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Abstract 

Introduction  

The naturally derived polymers have attracted extensive research interest for large 

abundance, biodegradability, high mechanical properties, and good biocompatibility. 

Biopolymers are the class of biodegradable polymers, produced by living organisms. In 

addition to this, some polymers can also be extracted from biological sources such as 

sugars, proteins, amino acids, and oils, which can also be described as biopolymers. 

Compared to synthetic polymers, biopolymers have more defined and precise three-

dimensional structures. Chitosan, cellulose, sodium alginate, and gelatin are some of the 

biopolymers, which can be derived from biomass sources such as animal residue, 

industrial residue, agriculture residue, sewage, etc (Figure 1). A large number of 

functional groups and reactive sites are present over the biopolymer, which can be 

chemically modified accordingly for desired applications. 

 

 

Figure-1. Classification of Biopolymers. 

 

Chapter-1  

Biopolymers are a kind of material that can be used to adjust, control, or participate in 

the various parts of the living system, to facilitate the operation and function of the living 

system. They can be used individually or as a part of a complex system. In this whole 

thesis work, biopolymeric materials were used with the inclusion of metal NPS, ionic 

liquids, and covalent organic framework for various environmental applications 
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including catalysis, sensing, active food packaging, antimicrobial membranes, and 

water purifications (Figure 2).  

 

Figure-2. Applications of Biopolymers. 

Chapter-2 

Herein, a cationic hydrogel was designed and synthesized using a simple and facile 

method yielding excellent adsorption capacity, thereby enabling the rapid removal of 

organic dyes, nitrite anions, and Pb2+ from polluted water, as well as oil–water 

separation. The backbone of the hydrogel was composed of CS and poly(vinyl alcohol) 

(PVA) with glutaraldehyde as the crosslinker. An ionic liquid (IL) was grafted onto the 

backbone via a radical reaction. The synthesized hydrogel was optimized by varying the 

amounts of crosslinker, monomer, temperature, reaction time, initiator, and solvent to 

obtain maximum adsorption affinity. The interstitial voids and cationic charge on the 

hydrogel increased its binding affinity for organic dyes and anions (Figure 3). The 

positively charged hydrogel electrostatically interacted with the dyes and nitrite (NO2–

), facilitating their removal from wastewater. 
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Figure-3. CS/PVA hydrogel grafted with IL for wastewater treatment. 

Chapter-3 

Chapter-3A: In this study, cellulose was extracted from rice straw, and a highly active 

solid-supported catalytic model (ASC-1) was developed. Cellulose conjugated with 

poly(ethylene-co-vinyl acetate) (PEVA) followed by insertion of AgNPs. The process 

involved the reduction of silver nanoparticles in the presence of sodium-borohydride. 

The synthesized catalytic hybrid was successfully applied to Willgerodt Kindler's 

reaction of aromatic aldehydes, amines, and sulfur for the formation of thioamides in 

excellent yields (Figure 3). 

 

Figure-3. Syntheses of thioamides using biopolymers-based catalyst. 

 

Chapter-3B: Herein magnetically removal of IL1-2@Fe3O4 heterogeneous catalysts 

was developed, which were further used for the synthesis of polymers via willgerodt 

kindler reaction with a simple and facile method (Figure 4). Fe3O4 NPs have high 

affinity towards the functional groups, present in ionic liquid and we found that IL1-
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2@Fe3O4 performs high catalytic properties for synthesis of thioamide-based polymers 

and recycled with minimum loss of activity. 

 

Figure-4. Ionic liquid-based magnetically removal heterogeneous catalyst for 

synthesis of polythioamides. 

 

Chapter-4 

This chapter deals with the synthesis of Au NPs embedded solid support catalyst 

(Au@CIL) for selective reduction of Nitro compounds, with a simple and facile method. 

Abundant hydroxyl groups present on the surface of ionic liquid functionalized cellulose 

help in the adsorption of Au NPs. Ionic liquid stabilized the solid support system by a 

combination of electrostatic protection layers. Because of variation the size of Au NPs 

makes them are used as heterogeneous catalysts in wide applications. We found that 

Au@CIL performed excellent catalytic properties for selective reduction of NO2 group 

and recycling with minimum loss of catalytic activity (Figure 5).   
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Figure-5. Au NPs embedded over the cellulose surface for selective nitro 

reduction. 

 

Chapter-5 

Chapter-5A: In present work, we developed a polymeric matrix from biopolymers with 

inclusion of ionic liquid which have potential to increase shelf life of food. In this regard, 

an ionic liquid was synthesized from 1-methyl imidazole and salicylate anion, where 

anionic moiety showed excellent antioxidant properties and cationic moiety has 

potential towards antibacterial action (Figure 6). Furthermore, ionic liquid also works 

as a cross-linker between the gelatin and CMC to strengthen the polymeric matrix.  

 

Figure-6. Gelatin/CMC polymeric film embedded with ionic liquid for increasing 

the shelf life of food. 
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Chapter-5B: In this chapter smart sensing strips and antimicrobial active food 

packaging films were synthesized to monitor the food quality. For smart sensing of food 

spoilage, 2D covalent organic frameworks (COFs) were synthesized from 2,4,6-

triformylphloroglucinol (TFP) and p-phenylenediamine. Thereafter, COF was 

incorporated into sodium alginate polymeric material to obtain sensing strips with 

highly colorimetric response and augmented mechanical properties (Figure 7). The 

smart sensing strips were demonstrated on packaged poultry meat. Sensing strips are 

highly pH-responsive and their color changes according to pH of the surroundings. 

 

Figure-7. Sodium Alginate and COF-based polymeric film for smart sensing and 

active food packaging. 

Chapter-6 

Includes the overall summary of thesis work, where various functions of biopolymers 

with inclusion of metal nanoparticles, ionic liquids, and covalent organic framework 

have been developed. Synthesized materials have potential for environmental 

remediation applications including catalysis, removal of dyes, toxic metal ions, oil, toxic 

anions from wastewater, smart sensing, and active packaging of food.  
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1.1 Introduction 

Repeating units of monomer or small molecule are usually combined via polymerization 

techniques, either solution, bulk, emulsion, or suspension polymerization, to form a 

large molecule known as a polymer [1]. Based on type of repeating unit and monomer, 

polymers are classified as homopolymers and copolymers [2]. Biopolymers have 

various advantages over synthetic polymers [3]. Naturally derived polymers have 

attracted extensive research interest because of their large abundance, biodegradability, 

reusability, high mechanical properties, and good biocompatibility [4]. Biopolymers are 

the class of biodegradable polymers, which are produced by living organisms and have 

been on the earth for millions of years as compared to chemically derived synthetic 

polymers [5]. As biopolymers are arranged in a well-defined structure and break down 

easily into smaller chains by actions of enzymes, heat, moisture, and other natural 

factors [6]. Biopolymers are found in all types of living matter, also called the building 

blocks of nature [6]. In addition to this some polymers extracted from biological sources 

such as sugars, proteins, amino acids, and oils can also be described as biopolymers [7]. 

Many biopolymers have an electrical charge due to of very sequences and chemical 

composition and therefore can be isolated by ion exchange technique [7]. Biopolymers 

as compared to synthetic polymers have a more defined and precise three-dimensional 

structure and follow the principle of reduce, reuse, and recycle [8]. Biopolymers include 

chitosan, cellulose, sodium alginate, and gelatin, which can be derived from biomass 

sources such as animal residue, industrial residue, agriculture residue, sewage, etc 

(Figure 1.1) [9-10]. A large number of functional groups and reactive sites are present 

over the biopolymer, which can be chemically modified accordingly for desired 

applications [11]. In addition to all these properties, water is an excellent solvent for 

biomass processing, due to its large abundance, green solvent and feasible under 

hydrothermal conditions [12]. Moreover, biomass-derived products contain abundant 

oxygen species, which leads to their solubility in water at ambient conditions [13]. 

Although biopolymers have renewable and abundant sources [13]. However, the very 

low solubility of biopolymers in conventional solvents due to strong hydrogen bonding 

between the molecules, makes it difficult to prepare materials [14]. Among all 

biopolymers, only certain polysaccharides exhibit solubility in some polar solvents such 

as dimethyl formamide (DMF), water, dimethyl sulfoxide (DMSO), and pyridine [15]. 

Biopolymers derived from living organisms are classified into three categories including 
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polysaccharides, polypeptides, and polynucleotides [16]. Polysaccharides include 

chitosan, cellulose, starch, and chitin, which are the long hydrocarbon chain of 

carbohydrates composed of repeated monosaccharides that bind through glycosidic 

linkage [17]. This highly ordered crosslinking makes it difficult to dissolve in most of 

the conventional solvents [14]. Based on their response to, heat biopolymers can also be 

classified as thermoset and thermoplastic [15].  

 

Figure-1.1: Sources of biopolymer. 

1.2 Classification of biopolymers 

The synthesis and creation of so-called biodegradable polymers, which could be 

degraded under sustainable environmental conditions of temperature, moisture, and 

oxygen, have received a lot of attention from researchers over the last few years [6]. 

Depending upon the natural origin and based on their structural arrangement, 

biopolymers are classified (Figure 1.2) into three main categories [16]:  

1.2.1 Polysaccharides: This is the most abundant class of biopolymers and organic 

material present on earth. According to the literature, starch, ⍺ and 𝛽-glucose, and 

cellulose are the most abundant polysaccharides by volume [16]. The analogs of 

polysaccharides differ only through the position of anomeric carbon and glycosidic 

linkage between the monosaccharides determine its properties and diversity [15-16]. 

Polysaccharides are mainly extracted from plant and animal sources [16]. The physical 

and chemical properties of polysaccharides depend upon their degree of polymerization 
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(DP) and their water solubility decreases with increasing DP [15]. It has a wide range 

of applications such as food industries, packaging material, pharma industries, drug 

delivery, etc [18].  

1.2.2 Polypeptides: These are the repeating amino acid unit joint through peptide bonds 

between the carboxylic end (-COOH) of one amino acid and amine (-NH2) end of 

another amino group [19]. Based on the type of bonding and interactions between the 

amino groups, polypeptides are categorized as primary, secondary, and tertiary 

structures [19]. As of unique structure, it has various functions in the nervous, immune, 

muscular, cardiovascular, and endocrine systems [19].       

1.2.3 Polynucleotides: These are the type of polymers where nucleotide monomers are 

connected through covalent bonding [16].  Generally, 14 or more nucleotide monomers 

are connected to each other in a single polynucleotide molecule, for example, RNA 

(ribonucleic acid) and DNA (deoxyribonucleic acid) [20]. Based on maintaining life it 

has a very specific role and it is produced in very low quantities as compared to 

polysaccharides [20].  

Figure-1.2: Classification of biopolymers based on their origin. 

 

1.3 Common Examples of biopolymer 

A huge number of biopolymers are available in our environment, based on the structure 

and type of functional groups present over the natural origin polymers. Some common 

examples of biopolymers are listed below.  
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1.3.1 Cellulose 

Cellulose is the most abundant renewable natural biopolymer with a general formula 

(C6H10O5)X available on the Earth in the form of micro and nanocrystalline cellulose 

with a high surface area [21]. Naturally occurring cellulose is found in the form of 

microfibrils in association with other materials including proteins, hemicellulose, and 

lignin [21]. Cellulose is a linear polysaccharide with β-(1,4)-glycosidic linkage and the 

most abundant natural biopolymer material (Figure 1.3) [21]. The straight shape of 

cellulose through collagen bond, allows the molecule to pack closely [22]. Hydrogen 

bonding and β-(1,4)-glycosidic linkage provide strength and it's very difficult to break 

cellulose [22]. Since cellulose has a tremendous hydrogen bonding network and high 

crystallinity, results in decreases in the solubility of cellulose directly in most of the 

solvents, which hampers the processability of native cellulose into functional format 

[22]. 

The primary source of cellulose is agriculture and forest land [22]. Cellulose could 

be processed into nanocellulose with different structures such as cellulose nanofibril, 

cellulose nanocrystals, and bacterial cellulose [23]. Almost all biopolymers can be 

extracted from the biowaste with varied compositions [23]. Cellulose is one of the most 

common polymers found in biowaste in the range of 40-50%, which depends upon the 

concentration of hemicellulose and lignin [23]. With the functionalization of cellulose, 

many different biopolymers such as carboxymethyl cellulose (CMC), sodium alginate, 

etc. can be derived which have excellent physical and chemical stability, properties of 

some cellulose-derived materials are given in table-1.1 [23].  

Table 1.1 Properties of cellulose-based polymer. 

Cellulose-based 

polymers 

Elastic modulus 

(GPa) 

Tensile strength 

(GPa) 

Wood 10-40 1 

Jute 26-25 0.39-0.77 

Ramie 60-128 0.40-0.94 

Cotton 5-13 0.28-0.60 

Flax 27-100 0.34-1.03 

 

Basically, CMC is synthesized through the reaction of chloroacetic acid with 

cellulose and used as the sodium salt of carboxymethyl cellulose [8]. This most popular 



 

        Chapter-1 | 6  

 
  

linear, negatively charged, and low-toxic biomaterial is used for three-dimensional (3D) 

printing [22]. Cellulose nanofibers (CNFs) could be prepared from amorphous cellulose 

through hydrolysis, and also have the potential for a wide range of applications because 

of their unique morphology, nanoscale dimension, low density, high surface area, 

mechanical strength, and low cost [23]. Cellulose nanorods, nanowhiskers, 

microfibrillated, and nanofibers are some stable forms of CNFs, which can also be used 

as stabilizing agents [24]. Three different types of cellulose such as cellulose acetate 

(CA), cellulose esters, and cellulose nitrate could be generated upon chemical treatment 

of natural cellulose to explore more applications towards environmental remediations 

[24].  Some of the reported cellulose esters include hydroxyethyl cellulose, ethyl 

hydroxyethyl cellulose, hydroxypropyl methyl cellulose, carboxymethyl cellulose, 

methyl hydroxyethyl cellulose, methyl cellulose, and hydroxypropyl cellulose [25].  
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Figure-1.3: Chemical structure of some common biopolymers. 

