2+, Cd2+ and Hg2+ by hydrogel from industrial effluents at RT.  

5.4 Conclusion: The porous structure of modified copolymer-based hydrogel was beneficial 

for permeation of metal ions into it. The optimum pH was found to be 6.5 and Zn2+, Cd2+ and 

Hg2+ achieved adsorption equilibrium within 12 h. The order of adsorption in the 

multicomponent system was found to be Hg2+ > Zn2+ > Cd2+.  The adsorption data fit very well 

to the Langmuir adsorption isotherm model and pseudo second order equation. It is found that 

the adsorption of Hg2+ is better than Zn2+ and Cd2+ under similar conditions due to difference 

in affinity or binding constants sequence Hg2+ > Zn2+ > Cd2+ with the incorporated meta-BPDM 

in the PAM/CMG hydrogel. The obtained result establishes a suitable method with promising 

applications for efficient removal of Zn2+, Cd2+ and Hg2+ from their aqueous solution
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Chapter 6 

Conclusions and Future Prospects 

Polyacrylamide/carboxymethyl guar gum polymeric hydrogel-based metal ion sensor was 

successfully synthesized by in situ incorporation of meta-benziporphodimethene using water 

as a solvent. Since meta-BPDM is hydrophobic in nature for dissolving this, a mixture of 

acetone and water was used. This hydrogel successfully sensed Zn2+, Cd2+ and Hg2+ 

individually and in mixture by showing colour change from red to bluish-green. The 

synthesized sensor recognizes Hg2+ metal ions up to 0.5 mg/L, which is quite comparable to 

the above permissible limit. Furthermore, it has also been observed that the sensing time 

decreases with the increase in temperature. This is the first report on polymeric hydrogel that 

can be used for sensing zinc, mercury, cadmium metal ions in an aqueous medium. Since the 

monitoring of heavy metal contamination in wastewater is an important step in ensuring human 

and environmental health. Excess levels of heavy metal may be responsible for several short-

term and long term health effects.  m-BPDM embedded PAM/CMG polymeric hydrogel-based 

metal ion sensor was successfully explored for monitoring zinc ions in E. coli bacterial cells 

and Zn2+, Cd2+ and Hg2+ in the effluent from the industry with high sensitivity and selectivity. 

The colour change was visually detected. This probe is a cost-effective and environmentally 

friendly on-site real-time colorimetric sensor of Zn2+, Cd2+ and Hg2+ in the aqueous medium. 

The sensor provides indicator free detection and opens the possibility for solid-state biosensors 

specific to Zn2+, Cd2+ and Hg2+. 

The porous structure of modified copolymer-based hydrogel was beneficial for permeation of 

metal ions into it. The optimum pH was found to be 6.5 and Zn2+, Cd2+ and Hg2+ achieved 

adsorption equilibrium within 12 h. The order of adsorption in the multicomponent system was 

found to be Hg2+ > Zn2+ > Cd2+. The adsorption data fit very well to the Langmuir adsorption 
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isotherm model and pseudo second-order equation. It is found that the adsorption of Hg2+ is 

better than Zn2+ and Cd2+ under similar conditions due to difference in affinity or binding 

constants sequence Hg2+ > Zn2+ > Cd2+ with the incorporated meta-BPDM in the PAM/CMG 

hydrogel. The obtained result establishes a suitable method with promising applications for 

efficient removal of Zn2+, Cd2+ and Hg2+ from their aqueous solutions.  

Future Work 

➢ The sensor provides indicator free detection and opens the possibility for solid-state 

biosensors specific to Zn2+, Cd2+ and Hg2+ .  

➢ Designing new formulations of meta-BPDM embedded hydrogels based on 

biodegradable polymers such as raw wool , carboxymethyl tamarind etc. and exploring 

their real-time applications in sensing and removal of Zn2+, Cd2+ and Hg2+ from 

biological and environmental samples.  

➢ This meta-BPDM embedded PAM/CMG polymeric hydrogel can be applied in the field 

of the quantification and removal of Zn2+, Cd2+ and Hg2+ from the industrial effluent or 

real wastewater. 
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