1.3.2 Chitin  

Chitin a linear polymer of N-acetyl-d-glucosamine, is the second most abundant 

biopolymer after cellulose, spread on the Earth [26]. Chitin is mainly extracted from 

insects, crustacea, and fungi [27]. It has a structure similar to cellulose with a difference 

in acetamido group at C2 position of glucose unit and which is not soluble in water and 

most of organic solvents, therefore it is difficult to use [28]. In nature, chitin is found in 

three different crystalline forms such as α-, β-, and γ chitin (Figure 1.4) [29]. With strong 

intermolecular and intramolecular bonds, α-chitin is the most common form with 

antiparallel orientation of its chain, γ-chitin is commonly found in the cocoon fibers and 

stomach of Loligo [29]. Biodegradability, biocompatibility, non-toxicity, 

haemostaticity, bio-adhesiveness, and immunostimulant activity are some useful 

properties of chitin and chitosan that make them biopolymers of economic interest [29]. 

Chitin and Chitosan find applications in the agriculture, food industry, sanitary, tissue 

engineering, wastewater treatment, biomedical, biotechnological, textile cosmetic 

sectors, and paper industries [30]. Chitin is the best material in the agriculture sector due 

to its slow fertilizer-release properties, which help in the growth of plants and control 

diseases [31]. Chitosan is a linear and heteropolysaccharide obtained via chemical or 

enzymatic deacetylation of chitin, consisting of the elimination of acetyl group from 

chitin and leaving the reactive amino group [31].  In addition to these properties, 

chitosan also has drawbacks due to its poor stability in water [31]. Besides all these 

limitations, applications of chitosan may be improved after their chemical modifications 

to form chitosan derivatives mainly include carboxymethyl chitosan, quaternary 

ammonium chitosan, phosphorylated chitosan, and sulfonated chitosan [32].   

 

Figure-1.4: Arrangement and orientation of chitin microfibrils in α-, β-, and γ-

chitin. 
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1.3.3 Gelatin 

Gelatin is a type of fibrous protein composed of 19 amino acids, produced from the 

denaturation of type-1 collagen consisting of cysteine [33]. Owing to its unique physical 

and chemical nature, it has a large number of applications such as food packaging, 

cosmetic industries, pharmaceutical industries, drug carrier agents, water binding 

ability, film formation, good biocompatibility, foam forming ability, and photography 

due to its gel formation ability [34].  Depending upon the method of synthesis, gelatin 

is of two types namely type-A and type-B, synthesized via acid hydrolysis and alkaline 

hydrolysis respectively, among them, type-A is more edible [35]. Gelatin is found with 

large chemical properties and a wide range of blooms; selection can be made depending 

upon the need of applications [36]. For example, gelatin (type A, bloom 300) may be 

utilized to increase self-life and avoid the spoilage of food [35]. It also helps for 

separation of water from cottage cheese and sour ice cream, which is called syneresis 

[35]. Formulations of gelatin are used as an aqueous polyhydric solvent for the 

preparations of desserts, marshmallows, and candy [36]. In addition to these, gelatin can 

also have the potential to be used in frozen foods such as pies and dairy products 

including ice creams, which prevents the crystallization of sugar and ice [36].        

Gelatin itself has poor mechanical properties, and is highly hygroscopic, which limits 

its application for food packaging [35]. The mechanical property of gelatin would be 

improved through the formation of a composite with another biopolymer and thus 

gelatin composite is applied for food packaging [36]. Chemically modified gelatin also 

has the potential to be used for wide pharmaceutical applications such as drug carriers 

[36]. Gelatin nanoparticles can also be prepared using techniques including water in oil 

(W/O) emulsion, coacervation, and desolvation, which are further used for detecting 

cancer cells, and multimodality imaging agents for the detection of amyloid beta fibril 

[37].   

1.3.4 Alginate 

A water-soluble, non-toxic, and biodegradable polysaccharide that can be extracted 

from cell walls of marine algae with molecular weight varies from 50 to 100,000 KDa 

[38]. Gelatin itself is not much stable to use directly for various applications, so its 

chemical modifications are required to make it more stable [39]. Alginate is mainly 

available in two forms sodium alginate and calcium alginate [40]. It is an anionic and 

linear copolymer of 𝛽(1-4) d-mannuronic acid (M) and 𝛼(1-4) l-guluronic acid (G) unit 
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arranged in an irregular pattern, which provides the strength and flexibility to alginate 

[41]. Alginate has freely hydroxyl and carboxylic groups on the structural backbone and 

thus can be modified accordingly [41]. It shows excellent hydrogel formation ability, 

due to tremendous affinity towards di and trivalent metal ions, high viscosity, high 

stability, and high gelling properties [42]. Hydrogel derived from alginate has many 

biomedical applications such as stabilizing agents, drug delivery, and environmental 

remediation [42]. Besides these alginates have been widely used in the form of 

nanoparticle drug delivery systems [42]. Due to its immunogenicity, biocompatibility, 

easy handling, and low toxicity, alginate is applied for the synthesis of polymeric beads, 

hydrogel, and nanoparticles, for various applications such as water treatment, 

antimicrobial films, cell encapsulation, drug delivery, and wound healing [43].  

1.4 Applications of biopolymeric materials for environmental 

applications 

Utilization of biopolymers or biodegradable polymers towards catalysis, water 

purification, smart sensing, active food packaging, and other environmental remediation 

applications is a prominent alternative over synthetic polymers [42]. These polymers 

process unique properties including sustainability, renewability, and reusability [43]. 

The use of biopolymers in the power sources of portable electronic devices such as 

power banks, laptops, and mobile phones has been increasing over the past few years.  

Degradation of biopolymers occurs easily in the presence of appropriate conditions such 

as temperature, oxygen, and moisture without releasing any toxic materials [43]. 

Considering all the aforementioned information about the positive feedback of 

biopolymers and limitations of synthetic non-biodegradable polymers, biopolymers find 

their applications in many places (Figure 1.5).  
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Figure-1.5: Applications of biopolymers-based materials. 

 

1.4.1 Water Purification 

Maintaining and cleaning our planet Earth is the most urgent economic, scientific, 

ethical, and social challenge of the present day. In the last few decades, humans have 

already crossed the boundary of safe operating systems on Earth such as the nitrogen 

cycle, climate change, and biodiversity loss [44]. According to the present scenario, 

water can be polluted by various hazardous effluents, including dyes, cosmetics, toxic 

heavy metals, pharmaceuticals, pesticides, and inorganic anions [44]. Toxic metal ions 

including Hg2+, Pb2+, Co2+, Cd2+, Ni2+, Cr6+, Cu2+, As3+, etc are responsible for a large 

number of fatal diseases beyond their optimum consumption limit [43]. In addition, 

these anions also cause a lot of fatal diseases beyond their permissible limit [45]. 

According to a report many countries including India, Afghanistan, China, Pakistan, 

Africa, Mexico, western USA, and Argentina are affected due to high concentrations of 

fluoride in water [46]. Industries such as glass manufacturing and semiconductor 

manufacturing are responsible for high concentrations of fluoride across the world [45-

46]. The continuously growing population imposes significant demands on the 

production of leather, textiles, and cosmetics, which require a large amount of water for 

dyeing; used dyes are then discharged into natural water sources [45]. Besides all these 
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water pollutants, oil water pollution is also a serious problem in this industrialization 

era [45]. The discharge of oil in water increases very rapidly from industries such as 

food processing, petroleum industries, human processing, and machinery manufacturing 

[46]. Leakage of oil during the transportation is one of the major water pollutions [46]. 

Oil-water pollution has a very dangerous effect on aquatic life and human life survival 

[47].     

Direct consumption of polluted water can cause a lot of serious health issues such as 

diarrhea, cholera, typhoid, malaria, hepatitis, etc. [45]. Sometimes, even very low 

concentrations of toxic heavy metals in contaminated water and food can accumulate 

significant side effects over time [45]. Above the permissible limits of metals and anions 

can harm the digestive, nervous, cardiovascular, and hematopoietic systems [43]. As the 

human population is increasing day by day, which increases the demand for drinking 

water [44]. In this regard, it is essential to develop materials and techniques for removing 

toxic pollutants from polluted waters to resolve industrial and biological issues [44]. 

The developed method (Figure 1.6) should be eco-friendly, easy to handle, less energy 

consumption, green synthesis, reusability, and high efficiency [47]. 

 

Figure-1.6: Biopolymer-derived materials for wastewater treatment. 

Over the last few days, considerable efforts have been made to ensure high-quality 

fresh water for consumption of animals and human beings. Many techniques for water 

treatment have been developed by the researchers such as precipitation, coagulation, ion 

exchange, adsorption, photothermal-assisted technology, electrodialysis, sedimentation, 

membrane-based technology, and chemical precipitation [48]. Adsorption of pollutants 
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from wastewater using biopolymer-derived hydrogel is one of the noticeable methods 

in the present day [48]. Due to the excellent physical and chemical properties of 

biopolymer, it is an excellent raw material, used to fabricate economical and 

environmentally friendly membranes [48]. Therefore, biopolymer can be utilized for the 

synthesis of hydrogel, which is further applied for water purification [49]. Basically, 

hydrogels are a chemical or physically derived three-dimensional crosslinked polymeric 

network, that has an excellent tendency to adsorb large amounts of water [49]. 

Hydrogels are divided into two categories: natural or biopolymer-based and synthetic 

hydrogel [49]. Based on biodegradability, handling, biocompatibility, and tissue-

mimicking consistency, hydrogel derived from biopolymers acquired increasing 

attention in the last few years [46-49]. Various biopolymers including cellulose, 

chitosan, gelatin, dextrin, sodium alginate, and carboxymethyl cellulose, have been used 

for the synthesis of hydrogel [47]. As hydrogel tends to adsorb large amounts of water 

and biological fluids, it shows excellent potential for a wide range of applications such 

as feminine care products, drug delivery, disposable diapers, adsorption of pollutants 

(pesticides, toxic heavy metals, and organic dyes), wound dressing, etc [48]. Based on 

the type of interactions, hydrogels are of two types: physically crosslinked hydrogel and 

chemically crosslinked hydrogel [50]. In case of physical crosslinked hydrogels, there 

are physical interactions such as hydrogen bonding, hydrophobic interactions, van der 

waals forces, and electronic associations [50]. Whereas, covalent bonding is present in 

chemical crosslinked hydrogel [50].      

Several hydrogels synthesized from biopolymers were reported which have great 

potential for adsorption of pollutants from wastewater. For example, Gokhale et al. 

reported porous hydrogel microparticles from poly (ethylene glycol) diacrylate 

(PEGDA) with incorporation of micelles and used for adsorption of hydrophobic 

micropollutants from water [51]. In another report, agarose and chitosan hybrid 

backbone with the incorporation of Fe-Al nanocomposite were utilized by 

mruthyunjayappa et al. for the synthesis of hydrogel [52]. In this report, the author was 

able to remove dyes, fluoride, and arsenate pollutants from water even at high 

concentrations with excellent adsorption capacity [52].  To treat wastewater, material 

was synthesized by Zhao et al. using cellulose doped with Fe(OH)3 nanoparticles for the 

removal of Congo red with a maximum adsorption capacity of 689.65 mg/g [52]. In 

another study, a polymeric material was derived by Sharma et al. from dextrin and 
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polyvinyl alcohol backbone with a maximum percentage of swelling was 295 % [53]. 

This research work involved detection and removal of Cu2+ and Pb2+ from real water 

samples [53]. The synthesized material was able to remove up to 97 % of Cu2+ and 94 

% Pb2+ from metal-containing samples [53]. In addition to all these works, Singh et al. 

Developed a hydrogel from chitosan with the incorporation of iron oxide nanoparticles 

and graphene oxide for adsorption of cationic dye, methylene blue (MO) [54]. This 

nanocomposite exhibits fastest dye removal performance with a rate constant of 0.06 g 

mg-1 min-1 and can be used for up to four cycles without significant loss in adsorption 

capacity [54]. Over the last few years, contamination of water with the discharge of oil 

has been a worldwide problem. In lieu of this Zhang et al. synthesized a three-

dimensional interlinked macrostructure superhydrophobic (θoil  ̴  162°) hydrogel from 

chitosan via a simple freezing drying process with a density that varies from 10.19 to 

36.05 mg/cm3 [55]. Hydrogel in the aerogel state has an excellent porous structure, 

which provides huge storage space and incredible potential for the separation of oil from 

oil-contaminated water [55]. 

In the field of water purification systems, Qian et al. also developed a method for 

adsorption and photocatalytic degradation of organic dyes such as methylene blue, 

malachite green, and crystal violet from polluted water using hydrogel [56]. Here, the 

author used the sodium alginate and polyacrylamide polymeric backbone with 

immobilization of La(OH)3 nanoparticles for the synthesis of a hydrogel [56]. 

Thereafter, hydrogel was applied for the removal of malachite green, methyl orange, 

and crystal violet from water samples [56]. From the obtained data it was observed that 

the material shows excellent adsorption capacity of 3000.08, 993.29, and 1610.34 mg/g 

for malachite green, crystal violet, and methylene blue respectively [56]. 

1.4.2 Catalysis 

Mesoporous materials such as carbon nanotubes (CNTs), covalent organic frameworks 

(COFs), molecular organic frameworks (MOFs), zeolites, biopolymers, and silica with 

high surface area, are widely employed for catalysis (Figure 1.7) [57]. MOFs are porous 

crystalline materials and because of their excellent host-guest interactions, have the 

potential for a large number of applications such as CO2 reduction, catalysis, hydrogen 

reduction, etc [57]. Similarly, COFs are also porous materials, which are synthesized 

through reversible condensation reactions [57]. In addition to these, functionalized 

CNTs also have different binding groups that can anchor metals to carry out organic 

reactions [57]. Among all these types of catalytic support materials, biopolymer is an 
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excellent solid support material because of its large abundance, biodegradability, 

reusability, easy handling, high mechanical strength, and excellent catalytic efficacy 

[50].  

 

Figure-1.7: Porous materials for Catalysis. 

Almost all biopolymers contain large numbers of hydroxyl, carboxylic, and amino 

groups, which can interact with metal ions, leading to changes in physical and chemical 

properties at the interface [50]. The modified biopolymers are considered the ideal 

support in the catalytic system due to their nontoxic, earth-abundant, renewable, and 

biodegradable nature [55]. All these functional groups present over the biopolymer help 

in the binding of metal ions via electrostatic interaction or hydrogen bonding [55]. Metal 

nanoparticles play an excellent role in various organic syntheses [57]. However, the 

direct use of metal nanoparticles causes severe issues for human health and the 

environment [58]. Thus, heterogeneous metal nanoparticles that are attached to solid 

supports are required for recovery and reusability [57]. Biopolymers including starch, 

gelatin, cellulose, chitosan, and sodium alginate provide solid support in heterogeneous 

catalysis, showing extraordinary ability in organic synthesis [58]. Cellulose is mostly 

found in plants, but also in some animals and bacteria, which can be functionalized for 

the synthesis of different derivatives [21].  Because of spherical and porous beads of 
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cellulose, its catalytic efficacy can be increased to a greater extent by the insertion of 

metal ions and nanoparticles [57]. Moreover, the application of cellulose becomes more 

widened in chemically modified hydrophobic states [59]. The cross-linking properties 

and large cavity size of the biopolymers help in insertion of metal with strong binding 

energy [59]. Major drawbacks like solubility in water can be enhanced by chemical 

modifications [59]. 

In the last few years, organic synthesis has drawn attention in the field of 

medicinal chemistry owing to its broad range of biological activities [60]. These organic 

derivatives are an integral part of many biologically important entities exhibiting 

interesting properties such as antioxidant, antimicrobial, anticonvulsant, antithyroid, 

and anticancer activities [60]. Moreover, their unique characteristic features of varying 

bond lengths and bond rotation make them superior candidates over amides in 

peptidomimetics [59-60]. For the use of biopolymer-based materials for the synthesis of 

medicinally important organic compounds, various methods have been made to 

synthesize catalysts with high purity and active sites over the surface [57]. In this area, 

a catalyst was designed and used for the synthesis of cycloaddition reaction, where the 

author proposed a new way for the utilization of lignin [57]. A biomass-based catalyst 

was derived by Guo et al. from lignin and was further used for the reaction of carbon 

dioxide and epoxides through a green chemistry approach [60]. Similarly, Sun et al. 

developed a catalyst from chitosan and ionic liquid, which has excellent properties such 

as biodegradability, non-toxic, high adsorption capacity, and bio-compatibility [61]. 

The designed catalyst was further applied for the catalytic synthesis of cyclic carbonate 

[61]. Guan et al. reported the catalytic action of biopolymer-derived material for 

selective hydrogenation of acetylene [62]. In this work author synthesized the catalyst 

from palladium doped over the surface of chitosan and 90 % selectivity with 100 % 

conversion of acetylene hydrogenation was achieved at 90 °C [62].  The material 

derived from chitosan exhibits great potential for a wide range of applications at mild 

temperature and solvent-free conditions [62]. Pettignano et al. performed the passerine 

three-component reaction using biopolymer derived catalyst [63]. Here, carboxymethyl 

cellulose (CMC) a derivative of cellulose was chemically modified according to the 

designed catalyst for passerine reaction via multicomponent approach [63]. The 

presence of a carboxylic group over the surface of the CMC backbone paves the way 

for further chemical modification [63]. Passerine reaction can be carried out in both 

water and organic solvent [63]. Based on a biopolymer catalyst Tang et al. also reported 
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a work for the hydrolysis of p-nitrophenyl palmitate in a biphasic system [64]. Here, an 

oil-water biphasic solution was stabilized using lignin/chitosan nanoparticles, which are 

alkali-resistant [64]. Lignin/chitosan nanoparticles provide large and stable oil-water 

reaction interface areas [64]. Thereafter, progress of the reaction was monitored, and a 

100 % reaction conversion rate within 30 min was observed [64]. A new green 

magnetically removal nanocatalyst was derived by Ghasemi et al. from the 

AgNPs/Fe3O4@Chitosan/PVA backbone, which was used for the synthesis of 

multicomponent reaction (MCR) of piperidine, phenylacetylene, and benzaldehyde 

[65]. Here, the author used a magnetic nanocatalyst for the synthesis of propargylamine 

and triazole derivatives under low cost, excellent yield, and an environmentally friendly 

approach [65].  In addition to this nanocatalysts exhibit excellent reusability up to six 

cycles without any significant loss in activity [65].  Another, MCR of aldehyde, alkyl 

acetoacetate, and ammonium acetate was carried out by Safaiee et al. using cellulose 

and oxo-vanadium-based catalyst [66]. Here, the author is able to synthesize the 

dihydropyridine and triaryl pyridines via multicomponent reaction using a reusable 

vanadium-based catalyst with excellent yield [66]. Likewise, many more similar 

examples are available in the literature, revealing the use of biopolymer-based catalysts 

for multicomponent reactions.               

1.4.3 Biopolymer for Antibacterial Activity  

Nearly, 30 % of the food undertakes spoilage during the harvest and postharvest 

transportation, which leads to wastage of food globally [67]. So, it is necessary to reduce 

the spoilage of food from mechanical damage, pathogenic microorganisms, and 

ultraviolet radiation [67]. Among various packaging materials available, biopolymer-

based materials are predominantly due to their excellent chemical and physical stability, 

lightweight, reusability, accretive demand for sustainable material, biodegradable, and 

excellent mechanical strength [67]. As biopolymers contain a large number of functional 

groups that enhance their antimicrobial activity, such as chitosan contains hydroxyl and 

amino groups helps for its excellent application in the biomedical field [68]. In this field 

synthesis of biopolymer-derived material using an eco-friendly method with 

antibacterial and antioxidant properties has fuelled great interest of scientists (Figure 

1.8) [68].  Because of all these properties biopolymer-based materials can be applied in 

antifungal, anti-inflammatory, antibiofilm, and drug delivery [67-68]. In the field of 

biomedical application Hasanzadeh et al. derived a material from cellulose 
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nanocomposite with immobilization of ionic liquid and silver nanoparticles over the 

surface and thereafter, prepared material was applied in vitro antibacterial activity for 

Pseudomonas aeruginosa and Staphylococcus aureus [69]. This material helps to inhibit 

the growth of bacteria on equipment and surfaces, to reduce nosocomial infections in 

intensive care units (ICU) and surgery rooms in hospitals [69]. Verma et al. extracted 

the cellulose nanocrystals (CNC) from sugarcane bagasse and thereafter used them for 

antibacterial packaging applications [70]. Herein, the author derived a polymeric film 

that exhibits excellent visual color-sensing properties for Escherichia coli bacteria [70]. 

Also, Ali et al. derived material from chitosan with the inclusion of silver nanoparticles, 

and was tested against Sclerotium rolfsil, Escherichia coli, Fusarium oxysporum, and 

Staphylococcus aureus bacteria [71]. The material showed tremendous antifungal 

activity with 76.67 % and 100 % growth inhibition against F. oxysporum and S. rolfsii 

respectively [71]. In addition to these Liu et al. proposed an antibacterial material from 

soybean polysaccharides with the incorporation of silver nanoparticles embedded over 

the surface of biopolymer [72]. Furthermore, the prepared material exhibits excellent 

antibacterial properties against both Staphylococcus aureus and Escherichia coli 

bacterial strains and has great potential for pharmaceutical packaging applications [72]. 

In this field, Shen et al. published a research work, where he synthesized hydrogel from 

a biopolymer alginate dialdehyde [73]. Thereafter, synthesized hydrogel was 

demonstrated for biomedical applications [73]. In the area of food packaging application 

Zare et al. prepared a material from chitosan, that offers excellent antimicrobial activity 

against bacterial strains [73]. Obtained hybrid polymeric films offer a replacement for 

traditional petrochemical-based polymers used for increasing the shelf life of food and 

packaging of poultry items [74]. 
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Figure-1.8: Biopolymers and organic compounds derived polymeric film for smart 

sensing and active packaging of food. 

Traditionally, synthetic antioxidants such as butylated hydroxytoluene (BHT), 

tertiary butylated hydroxy quinone (TBHQ), propyl gallate (PG), and butylated hydroxy 

anisole (BHA) have been used in food from the past few years [75]. But all these 

synthetic antioxidants have several health-related issues and have aroused interest in 

natural antioxidants, such as gelatin, which is an inexpensive, biodegradable, and easily 

derived from plants that have received significant attention due to its excellent 

antioxidant and antibacterial properties [76-77].  According to the Food and Drug 

Administration, pectin, chitosan, gelatin, xanthan gum, sodium alginate, starch, and 

cellulose are some classified as generally recognized as safe (GRAS), which means that 

all these biopolymers can be directly added to food items to increase their life [78]. 

Over last few years, the use of ionic liquids has been found to be highly beneficial 

for the synthesis of antibacterial and antioxidant polymeric matrix, because of its 

excellent plasticizing and solvating properties [79]. There are a few examples reported 

by some researchers, where they developed materials from bio-polymer and ionic liquid 

which exhibit properties of both antibacterial and antioxidant [79]. Few methods were 

reported from biopolymers-based material doped with ionic liquids which exhibit 

antimicrobial properties and were further investigated by the observation of inhibition 

zones against bacterial strain [80]. Aboomeirah et al. synthesized a material from gelatin 

and alginate utilized for wound healing properties and further, used for biomimicking 

skin substitutes [81]. The antioxidant properties of the matrix used for prevention of 

fruits were calculated via the DPPH free radical scavenging method [82].  

1.4.4 Biopolymers in sensing 

Biopolymers also play a pivotal role in increasing the shelf life of food, and smart 

monitoring the quality of packaged food [83]. So, it is also necessary to design smart 

packaging material from biopolymers with the incorporation of appropriate ligands [83]. 

There is a visual color change in smart labeling on material when it comes into contact 

with the surrounding of spoilage food [83]. According to the European Food Safety 

Authority (EFSA), smart materials are those, which monitor the spoilage and 

surrounding environments such as temperature, pH, moisture level, and gaseous 

composition of packaged food [84]. Smart chips or labels derived from biopolymers 

help to identify spoilage or changes in packaged food quality [84]. Smart food 
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packaging also contributes to improving the Quality Analysis and Critical Control 

Points (QACCP) and Hazard Analysis and Critical Control Points (HACCP) systems 

[84]. Thus, biopolymer-derived smart material helps to detect the food quality changes 

on-site in real-time, ensuring food safety, and maintaining food quality [85]. Besides, 

all the above benefits smart labeling also plays a tremendous role in reducing food 

wastage [85]. Some organic and inorganic ligands including ionic liquids, molecular 

organic frameworks, organic molecules, and covalent organic frameworks play a pivotal 

role in smart sensing [85]. Smart material is basically pH dependent and relatively 

working on a simple principle i.e., metabolites produced during the spoilage of food 

react with material resulting in color changes and spoilage of food determined visually 

[84].  

  

Figure-1.9: Biopolymers and COF-based materials for smart sensing of food and 

active food packaging. 

This technique replaces the sophisticated tools that pass data to computer systems 

used for monitoring the spoilage and quality of food [85]. In this area, Yuan et al. used 

the petunia flowers as a biomass source to extract the petunia dye and developed a 

colorimetric sulfur dioxide (SO2) gas sensor to monitor the quality of packaged food 

[85]. As the concentration of SO2 increases, the color of petunia dye-based film starts 

changing which can be visually by the naked eye [85]. Si et al. also reported a fluorescent 

probe for the detection of biogenic amines in food materials [86]. In this work cellulose 

nanofibers were extracted from biowaste and doped with ortho-phenylenediamine to 

generate fluorescent probes [86]. Thus, the cellulose carbon dots film helps to monitor 

the visual food freshness [86]. Thereafter, priyadarshi et al. reported a work for active 

food packaging, where the author derived a packaging film from gelatin/agar 
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biopolymers doped with sulfur quantum dots [23]. The insertion of sulfur dots increases 

the UV barrier properties of gelatin/agar film and shows excellent antimicrobial 

properties for active food packaging [23].       

Chitosan film decorated with silver nanoparticles was reported by Zhang et al. for 

monitoring the spoilage and quality of food samples [87]. The prepared material showed 

excellent stability and high sensitivity at room temperature for up to five weeks and was 

applied for the detection of pesticides on the samples of lettuce, cabbage, onion, and 

apples [87]. Plant Lithospermum erythrorhizon was used for the extraction of shikonin 

and incorporated between the biopolymers [87]. Shikonin increases the water vapor 

permeability, UV-light barrier of polymeric film, and was applied for monitoring the 

freshness of shrimps [88].  Similarly monitoring the freshness of shrimps and fish was 

also reported by Koshy et al. where the author synthesized a polymeric sensing film 

using arrowroot as a polymer source [87]. Color indication of polymeric strips attached 

inside the box containing fresh shrimps changed according to inside pH of the box [87-

88]. The pH of the box changed according to the evolution of total volatile basic nitrogen 

[87]. Furthermore, Amaregouda and Kamanna prepared a film from chitosan and 

polyvinyl alcohol with inclusion of anthocyanins extracted from Stachytarpheta 

jamaicensis [89]. The prepared film changed from pink to dark yellow at room 

temperature when pH of food samples varied from 1 to 13 [89].       
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2.1 Aim and Objectives 

The demand for fresh water increasing with the growth of industrialization and inworld 

population. As industrialization increases rapidly to fulfill the population's demand for 

textiles, fertilizers, food, etc. All these types of industries pollute water by discarding 

their wastes such as organic dyes, pesticides, toxic heavy metals, and toxic anions 

directly into natural water sources and the percentage of fresh drinking water on earth is 

decreasing day by day. Direct consumption of all these pollutants causes a lot of serious 

diseases such as dysentery, cholera, hepatitis, polio, typhoid, and diarrhea. So, it is 

necessary to develop and design materials for wastewater treatment from naturally 

abundant biopolymers with the incorporation of monomers. This chapter deals with the 

synthesis of reusable hydrogel from chitosan–poly(vinyl alcohol) with grafting of ionic 

liquid for removal of murexide, Pb2+, nitrite, and oil from wastewater.  

2.2 Introduction 

Water can be polluted by various hazardous effluents, including toxic heavy metals, 

inorganic anions, dyes, pesticides, cosmetics, and pharmaceuticals [1-4]. Industrial 

chemicals destroy the environment and affect the health of humans and marine animals 

[5-6]. The continuously growing population imposes significant demands on the 

production of leather, textiles, and cosmetics, which require a large amount of water for 

dyeing; used dyes are then discharged into natural water sources [7-8]. Worldwide, >7 × 

105 tons of industrial waste dyes from different sources are released into natural waters, 

which are detectable even at low concentrations. Another contaminant, Pb2+, is 

designated as a harmful heavy metal by the Environmental Protection Agency (EPA) and 

is frequently found in alloys, batteries, catalysts, fuel cells, and therapeutic devices. Even 

trace concentrations of heavy metals can accumulate to significant amounts over time, 

contaminating water and food. Pb2+ concentrations above the permissible limit can harm 

the digestive, nervous, cardiovascular, and hematopoietic systems [9]. In this regard, 

efficiently removing dyes and Pb2+ from polluted waters is essential for resolving 

industrial and biological issues [10-11].  

To remove dyes and Pb2+ from wastewater, various methods, including ion exchange, 

physical adsorption, activated carbon removal, chemical precipitation, and 

biodegradation, have been reported for industrial wastewater treatment [12-15]. Among 

these techniques, adsorption is preferred owing to its facile implementation, low energy 
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consumption, economic feasibility, and high efficiency [16]. Li et al. developed a 

hydrogel using epichlorohydrin and ethylenediamine to remove toxic dyes through 

hydrophobic interactions [17].  Qian et al. reported an alginate-based hydrogel for 

pollutant adsorption via electrostatic interactions and hydrogen bonding from wastewater 

[18] and Yang et al. prepared a polysaccharide hydrogel via electrically induced covalent 

crosslinking for dye adsorption [19]. Also, Mondal et al. synthesized a peptide-based 

hydrogel, and strong electrostatic interactions between the gelator molecules and cationic 

dyes resulted in the adsorption of organic dyes from industrial wastewater [20]. Du et al. 

prepared an acrylic-acid-grafted xanthan gum hydrogel for the adsorption of rhodamine 

B with strong electrostatic interactions between -COO- and -N+(C2H5)2 with high efficacy 

[21]. Singh et al. developed a method for methylene blue removal through electrostatic 

interactions by embedding iron oxide nanoparticles in chitosan (CS)–graphene oxide-

derived hydrogel [22]. However, all these materials have low adsorption capacity and 

require more time for the removal of pollutants from wastewater.   

In addition, anions, including nitrite, nitrate, fluoride, chloride, bromide, perchlorate, 

phosphate, and sulfate can be harmful when their levels exceed respective concentration 

limits [23]. These harmful anions can cause many severe human health issues and 

ecological degradation [24]. Nitrites, which play a vital role in food and drink 

preservation, are carcinogenic owing to their ability to form N-nitroso derivatives in vivo. 

Excessive nitrite use can cause a fatal disease called "blue baby syndrome” [25-26]. The 

World Health Organization (WHO) has expressed concerns regarding the high 

consumption of nitrite-processed meat, recommending a maximum nitrite level of 65 

mM [27]. Many analytical approaches are used for the determination of nitrites, 

including gas chromatography (GC), high-performance liquid chromatography (HPLC), 

fluorometry, and surface-enhanced Raman spectroscopy (SERS) [28]. However, these 

analytical techniques require long operation times and a well-trained operator.  

The discharge of oil from factories and oil-spill accidents have caused severe 

ecological damage and water contamination, necessitating the urgent development of 

oil–water separation technologies [29]. Many methods have been reported, including 

adsorption, centrifugation, gravity, ultrasonication, and filtration [30]. In particular, 

adsorption has received attention owing to its relatively low cost, high efficiency, and 

facile implementation, and the use of porous materials with hydrophobic surfaces has 

attracted significant interest in oil-water separation [31-32]. 
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Herein, a cationic hydrogel was designed and synthesized using a simple and facile 

method yielding excellent adsorption capacity, thereby enabling the rapid removal of 

organic dyes, nitrite anions, and Pb2+ from polluted water, as well as oil–water 

separation. The backbone of the hydrogel was composed of CS and poly(vinyl alcohol) 

(PVA) with glutaraldehyde as the crosslinker. An ionic liquid (IL) was grafted onto the 

backbone via a radical reaction. The synthesized hydrogel was optimized by varying the 

amounts of crosslinker, monomer, temperature, reaction time, initiator, and solvent to 

obtain maximum adsorption affinity. The interstitial voids and cationic charge on the 

hydrogel increased its binding affinity for organic dyes and anions. The positively 

charged hydrogel electrostatically interacted with the dyes and nitrite (NO2
–), facilitating 

their removal from wastewater. 

Moreover, the hydrophobic tails on the IL promoted oil–water separation through 

hydrophobic–hydrophobic interactions and enabled the reuse of the separated oil. The 

maximum hydrogel swelling was approximately 330 %, and the exhibited excellent 

reusability after being washed with methanol. Owing to the high adsorption capacity, the 

hydrogel removed up to 97 % and 96 % of the organic dyes and Pb2+ contaminants, 

respectively, without significant losses of adsorption efficiency.  

2.3 Experimental  

2.3.1 Materials  

CS, PVA, glutaraldehyde, and azobisisobutyronitrile (AIBN) were purchased from 

Sigma Aldrich. Benzimidazole, allyl bromide, and 1-bromopropane were purchased 

from TCI Chemicals. All chemicals were of analytical grade and were used as-received 

without further purification. The deionized water used to synthesize the hydrogel was 

purified using a water BIO-AGE (Dura-Q-Classic-5) purification system. 

2.3.2 Characterization method 

IL synthesis was confirmed using a JEOL nuclear magnetic resonance (NMR) 

spectrometer operated at 400 and 100 MHz to obtain the 1H and 13C NMR spectra, 

respectively. Deuterated solvent was used as an internal standard to reference the 

chemical shifts. Furthermore, monomer synthesis was confirmed via high-resolution 

mass spectroscopy (HRMS) using an XEVO G2-XS QTOF mass spectrometer. Fourier-

transform infrared (FTIR) spectroscopy was performed using a Hyperion 2000 FTIR 

system (Bruker Optics). The surface morphologies of the synthesized materials were 

examined by performing scanning electron microscopy (SEM), energy-dispersive X-ray 
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spectroscopy (EDS), and elemental dot mapping using a JEOL JSM-6610-LV 

microscope. Surface chemical characterizations were carried out by X-ray photoelectron 

spectroscopy (XPS) (Thermo, Model ESCALAB 250). The thermostability of the 

samples was obtained using a Pyris-1 thermogravimetic analysis (TGA) system 

(PerkinElmer, USA) in the range 40−800 °C at a heating rate of 10 °C min−1 under a 

nitrogen atmosphere. Zeta potential experiment was performed using a Nanotrac Wave 

II zeta potential analyzer at 25 ºC. A Miniflex (Rigaku) diffractometer was used to 

acquire powder X-ray diffraction (PXRD) patterns to determine the crystallinity and 

material planes. An ultraviolet (UV)–visible (vis) absorption spectrophotometer 

(Shimadzu UV-2400) was used to determine the dye adsorbed by the synthesized 

hydrogel. The cuvette used for UV–vis experiments was composed of quartz and had a 

path length of 1.0 cm. The treatment of nitrite-polluted water was monitored using ion 

chromatography (930 Compact IC Flex Metrohm). The residual concentration of Pb2+ 

was monitored using micro-plasmonic atomic-emission spectrometry (MP-AES; Agilent 

Technology 4200) at frequencies of 217 nm and 406 nm. The swollen and shrunken 

hydrogel samples were placed on a measuring plate of a rheometer (MCR301; Anton 

Paar, Graz, Austria) with a 25 mm diameter parallel plate fixture (25 mm diameter). The 

diameter and thickness of the samples in the as-prepared state were 40.0 mm and 1.5 

mm, respectively. 

2.3.3 Synthesis of ionic liquid 

Benzimidazole (118 mg, 1 mmol) and NaOH (8 mg, 0.2 mmol) were dissolved in CH3CN 

(5 mL) at 80 °C, and 1-bromooctane (193 mg, 1 mmol) was added to the mixture and 

stirred at 80 °C overnight. Allyl bromide (130 mg, 1.5 mmol) was added, and the mixture 

was stirred again overnight at 80 °C. After evaporation, IL was fully characterized with 

HRMS, 1H-NMR, and 13C-NMR (Figure A1-A3).  1H NMR (400 MHz, DMSO-d6) δ 

7.57 (d, J = 2.9 Hz, 2H), 7.18 (dd, J = 6.1, 3.1 Hz, 2H), 6.06–5.93 (m, 1H), 5.33 (dd, J = 

16.8, 1.3 Hz, 2H), 5.11 (dd, J = 9.9, 1.5 Hz, 2H), 4.08 (d, J = 7.3 Hz, 2H), 1.74 (t, J = 

6.9 Hz, 2H), 1.34–1.20 (m, 10H), 0.81 (t, J = 6.8 Hz, 3H). 13C NMR (100 MHz, DMSO-

d6) δ 144.0, 144.8, 135.1, 134.6, 124.5, 123.6, 120.0, 115.4, 111.8, 47.5, 35.8, 34.7, 32.8, 

29.1, 28.6, 28.1, 22.6, 14.5. MS: calculated m/z 271.65; found m/z 271.69. 

2.3.4 Synthesis of CS–PVA–IL gel 

CS (0.5 g) and PVA (0.5 g) were mixed in a 30 mL solution comprising 27 mL deionized 

water and 3 mL acetic acid. The solution was mixed to make it homogenous through 

continuous stirring for 10 min at room temperature. Thereafter, the IL (0.5 g), 
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glutaraldehyde (0.4 mL), and AIBN (0.10 g) were subsequently added to the mixture, 

which was placed in a hot-air oven at 65 °C for 2.5 h. The mold was dried at 50 °C in the 

oven and washed with deionized water to remove unreacted compounds [9].  

2.3.5 Dye adsorption  

Murexide (3 mg) was dissolved in water (100 mL), and the CS–PVA–IL gel (30 mg) 

was added to the aqueous solution at room temperature. During adsorption, the aqueous 

solution pH was adjusted to 7. After 18 min, the aqueous murexide solution was passed 

through Whatman filter paper, and the concentration was calculated at each time interval 

using UV–vis spectroscopy at 522 nm. The dye-removal efficiency of the CS–PVA–IL 

gel was calculated using the following equation [34]. 

Dye removal (%) = 
𝐶˳−𝐶ₜ

𝐶˳
 × 100       (2.1) 

where C˳ and Cₜ are the concentration of murexide at the beginning of the process and at 

time t, respectively. The adsorption capacities, qₜ, and qe, were calculated according to 

Equations (2.2) and (2.3): 

qₜ = 
(𝐶˳−𝐶ₜ)𝑉

𝑚
             (2.2) 

qe = 
(𝐶˳−𝐶ₑ)𝑉

𝑚
             (2.3) 

where Ce represents the murexide concentration at equilibrium, m is the mass of CS–

PVA–IL gel, and V is the dye solution volume.  

 

2.4 Result and Discussion 

2.4.1 Preparation of CS–PVA–IL gel   

A schematic of the synthesis of the CS–PVA–IL gel is presented in Figure 2.1. The IL 

was prepared via the reaction of benzimidazole with 1-bromooctane and allyl bromide 

(Scheme 2.1a), which was initially prepared by reacting CS, PVA, glutaraldehyde, and 

IL in the presence of AIBN in a hot-air oven at 65 °C for 2.5 h (Figures 2.1 and scheme 

2.1b). The hydrogel formed as a mold (CS–PVA–IL gel) was washed with deionized 

water and dried at 50 °C in a hot-air oven. The graft ratio of graft polymer was found 

around 1:0.27. The solid material obtained after drying is referred to as a xerogel. The 

above parameters were selected via optimization experiments and used to determine the 

percentage swelling of the hydrogel.  
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Scheme 2.1. Synthesis of A) IL and B) hybrid backbone. 

 

Figure 2.1. Schematic of the synthesis of the CS–PVA–IL gel. 

 

Scheme 2.2. Tentative model for the synthesis of the CS–PVA–IL gel. 

2.4.2 Optimization of the CS–PVA–IL gel   
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To maximize the swelling percentage, the hydrogel was optimized under controlled 

conditions by varying different parameters, including time, pH, temperature, water 

content, IL content, and initiator concentration (Figure 2.2), one at a time and keeping 

the other parameters constant [Table-2.1]. The hydrogel was kept in contact with distilled 

water to examine its swelling properties. The swelling percentage was calculated using 

Equation (2.4), where Wd and Ws denote the weight of the dried hydrogel (xerogel) and 

swollen hydrogel, respectively [9]. 

swelling (%) =   
𝑊𝑠−𝑊𝑑

𝑊𝑑
 × 100  (2.4) 

A maximum swelling percentage of 325 % was obtained using 0.5 g of the IL (Figure 

2.2a), where the swelling rate increased with increasing IL concentration. However, after 

the optimum value was reached, swelling decreased with a further increase in the IL 

concentration, which was attributed to the compact network between the monomeric 

units. The maximum swelling percentage of 311 % was obtained using the hydrogel 

prepared in 2.5 h (Figure 2.2b). After a certain time, all free radicals were consumed, 

which tended to decrease the swelling percentage. The percentage of swelling increased 

to 320 % at 65 °C (Figure 2.2c), but above this temperature, the crosslinks between the 

backbones started to break. The subsequent decrease in swelling percentage was possibly 

due to the decrease in hydrophilic interactions and increased molecular kinetic energy. 

The amount of radical initiator influenced the percentage swelling of the hydrogel, 

with a maximum swelling uptake of 330 % using 0.1 g AIBN (Figure 2.2d). At low AIBN 

concentrations, free radicals were generated during the reaction, whereas higher 

concentrations resulted in chain termination, which affected the crosslinker density. The 

hydrogel formed using 30 mL of water exhibited optimal swelling, achieving a swelling 

percentage of 320 % (Figure 2.2e). Increasing the amount of water promoted the 

formation of –OH groups, which facilitated radical formation. Above the optimum 

concentration of water, the chain is terminated. The pH is another parameter that 

significantly affects the swelling properties of the hydrogels. A maximum swelling 

percentage of 311 % was obtained at pH 7 (Figure 2.2f). After optimizing all parameters, 

a maximum swelling of 330 % was achieved. 
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Figure 2.2. Swelling optimization of the CS–PVA–IL gel by varying different 

parameters: A) IL content, B) time, C) temperature, D) initiator content, E) water 

content, and F) pH. 

 

Table 2.1. Optimized amounts of materials used for the hydrogel synthesis. 

Entry Reactant Amount  

1 CS 0.5 g 

2 PVA 0.5 g 

3 Glutaraldehyde 0.5 mL 

4 Monomer 0.5 g 

5 Initiator 0.1 g 

6 Solvent 30 mL 
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7 Temperature 65 °C 

8 pH 7 

9 Time 2.5 h 
 

 

2.4.3 FTIR spectroscopy 

The FTIR spectral data of the prepared hydrogel backbone confirmed the presence of C–

H, O–H, and N–H stretching at 3375, 3277, and 2884 cm–1, respectively (Figure 2.3a). 

The characteristic C–O band in CS was observed at 1066 cm–1, and PVA gave rise to C–

H and O–H IR stretching bands at 3339 and 2939 cm–1, respectively (Figure 2.3b). The 

characteristic C–O band in PVA appeared at 1020 cm–1, and the backbone—a mixture of 

CS and PVA—produced bands at 3283 and 1023 cm–1, corresponding to the stretching 

vibrations of O–H and C–O groups, respectively (Figure 2.3c). The primary O–H and 

N–H bands in the CS–PVA–IL gel were observed at 3380 and 3283 cm–1, respectively 

(Figure 2.3d). The presence of the hydroxyl group confirms the free-radical 

polymerization of the IL grafted onto the backbone. The intense bands centered at 1646 

and 1550 cm–1 corresponded to the NCN bond of the IL, confirming grafting onto the 

backbone. An additional band at 1690 cm–1 arose owing to imine bond formation between 

the backbone and glutaraldehyde. The intense band at 1019 cm–1 indicated acetal group 

formation between PVA and glutaraldehyde. 
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Figure 2.3. FTIR spectra of A) CS, B) PVA, C) CS + PVA, and D) CS–PVA–IL gel. 

2.4.4 XPS analysis 

The XPS data confirmed the existence of carbon (C 1s), oxygen (O 1s), nitrogen (N 1s), 

and bromine (Br 3d) in the CS–PVA–IL gel. The multiple peaks in the spectrum 

indicated the formation of numerous bonds with carbon, oxygen, and nitrogen (Figure 

2.4a), where a sharp peak implied the inclusion of a single type of bond, and a broad 

peak indicated the same type of bonding at multiple locations in the polymeric network. 

For the C 1s spectrum, three peaks appeared at 285.4, 285.6, and 286.2 eV, corresponding 

to C–C, C–O, and C–N bonding, respectively (Figure 2.4b). Similarly, the N 1s spectrum 

exhibited peaks at 398.3 and 399.9 eV, indicating the presence of sp2- ized (R-N=) and 

sp3- ized (R–N–R) nitrogen, respectively, in the CS–PVA–IL gel (Figure 2.4c). Oxygen 

bonding (O 1s) at binding energies of 531.6 and 539.1 eV confirmed the presence of O–

C and C–O–C bonds, respectively (Figure 2.4d). 

(A)

(D)

(C)

(B)
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Figure 2.4. XPS peaks of A) all atoms present in the CS–PVA–IL gel, and the B) C 

1s, C) N 1s, and D) O 1s spectra. 

2.4.5 PXRD analysis 

PXRD revealed variations in the crystal structure and planes of the materials. The PXRD 

data also reveal the crystalline size and percentage of crystallinity of the materials, with 

intense peaks at different 2θ values. The crystal size was calculated using the Scherrer 

equation (Equation (2.5) [35]. 

Dp =  
𝑘𝜆

𝛽𝑐𝑜𝑠Ɵ
   (2.5) 

where Dp is the average crystal size, β is the line-broadening in radians (full width at 

half-maximum (FWHM)), k is the Scherrer constant (0.9), λ is the X-ray wavelength, 

and θ is the Bragg angle. The crystalline sizes of CS, PVA, CS–PVA mixture, CS–PVA–

IL gel, and CS–PVA–IL gel after dye adsorption (CS–PVA–IL gel–dye) were 3.91, 

2.77, 1.86, 3.15, and 4.93 nm, respectively (Figure 2.5). The larger crystalline size of the 

CS–PVA–IL gel was attributed to the consistently oriented crosslinking patterns [Table-

2.2]. After dye adsorption, the crystalline size increased and produced additional peaks, 

exhibiting a trend similar to that of murexide. 

(A)

(C) (D)

(B)
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Figure 2.5. A) PXRD patterns of i) CS, ii) PVA, iii) CS–PVA mixture, and iv) CS–

PVA–IL gel. B) PXRD patterns of CS–PVA–IL gel and CS–PVA–IL gel–dye. 

Table 2.2. Crystalline sizes of materials are calculated using the Shears equation. 

Entry Material 2θ FWHM Crystalline size 

(nm) 

1 CS 9.67 2.13 3.91 

2 PVA 19.81 3.04 2.77 

3 CS + PVA 41.47 4.77 1.86 

4 Hydrogel 19.41 2.68 3.15 

5 Used 

hydrogel 

19.51 1.71 4.93 

 

2.4.6 Surface morphology analysis 

The SEM analysis of the CS–PVA–IL gel revealed that the hydrogel possessed a 

crosslinked three-dimensional (3D) network (Figures 2.6a and Figure A4), in which the 

pore size varied from submicrometers to several micrometers depending on the IL and 

glutaraldehyde concentrations. The cavity on the hydrogel surface led to strong 

electrostatic interactions between the cationic moiety and anionic dyes, which facilitated 

their adsorption from polluted water. EDS and elemental dot mapping results indicated 
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the homogeneous presence of C, O, N, and Br in the CS–PVA–IL gel, demonstrating 

their uniform distribution over the surface (Figures 2.6b-f). The EDS data showed that 

the hydrogel contained carbon (57.98 %), oxygen (31.38 %), nitrogen (10.49 %), and 

bromine (0.15 %), with the bromine content originating from the IL. The specific surface 

area of CS–PVA–IL gel by Brunauer-Emmett-Teller (BET) was investigated by varying 

the relative pressure from 0 to 1.0 (Figures 2.7). The surface area of CS–PVA–IL gel 

was 230.636 m2/g with a correlation coefficient of ˃0.99. CS–PVA–IL gel has a 

maximum nitrogen adsorption capacity of 487 cm3/g at an outgas temperature of 110 ºC 

(Figure A5). 

 

Figure 2.6. A) SEM image of CS–PVA–IL gel, B) EDS spectrum of CS–PVA–IL gel 

and individual elemental dot mapping of C) carbon, D) nitrogen, E) oxygen, and F) 

bromine. 

(F)(D) (E)(C)

(B)(A)
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Figure 2.7. BET adsorption isotherm for CS–PVA–IL gel. 

2.4.7 Rheological studies and Zeta potential 

Rheological experiments on the CS–PVA–IL gel were performed in an aqueous medium 

(pH 7), and the results are shown in Figure 2.8. All frequency-sweep experiments were 

performed under identical conditions. The rheological experiments revealed that the 

storage modulus (Gꞌ) was independent of the angular frequency (rad/s), and the loss 

modulus (Gꞌꞌ) was less than Gꞌ, which is characteristic of a gel-phase material (Figure 

2.8a). Comparing the loss modulus with the storage modulus at the same angular 

frequency of 17.8 rad/s, Gꞌ was 4454 Pa. At the same angular frequency, Gꞌꞌ was 682 Pa, 

which is lower than the storage modulus. A high Gꞌ value indicates that a material is in a 

gel state. The complex viscosity of the CS–PVA–IL gel was measured with respect to 

angular frequency, and the complex viscosity was found to decrease with increasing 

angular frequency (Figure 2.8b). A zeta potential experiment was performed using a 

Nanotrac Wave II zeta potential analyzer at 25 ºC (Figure 2.9). It was observed that the 

zeta potential decreases with an increase in the pH of the solution. The protonation of the 

hydroxy group in the polymeric membrane in an acidic medium increases the zeta 

potential value while the deprotonation in a basic medium decreases the zeta potential 

value. Therefore, the adsorption performance of hydrogel in an acidic medium improves 

while that in a basic medium reduces. 
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Figure 2.8. A) Dynamic mechanical analysis of Gꞌ and Gꞌꞌ, and B) viscosity analysis of 

the CS–PVA–IL gel.  

 

Figure 2.9. Zeta potential of CS–PVA–IL gel at different pH. 

 

2.4.8 Thermal stability 

The thermogravimetric analysis (TGA) of the experimental results shows that the thermal 

decomposition of CS–PVA–IL gel can be divided into three stages occurring in the 

temperature ranges of 70–170 °C, 340–400 °C, and >420 °C (Figure 2.10). The first stage 

involved moisture evaporation; subsequently, the formation of volatile components 

began during the second stage of thermal decomposition. Furthermore, the hydrogel 

decomposed into carbon and hydrocarbons at temperatures exceeding 420 °C. During 

the initial phase of thermal decomposition, 16 % weight loss was observed, whereas 

during the formation of volatile components, the weight loss was approximately 58 %. 

(A) (B)
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At >420 °C, the entire hydrogel decomposed into carbon and hydrocarbons, with a 

weight loss of 70 %. 

 

Figure 2.10. TGA curve of the CS–PVA–IL gel. 

2.4.9 Dye adsorption  

The removal of hazardous and toxic dyes from industrial wastewater is a persistent issue, 

as these dyes pollute water and affect human and aquatic biota [36]. Therefore, it is 

imperative to develop an environmentally friendly, economical, and efficient handling 

method to remove hazardous dyes from wastewater. In this regard, porous gels are 

potentially valuable reusable materials for this purpose, and a time-dependent approach 

was used for their removal [Table 2.3]. Herein, the CS–PVA–IL gel was used to adsorb 

toxic anionic dyes that pollute industrial water (Figure A6). The adsorption performance 

of the xerogel was also analyzed to account for the effects of dye diffusion from the 

solution to the trapped water in the CS–PVA–IL gel [Table 2.4]. The adsorption of the 

anionic dye murexide onto the cationic CS–PVA–IL gel occurred rapidly; 97 % of the 

anionic dye in wastewater was adsorbed in 18 min (Figure 2.11). The amount of applied 

CS–PVA–IL gel was optimized using UV–vis spectroscopy, with the optimal amount 

determined as 0.3 g (Figure 2.12).  
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Figure 2.11. A) UV–vis spectra of the adsorption of murexide and B) percentage 

removal of murexide as a function of time using the CS–PVA–IL gel. 

 

Figure 2.12. A) UV–vis spectra for the adsorption of murexide and B) percentage 

removal of murexide as a function of the CS–PVA–IL gel dose. 

Table 2.3. The percentage removal of dye as a function of time. 

Entry Initial 

concentration (Co, 

ppm) 

Final 

concentration 

(Ct, ppm) 

Percentage of 

removal (%) 

1 30 24.43 18.6 

2 30 16.06 46.5 

3 30 10.96 63.4 
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4 30 5.09 83.3 

5 30 3.23 89.2 

6 30 1.99 93.4 

7 30 1.75 94.2 

8 30 1.36 95.5 

9 30 1.12 96.3 

 

Table 2.4. The percentage removal of dye as a function of the applied hydrogel. 

Entry Initial 

concentration 

(Co, ppm) 

Final 

concentration (Ct, 

ppm) 

Percentage of 

removal (%) 

1 30 20.55 31.5 

2 30 12.75 57.5 

3 30 9.32 68.9 

4 30 4.51 85.0 

5 30 3.23 89.2 

6 30 0.96 96.8 

7 30 1.01 96.6 

8 30 1.01 96.6 

9 30 1.02 96.6 
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The pH effect on the adsorption performance of hydrogel was investigated using a 

murexide dye solution at different pH, as shown in Figure 2.13. It was observed that pH 

also influences the adsorption rate. The percentage of dye removal capacity of hydrogel 

decreased with increasing the pH of a solution. The Hydroxy group on the hydrogel 

surface is deprotonated in a basic medium, affording more negative charge on the 

hydrogel. This fact leads to a decrease in the electrostatic interaction between the anionic 

dye and the hydrogel, resulting in lower dye adsorption over the hydrogel surface. In 

contrast, the hydroxy group in an acidic medium is protonated, affording a more positive 

charge, which increases the electrostatic interaction between the hydrogel and the dye. 

This fact leads to an increase in adsorption capacity in an acidic medium. 

 

Figure 2.13. UV–vis spectra for the adsorption of murexide at different pH A) pH 3, 

B) Ph 5, C) pH 9, and D) pH 11. E) Percentage removal of murexide as a function of 

pH. 

The response surface methodology (RSM) method was used to optimize the adsorption 

capacity and percentage of dye removal (Figures 2.14a and 2.14b). In the RSM method, 

three parameters were used at a time: the ionic strength of coexisting ions, the pore size 

of CS–PVA–IL gel, and the available adsorption site [37]. 

Different dye solutions were prepared and charged on the dried gels at various 

concentrations. The adsorption study results were fitted using the Freundlich adsorption 

isotherm model, which supports the multilayer adsorption mechanism (Figure 2.14c). 

The Freundlich adsorption isotherm is expressed as follows:  

                                                            log qe = log Kf + 
1

𝑛
 log Ce    (2.6) 
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where qe represents the equilibrium adsorption capacity of the dye adsorbed on the dried 

gel surface, and Ce is the equilibrium concentration of the adsorbate (mg/L) [38].  Kf  and 

n are the Freundlich isotherm constant and the heterogeneity factor, respectively. The 

kinetic study on murexide adsorption was performed at room temperature at different 

intervals. The obtained kinetic data were fitted to a pseudo-second-order reaction using 

Equation 2.7 (Figure 2.14d):  

                                                               
𝑡

𝑞𝑡
 = 

1

𝐾2𝑞𝑒
2 + 

𝑡

𝑞𝑒
    (2.7) 

where qe and qt are the amounts of adsorbed dye at equilibrium and at time t (min), 

respectively. K2 (min–1) is the pseudo-second-order rate constant. The coefficient of 

determination (R2) for the pseudo-second-order kinetics is high (R2 = 0.9919), indicating 

that anionic dye adsorption is a pseudo-second-order reaction. The adsorption capacity 

of CS–PVA–IL gel was calculated to be 1062 mg/L for murexide. 

Subsequently, a reusability experiment was conducted to examine the large-scale 

utility of the prepared gel. The xerogel was recovered using methanol, where the dye 

remained, and no physical changes were observed on the hydrogel during murexide 

adsorption. The CS–PVA–IL gel exhibited excellent reusability for up to eight cycles 

without substantial efficiency losses, indicating its potential application in real-life 

wastewater treatment (Figure 2.15).  
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Figure 2.14. A) and B) RSM plot for optimization of dye adsorption. C) Freundlich-

adsorption-isotherm-fitted dye adsorption and D) pseudo-second-order kinetic fit for 

murexide. 

 

Figure 2.15. Plots showing the reusability of the CS–PVA–IL gel. 
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2.4.10 Nitrite-removal studies 

Toxic anions found in industrial wastewater, including nitrite, are dangerous to the 

environment and have harmful effects on human health. When present beyond its safe 

concentration limits, nitrite can cause severe diseases, including stomach cancer; 

decrease blood-oxygen carrying capacity; and lead to other fatal diseases [39]. Therefore, 

it is crucial to remove nitrite from contaminated water. A nitrite adsorption study was 

performed using ion chromatography at different intervals (Figures 2.16a). Initially, the 

area under the curve for nitrite was 59.39 (μscm–1) min. After 2 min, the area under the 

curve decreased to 44.43 (μscm–1) min, indicating the adsorption of nitrite on the CS–

PVA–IL gel. After 18 min, the area of the CS–PVA–IL gel decreased to 7.98 (μscm–1) 

min.  

 

Figure 2.16. a) Ion-chromatography area under the curve for removing nitrite anions 

with CS–PVA–IL gel.  

2.4.11 Lead adsorption  

The adsorption of heavy metals from wastewater was studied using a batch method 

employing various metal-ion solutions (5 ppm: Pb2+, Cu2+, Co2+, Fe2+, Ni2+, and Mg2+ 

nitrate salts). The most prominent result was Pb2+ adsorption using the CS–PVA–IL gel 

as an adsorbent. The residual concentration of Pb2+ was monitored using MP-AES at 217 

and 406 nm. The calibration curve was plotted at 217 and 406 nm using four standard 

solutions with concentrations of 5, 15, 20, and 25 ppm. The correlation coefficients of 

0.9999 and 0.9999 at frequencies of 217 and 406 nm, respectively, were high, indicating 

the optimum-fit calibration curve (Figure A7). The adsorption capacity (Qt) at a specific 
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time was calculated according to Equation (2.8), showing that the adsorption capacity of 

the material was ≈346 mg g–1.  

Qt   = 
(𝐶𝑜−𝐶𝑡)

𝑚
V  (2.8) 

Similarly, the distribution coefficient (Kd) was calculated using Equation (2.9): [40]  

Kd   = 
(𝐶𝑜−𝐶𝑓)

𝑚𝑐𝑓
V  (2.9) 

where Co, Ct, and Cf are the Pb2+ concentrations at the initial, time t, and final stages, 

respectively; V is the volume of the solution; and m is the amount of CS–PVA–IL gel 

used for adsorption. The high performance of the CS–PVA–IL gel for Pb2+ adsorption 

is reflected by its high Kd value (0.7  104 mL/g), which also indicates the strong 

interaction of metal ions with the hydroxyl groups of the CS–PVA–IL gel. Moreover, a 

material with a distribution coefficient of 103–105 mL/g is considered an ideal adsorbent. 

Therefore, the CS–PVA–IL gel shows significant potential for Pb2+ removal, as the 

material can remove up to 88 % of Pb2+ from the water sample within 40 min (Figure 

2.17d and Figure A8). The adsorption isotherm of Pb2+ follows pseudo-second-order 

kinetic (Figures 2.17a and 2.17b). A plausible mechanism for Pb2+ adsorption on the 

surface of the CS–PVA–IL gel is shown in Figure 15C. From the optimization data, it 

can be concluded that IL plays a pivotal role for excellent swelling of CS–PVA–IL gel. 

More is the swelling higher will be the adsorption of Pb2+. Experimentally, it was also 

observed that percentage of Pb2+ adsorption decreased without inclusion of IL onto the 

CS–PVA–IL gel, and percentage of Pb2+ decreased to 68 %. 

 

Figure 2.17.  A and B) Freundlich-adsorption-isotherm model for adsorption of Pb2+, 

C) plausible mechanism for the adsorption of Pb2+ on the CS–PVA–IL gel surface, and 

D) decreasing Pb2+ concentrations at different intervals. 
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2.4.12 Oil recovery  

The conventional process for the separation of oil from an oil–water mixture involves 

multiple steps and complex procedures. Herein, the CS–PVA–IL gel was applied to 

recover oil from a biphasic solution of mustard oil and water. The oil–water mixture was 

poured into a tube filled with hydrogel. Quickly water permeated through the gel and 

dropped into the beaker below and meanwhile oil remained onto the surface of CS–PVA–

IL hydrogel. After oil separation (Figure 2.18), the adsorbed oil was collected via 

mechanical squeezing. This method has several advantages over previously reported 

methods, including non-toxicity, economic stability, biodegradability, excellent oil-

separation efficiency, recyclability, and facile handling. 

 

Figure 2.18. Images of a) biphasic oil–water (before treatment) and b) water treated 

using the CS–PVA–IL gel. 

2.5 Conclusion 

A   CS–PVA–IL gel was prepared from CS, PVA, and an IL. The swelling properties of 

the hydrogels were optimized by varying the solvent, pH, time, and temperature, and the 

maximum swelling of the optimized hydrogel was 330 %. The hydrogel was applied in 

the removal of toxic organic dyes, toxic anions, Pb2+, nitrite, and oil from contaminated 

water. The hydrogel effectively removed up to 97 % of the dye and 88 % Pb2+ and could 

be reused for 8 cycles after methanol washing without significant activity losses. The 

adsorption capacity (mg/g) for removing dye and Pb2+ are 1062 mg/g and 346 mg/g, 

respectively. The adsorbed oil was easily collected via mechanical squeezing. This 

material is biodegradable, affording an eco-friendly approach for environmental 

remediation. 
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3a.1 Aim and Objectives  

Heterogeneous catalysts play a critical role in organic synthesis and environmental 

remediation and are mainly synthesized with the inclusion of metal and metal oxide 

nanoparticles. In lieu of the importance of heterogeneous catalysts, this study focuses 

on the synthesis of green and cost-effective catalysts from biopolymers and is further 

applied to carry out willgerodt kindler reaction for synthesis of thioamides. In this 

context, cellulose was extracted from rice straw, and a highly active solid-supported 

catalytic model was developed. First, cellulose was conjugated with poly(ethylene-co-

vinyl acetate) (PEVA), and then Ag nanoparticles (AgNPs) were inserted into the 

cellulose–PEVA composite. The process involved the reduction of AgNPs in the 

presence of sodium borohydride. Thereafter, the obtained hybrid was used as a catalyst 

for the Willgerodt–Kindler reaction of aromatic aldehydes, amines, and elemental sulfur 

to synthesize thioamides with excellent yields. The developed catalytic system exhibited 

high stability and recyclability.  

3a.2 Introduction 

Recently, thioamides have garnered increasing attention in the field of medicinal 

chemistry owing to their broad biological activity range. Thioamide derivatives, which 

are critical components of many biologically important entities, exhibit remarkable 

antioxidant, antimicrobial, anticonvulsant, antithyroid, and anticarcinogenic properties 

[1-4]. Moreover, owing to their unique characteristics, namely their varying bond 

lengths and bond rotation ability, thioamides are better candidates than amides for 

peptidomimetics [5-8]. Several thioamide synthesis methods have been developed. 

Among them, the Willgerodt–Kindler reaction, which involves the reaction of an aryl 

ketone/aldehyde with an amine in the presence of elemental S, is an economical method 

for thioamide fabrication [9-12]. However, the Willgerodt–Kindler reaction presents 

several disadvantages, including low product yields and long reaction times; moreover, 

purification of the desired product from the reaction mixture is difficult. Several 

approaches have been used to overcome these limitations [13-15]. The Willgerodt–

Kindler reaction has been modified using additives, such as K2S2O8, C12H25SH, K3PO4,
 

TsOH, Na2S·9H2O, K2CO3, and β-CD, to improve reaction efficiency [16-22]. 

Furthermore, environmentally benign reaction conditions have been developed, such as 
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solvent-less and catalyst-free conditions; in addition, water or glycerol was used as the 

solvent [23-24]. However, these modifications decreased the reaction yield and 

prolonged the reaction time. In terms of green and sustainable chemistry, the 

development of a sustainable catalyst that can be recovered and subsequently reused is 

a priority for Willgerodt–Kindler reaction researchers.  

Heterogeneous catalysts are more easily recovered from reaction systems than 

homogeneous catalysts [25]. Moreover, metal nanoparticles (NPs) play important roles 

in various organic synthesis reactions [26]. However, the direct use of metal NPs can 

cause significant human health and environmental problems [27]. Therefore, 

heterogeneous metal NPs that are attached to solid supports are required for catalysts 

with facile recovery and good reusability [28]. Biopolymers, including starch, gelatin, 

cellulose, chitosan, and sodium alginate, serve as solid supports for heterogeneous 

catalysts and exhibit remarkable catalytic ability during organic synthesis [29]. 

Cellulose is primarily found in plants and also in some animals and bacteria [30]. 

Because of the spherical and porous beads of cellulose, its catalytic efficacy can be 

significantly increased via the insertion of metal ions and NPs into its matrix [31]. 

Moreover, chemically modified hydrophobic cellulose has been increasingly used [32]. 

The cross-linking properties and large cavity sizes of biopolymers promote the insertion 

of metals with high binding energies [33]. In addition, the primary drawbacks of 

biopolymers, such as their low water solubility, can be overcome via chemical 

modification [34]. 

Cellulose has been used to enforce polymer composites because of its high mechanical 

strength, low density, high surface area, and non-covalent interactions [35-40]. In this 

study, to achieve remarkable thermal stability and high surface area, cellulose was 

grafted with the PEVA copolymer. The vinyl acetate (VA) content of PEVA ranged 

between 3 % and 40 % (w/w), and the mechanical and chemical properties of PEVA 

depended on its VA content. Thereafter, Ag nanoparticles (AgNPs) were anchored to 

the cellulose-reinforced PEVA to obtain AgNPs@cellulose–PEVA, which was used as 

an efficient and sustainable heterogeneous catalyst for the synthesis of thioamides using 

the Willgerodt–Kindler reaction. The developed catalyst presented high thermal 

stability and remarkable mechanical strength and was recycled for more than eight 

cycles without catalytic activity loss.  
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3a.3 Experimental Section  

3a.3.1 General information 

All the chemicals were purchased from Sigma-Aldrich Co and were used as received 

without further purification. A PEVA copolymer with a VA content of 12 wt.% was 

used as the composite matrix. Melting points were measured using an SMP30 (BIBBY) 

melting point meter. Fourier-transform infrared (FTIR) spectra were recorded using a 

Hyperion 2000 (Bruker Optics) FTIR system. A JEOL instrument operated at 400 and 

100 MHz was used to obtain 1H nuclear magnetic resonance (NMR) and 13C NMR 

spectra. The chemical shifts were measured in parts per million using a deuterated 

solvent as the internal reference. High-resolution mass spectroscopy (HRMS) was 

performed using a Xevo G2-XS QTOF (WATERS) mass spectrometer. Scanning 

electron microscopy (SEM) was performed using a LEO Supra 55 VP (Zeiss) 

instrument. Powder X-ray diffraction (PXRD) measurements were performed using a 

Miniflex (Rigaku) diffractometer. Energy-dispersive X-ray spectrometry (EDX) 

analysis was performed using a JSM-6610-LV (JEOL) instrument. Digital images of the 

components of the hybrid catalyst were obtained using a smartphone and were utilized 

for RGB analysis employing the Image J software. Tensile tests were performed using 

a UTM (INSTRON) tensile tester without an extensometer at 25 ºC. The samples used 

for the tensile tests were 3.20 mm wide and 7.20 mm thick, and their calculated surface 

area was 23 mm2. 

 

3a.3.2 Cellulose isolation from rice straw 

Rice straw was cut into small pieces and passed through a 0.5 mm sieve. The obtained 

mixture was added to distilled water and stirred for 2 d at 50 °C. The obtained solid 

fraction was washed three times with distilled water, followed by drying. Cellulose was 

extracted using a literature-reported method, as follows [44]: the lignin and 

hemicellulose fractions of rice straw were removed, followed by alkaline treatment. A 

150 mL aqueous solution comprising sodium chlorite (NaClO2; 1.50 g) and acetic acid 

(CH3COOH; 0.3 mL) was added to the dried rice straw sample (4 g) in a 250 mL round-

bottom flask. The mixture was heated at 75 °C for 2 h, and delignification was repeated 

three times by adding 1.50 g of NaClO2 and 0.3 mL of CH3COOH every hour. The solid 

residue was extracted and washed with distilled water to a neutral pH. Lastly, the dried 
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solid residue was heated to 80–85 °C in 200 mL of a 4.5 wt.% potassium hydroxide 

solution for 2 h, followed by washing four times with distilled water. 

3a.3.3 Preparation of the AgNPs@cellulose–PEVA hybrid 

3a.3.3.1 Preparation of cellulose-PEVA  

PEVA (1 g) was dissolved in CHCl3 (10 mL) at 55 °C. Thereafter, cellulose (0.2 g) was 

added to the solution in the presence of the catalytic amount of sulfuric acid. The mixture 

was stirred for 3 h to homogeneity, followed by transfer to a Petri dish and air-drying.  

3a.3.3.2 Preparation of AgNPs  

A 50 μM citric acid solution (1 mL) was added to a 0.64 mM AgNO3 solution (39 mL), 

and the mixture was stirred for 30 min to homogeneity. Next, a 25 mM NaBH4 solution 

(10 mL) was added dropwise to the solution until it turned gray, indicating the formation 

of AgNPs. Lastly, to prepare the AgNPs@cellulose–PEVA hybrids, the cellulose–

PEVA mixture was added to the AgNP dispersion, and the blend was allowed to react 

for 12 h to ensure the adsorption of AgNPs on the surface of the cellulose–PEVA 

composite. The positively charged silver nanoparticles were embedded over the 

cellulose-PEVA backbone through physical and electrostatic interactions. Thereafter, 

AgNPs@cellulose–PEVA was separated via centrifugation (Scheme-3a.1). 

Spectroscopy testing confirmed that the AgNPs were dispersed on the surface of the 

cellulose–PEVA composite. 
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Scheme 3a.1. - Schematic representation of synthesis of a catalytic system (ASC-1). 

3a.3.3. Catalytic activity of the AgNPs@cellulose–PEVA hybrids for the 

Willgerodt–Kindler reaction 

A mixture of aldehyde (1 mmol), morpholine (1.2 mmol), and elemental S (1.2 mmol) 

reactants and AgNPs@cellulose–PEVA catalyst (5 mg) in dimethylformamide (DMF; 

10 mL) was stirred at 80 °C for 2.5 h. After reaction completion, which was confirmed 

using thin-layer chromatography, the residue was separated by concentrating the organic 

layer over an evaporator. Lastly, the residue was purified via column chromatography 

to isolate the final product and characterized through NMR and HRMS spectroscopy 

(Figure 3a.1-3a.3).   

Polyethylene-vinyl-acetate

Cellulose

Acetate group

Hydroxyl group

Ag NPs

ASC-1



Chapter-3A | 69  
  

 

Figure 3a.1. 1H NMR (CDCl3) of 1. 

 

 

Figure 3a.2. 13C NMR (CDCl3) of 1. 
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Figure 3a.3.  HRMS of 1. 

 

4-Hydroxyphenyl-morpholine-methanethione (1) [45] 1H NMR (400 MHz, CDCl3) δ 

7.16–7.1(d, J = 8.3 Hz, 2H Ar–H), 6.71–6.68 (d, J = 8.1 Hz, 2H, Ar–H), 6.01–5.59 (s, 

1H –OH), 4.47–4.38 (t, J = 3.8 Hz, 2H –CH2), 3.91–3.84 (t, J = 3.65 Hz, 2H, –CH2), 

3.69–3.61 (s, 4H, 2xCH2). 
13C NMR (100 MHz, CDCl3), δ 201.4, 157.0, 134.2, 128.1, 

115.6, 66.9, 66.6, 52.75, 50.2. HRMS: [M+H]: calculated: 224.0726, found: 224.0746. 

2-Hydroxyphenyl-morpholine-methanethione (2) [45] 1H NMR (400 MHz, CDCl3) δ 

6.85–6.80 (d, J = 8.5 Hz, 1H Ar–H), 6.49–6.45 (d, J = 1.9, Hz 1H, Ar–H), 6.38–6.35 (d, 

J = 2.1, Hz 1H, Ar–H), 6.34–6.32 (d, J = 1.8 Hz, 1H, Ar–H) 4.06–4.01 (s, 1H –OH), 

3.87–3.70 (m, 6H, –CH2), 3.51–3.43 (dd, J = 14.3 Hz, 1H, –CH2), 2.98–2.86 (d, J = 19.7 

Hz, 1H, –CH2). 
13C NMR (100 MHz, CDCl3), δ 207.4, 154.4, 131.3, 126.5, 125.9, 66.8, 

31.05. HRMS: [M+H]: calculated: 224.0745, found: 224.0746. 

3-Hydroxyphenyl-morpholine-methanethione (3) [46] 1H NMR (400 MHz, CDCl3) δ 

7.21–7.13 (t, J = 7.7 Hz, 1H–Ar–H), 6.73 (d, J = 7.0 Hz, 2H, Ar–H), 6.04–6.74 (s, 1H, 

–OH), 4.45–4.37 (t, J = 7.7 Hz, 2H, –CH2), 3.91–3.84 (t, J = 6.71 Hz, 2H, –CH2), 3.605 

(m, 4H, 2x–CH2). 
13C NMR (100 MHz, CDCl3), δ 200.5, 155.8, 143.2, 130.1, 117.2, 

115.9, 112.9, 66.9, 66.6, 52.5, 49.5. HRMS: [M+H]: calculated: 224.0738, found: 

224.0745. 
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2,4-Dimethoxyphenyl-morpholine-methanethione (4) 1H NMR (400 MHz, CDCl3) δ 

7.27–7.24 (d, J = 4.5 Hz, 1H Ar–H), 6.51–6.48 (d, J = 10.5 Hz, 1H, Ar–H), 6.39–6.38 

(s, 1H, Ar–H), 4.46–4.41 (dd, J = 9.0 Hz, J = 4.7 Hz, 2H, –CH2), 3.79 (s, 6H, –CH3), 

3.70–3.65 (dd, J = 9.0 Hz, J = 4.9 Hz, 1H, –CH2), 3.60–3.54 (dd, J = 8.0 Hz, J = 5.4 Hz, 

1H, –CH2), 3.53–3.49 (dd, J = 6.5 Hz, J = 3.0 Hz, 1H, –CH2), 3.48–3.39 (m, 2H –CH2). 

13C NMR (100 MHz, CDCl3), δ 199.1, 161.7, 153.8, 130.2, 124.6, 105.3, 98.4, 66.6, 

55.7, 51.9, 49.5. HRMS: [M+H]: calculated: 261.1001, found: 261.1007.  

4Hydroxy-3-methoxyphenyl-(morpholinomethanethione) (5) [47] 1H NMR (400 

MHz, CDCl3) δ 6.95–6.92 (d, J = 2.0 Hz, 1H Ar–H), 6.85–6.82 (s, 1H, Ar–H), 6.76–

6.72 (d, J = 2.0 Hz 1H, Ar–H), 5.85–5.76 (s, 1H, –OH), 4.44–4.37 (s, 2H, –CH2), 4.0–

3.88 (s, 3H –CH3), 3.88–3.84 (t, J = 3.9 Hz 2H, –CH2), 3.71–3.61 (d, J = 2.9 Hz, 4H, -

CH2). 
13C NMR (100 MHz, CDCl3), δ 201.2, 146.7, 146.5, 134.5, 119.1, 114.0, 110.4, 

66.9, 66.6, 56.1, 53.0, 50.2. HRMS: [M+H]: calculated: 254.0851, found: 254.0832. 

4-Dimethylaminophenyl-morpholine-methanethione (6) [46] 1H NMR (400 MHz, 

CDCl3) δ 7.30–7.25 (d, J = 8.4 Hz, 2H Ar–H), 7.63–7.58 (d, J = 8.6 Hz, 2H, Ar–H), 

4.54–4.27 (dd, J = 7.3 Hz, 2H, –CH2), 3.91–3.60 (d, J = 18.6 Hz, 6H, –CH2), 2.98–2.96 

(s, 6H –CH3). 
13C NMR (100 MHz, CDCl3), δ 202.28, 151.31, 129.78, 128.80, 111.15, 

66.85, 53.15, 50.13, 40.35. HRMS: [M+H]: calculated: 251.1218, found: 251.1203. 

Morpholino(phenyl)-methanethione (7) [48] 1H NMR (400 MHz, CDCl3) δ 7.37–7.35 

(t, J = 7.66 Hz. 1H Ar–H), 7.35–7.31 (d, J = 5.21 Hz, 2H, Ar–H), 7.29–7.26 (t, J = 7.45 

Hz, 1H, Ar–H), 7.26–7.25 (t, J = 7.39 Hz, 1H, Ar–H), 4.47–4.37 (t, J = 4.1 Hz, 2H, –

CH2), 3.92–3.82 (t, J = 4.05 Hz, 2H, –CH2), 3.68–3.61 (t, J = 4.0 Hz, 2H –CH2), 3.61–

3.54 (t, J = 4.0 Hz, 2H –CH2). 
13C NMR (100 MHz, CDCl3), δ 201.1, 142.5, 129.0, 

128.7, 126.0, 66.8, 66.6, 52.6, 49.6. HRMS: [M+H]: calculated: 208.0796, found: 

208.0797. 

4-Fluoro-morpholine-methanethione (8) [49] 1H NMR (400 MHz, CDCl3) δ 8.13–8.12 

(d, J = 3.2 Hz, 1H Ar–H), 7.30–7.28 (d, J = 5.3 Hz, 1H, Ar–H), 7.15–7.13 (d, J = 8.6 

Hz, 1H, Ar–H), 7.07–7.03 (d, J = 8.5 Hz, 1H, Ar–H), 4.43–4.40 (t, J = 4.9 Hz, 1H, –

CH2), 3.92–3.83 (d, J = 4.8 Hz,  2H, –CH2), 3.67–3.61 (t, J = 4.4 Hz, 2H –CH2), 3.61–

3.56 (t, J = 8.8 Hz, 2H, –CH2), 3.19–3.15 (t, J = 7.7 Hz, 1H, –CH2). 
13C NMR (100 

MHz, CDCl3), δ 200.11, 170.8, 167.7, 132.9, 128.3, 125.6, 115.7, 66.8, 52.7, 49.8, 44.3. 

HRMS: [M+H]: calculated: 226.0702, found: 226.0699. 

1,3-Phenylenebis(morpholinomethanethione) (9) [50] 1H NMR (400 MHz, CDCl3) δ 

7.38–7.32 (t, J = 7.0 Hz, 1H, Ar–H), 7.28–7.23 (d, J = 2.9 Hz, 2H, Ar–H), 7.22–7.19 (s, 
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1H, Ar–H), 4.45–4.34 (t, J = 4.3 Hz, 4H, –CH2), 3.89–3.82 (t, J = 4.8 Hz, 4H, –CH2), 

3.67–3.56 (d, J = 15.1 Hz, 8H, –CH2). 
13C NMR (100 MHz, CDCl3), δ 199.4, 142.6, 

129.0, 128.9, 126.4, 123.9, 66.8, 66.6, 52.7, 49.7. HRMS: [M+H]: calculated: 337.1044, 

found: 337.1019. 

2-Hydroxy-5-nitro-phenyl-(morpholinomethanethione) (10) 1H NMR (400 MHz, 

CDCl3) δ 11.55 (s, 1H, –OH), 8.09–8.04 (d, J = 11.9 Hz, 1H, Ar–H), 8.0–7.98 (s, 1H, 

Ar–H), 6.99–6.95 (d, J = 9.1 Hz, 1H, Ar–H), 4.37–4.30 (dd, J = 16.5 Hz, J = 4.5 Hz, 

1H, –CH2), 4.21–4.14 (dd, J = 16.7 Hz, J = 4.8 Hz, 1H, –CH2), 3.74–3.69 (t, J = 4.9 Hz, 

2H, –CH2), 3.58–3.52 (dd, J = 10.3 Hz, J = 5.2 Hz, 2H, –CH2), 3.45–3.39 (t, J = 4.4 Hz, 

2H, –CH2). 
13C NMR (100 MHz, CDCl3), δ 192.9, 157.5, 140.0, 130.7, 126.2, 126.3, 

66.5, 66.1, 52.3, 49.3. HRMS: [M+H]: calculated: 269.0596, found: 269.05967. 

3-Nitrophenyl-morpholine-methanethione (11) [46] 1H NMR (400 MHz, CDCl3) δ 

8.20–8.18 (s, 1H, Ar–H), 8.15–8.10 (d, J = 9.0 Hz,1H, Ar–H),7.63–7.59 (d, J = 7.6 Hz, 

1H, Ar–H), 7.58–7.53 (t, J = 7.8 Hz, 1H, Ar–H), 4.44–4.41 (t, J = 4.7 Hz, 2H, –CH2), 

3.91–3.89 (t, J = 4.8 Hz, 2H, –CH2), 3.68–3.65 (t, J = 4.6 Hz, 2H, –CH2), 3.59–3.57 (t, 

J = 4.3 Hz, 2H, –CH2). 
13C NMR (100 MHz, CDCl3), δ 197.3, 148.3, 143.8, 131.8, 

130.0, 123.6, 121.1, 66.7, 66.53, 52.8, 49.6. HRMS: [M+H]: calculated: 253.0634, 

found: 253.0647. 

(1H-imidazole-4-yl) (morpholino)methanethione (12) 1H NMR (400 MHz, DMSO-

D6) δ 12.48 (s, 1H), 7.67 (s, 1H), 4.17 (t, J = 17.8 Hz, 2H), 3.59 (t, J = 15.6 Hz, 6H). 

13C NMR (100 MHz, DMSO-D6), 189.9, 142.3, 135.1, 125.1, 67.1, 66.6, 53.0, 51.0. 

HRMS: [M+H]: calculated: 198.0701, found: 198.0689. 

2-Hydroxy-N-phenylbenzothioamide (13) 1H NMR (400 MHz, DMSO-D6) δ 12.11 (s, 

1H), 9.89 (s, 1H), 8.35 (t, J = 3.0 Hz, 1H), 8.25 (d, J = 3.1 Hz, 1H), 8.05 (d, J = 7.3 Hz, 

1H), 7.46 (t, J = 1.3 Hz, 2H), 7.30 (t, J = 7.0 Hz, 1H), 7.22 (d, J = 1.1 Hz, 1H), 7.19 (dd, 

J = 3.2, 1.6 Hz, 1H), 7.15 (d, J = 1.3 Hz, 1H). 13C NMR (100 MHz, DMSO-D6), 185.5, 

139.1, 137.6, 134.1, 126.8, 124.6, 124.0, 122.7, 121.3, 118.7, 113.0.  D-Mass [M+H]: 

calculated: 230.2552, found 230.2561.   

2-hydroxy-N-(4-nitrophenyl)benzothioamide (14) 1H NMR (400 MHz, CDCl3) δ 8.64 

(s, 1H), 8.64 (s, 1H), 8.27 (d, J = 2.6 Hz, 1H), 8.24 (d, J = 2.6 Hz, 1H), 8.03 (d, J = 8.2 

Hz, 1H), 7.96 (d, J = 7.6 Hz, 1H), 7.56 (t, J = 7.7 Hz, 1H), 7.49 (t, J = 7.1 Hz, 1H), 7.20 

(d, J = 5.1 Hz, 1H), 7.18 (d, J = 5.6 Hz, 1H). 13C NMR (100 MHz, DMSO-D6), 172.5, 
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161.7, 150.4, 136.2, 132.6, 132.2, 131.7, 130.8, 119.7, 117.6, 116.7, 115.6, 113.4. D-

Mass [M+H]: calculated: 275.2318, found 275.2350. 

 

3a.4 Result and Discussion 

3a.4.1 FTIR spectroscopic analysis 

In the FTIR spectrum of PEVA, the characteristic bands of VA emerged at 1736, 1236, 

and 1017 cm-1, whereas the bands of the ethylene group were observed at 2918, 2848, 

1469, 1373, and 720 cm-1 (Figure 3a.4a). The primary bands at 3308, 1632, and 1027 

cm-1 in the FTIR spectrum of cellulose were ascribed to the stretching and bending of 

the O–H bonds and the stretching of the skeletal C–O–C pyranose ring, respectively 

(Figure 3a.4b). The VA bands shifted from 1737, 1236, and 1017 cm-1 in the FTIR 

spectrum of PEVA to 1735, 1230, and 1015 cm-1, respectively, in the FTIR spectrum of 

the cellulose–PEVA composite (Figure 3a.4c). Moreover, the width and intensity of the 

band at 3600–3000 cm-1, which was attributed to the O–H vibration, increased, 

indicating that the –OH groups on the cellulose surface and the polar VA groups of 

PEVA interacted. Upon the addition of AgNPs to the cellulose–PEVA composites, the 

intensity of the band at 3264 cm-1, which corresponded to the O–H vibration, decreased 

significantly. Moreover, the bands at 2915 and 2845 cm-1, which were ascribed to the 

methylene groups, and the band at 1735 cm-1, which was attributed to the vibration of 

the carbonyl bonds of the acetate groups, shifted to 2920, 2855, and 1720 cm-1, 

respectively (Figure 3a.4d). These results indicated that the AgNPs interacted with the 

cellulose–PEVA composites, and in particular, the –OH groups of cellulose played a 

critical role in immobilizing the AgNPs and preventing their aggregation via hydrogen 

bonding [41]. 
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Figure 3a.4. Fourier-transform infrared spectra of (A) poly(ethylene-co-vinyl acetate) 

(PEVA), (B) cellulose, (C) cellulose–PEVA composite, and (D) AgNPs@cellulose–

PEVA hybrid.   

3a.4.2 PXRD Analysis 

The characteristic peaks at 16.04°, 22.46°, and 34.38°, which corresponded to the (110), 

(200), and (004) lattice planes of cellulose, respectively, were observed in the PXRD 

patterns of raw and treated cellulose (Figure 3a.5a and 3a.5b, respectively). The primary 

crystalline peak in the PXRD pattern of PEVA, which was observed at 22.46° and 

presented an intensity of 100 %, confirmed the crystallinity of the polymer. The PXRD 

patterns of PEVA and the PEVA–cellulose composite are illustrated in Figure 3a.5c and 

3a.5d, respectively. The characteristic peaks of PEVA at 21.44° and 23.4° were 

observed in the PXRD pattern of the cellulose–PEVA composite, indicating that 

cellulose was grafted with PEVA. These peaks were also observed in the PXRD patterns 

of the AgNPs@cellulose–PEVA hybrid, indicating that the cellulose–PEVA composite 

served as the support for the hybrid (Figure 3a.5e). Furthermore, the presence of the 

peaks at 15.61°, 24.35°, 26.84°, 35.90°, 40.82°, 43.20°, and 54.90° in the PXRD pattern 

of AgNPs@cellulose–PEVA confirmed the presence of elemental Ag [41]. In addition, 

the presence of these peaks in the PXRD patterns of the freshly prepared and recovered 

catalysts confirmed that the catalyst was stable and did not undergo structural changes 

during the reaction. Moreover, the catalyst was reusable and did not lose its catalytic 

activity. 

C

D

A
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Figure 3a.5. Powder X-ray diffraction patterns of (A) raw cellulose, (B) cellulose, (C) 

poly(ethylene-co-vinyl acetate) (PEVA), (D) the cellulose–PEVA composite, and (E) 

AgNPs@ cellulose–PEVA hybrid. Here, # represents the emergence of a new plane. 

3a.4.3 SEM and EDX analyses 

The SEM images revealed the surface morphologies of the cellulose–PEVA composite 

and AgNPs@cellulose–PEVA hybrid, which varies from the particle-to-particle 

arrangement in a sample. The SEM image of cellulose–PEVA revealed that the 

composite was denser than the AgNPs@cellulose–PEVA hybrid, confirming the 

presence of AgNPs on the composite matrix surface (Figures 3a.6a and 3a.6c). The SEM 

image of the AgNPs@cellulose–PEVA hybrid revealed the presence of a crosslinked 

network in its structure. The mesh-like surface of the cellulose–PEVA composite 

facilitated the insertion of AgNPs in the crosslinked network and the formation of a 

heterogeneous catalytic surface for organic reactions. The elemental composition of the 

cellulose–PEVA composite and AgNPs@cellulose–PEVA hybrid were determined 

using EDX, and the results are presented in Figures 3a.6b and 3a.6d, respectively. The 

experimental data indicated that the cellulose–PEVA composite comprised C (76.4 %), 

O (13.5 %), and Pt (10.2 %), and the AgNPs@cellulose–PEVA hybrid contained C (58.2 

%), O (24.5 %), Pt (16.8 %), and Ag (0.24 %). The presence of Pt in the cellulose–

D
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PEVA composite and AgNPs@cellulose-PEVA hybrid was attributed to the Pt coating. 

Therefore, the EDX results confirmed the presence of Ag in the AgNPs@cellulose–

PEVA hybrid. 

 

                                                      

Figure 3a.6. Scanning electron microscopy images of the (A) cellulose–

poly(ethylene-co-vinyl acetate) (PEVA) composite and (C) AgNPs@cellulose–PEVA 

hybrid. Energy-dispersive X-ray mappings of the (B) cellulose–PEVA composite and 

(D) AgNPs@cellulose–PEVA hybrid. 

3a.4.4 RGB analysis 

Digital images of the components of the hybrid catalyst were obtained using a 

smartphone and were used for RGB analysis using the ImageJ software (Figure 3.7). 

The digital images revealed the changes in color intensity. In the 8-bit digital images, 

the intensity of each primary color ranged between 0 and 255. Therefore, 256 values 

were available for the intensity of each color, where 0 represented black. The remaining 

255 values indicated the maximum intensities or pure colors. The images turned dark or 

bright if the numerical values of the components decreased or increased, respectively. 

The digital images darkened in the following order: rice straw < PEVA < cellulose–

PEVA < AgNPs@cellulose–PEVA (Figure 3a.7a). The RGB intensities of rice straw, 

PEVA, cellulose–PEVA, and AgNPs@cellulose–PEVA indicated that the values of the 

R-, G-, and B-components decreased in the following order: rice straw > PEVA > 

(A)

(C) (D)

(B)
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cellulose–PEVA > AgNPs@cellulose–PEVA (Figure 3a.7b)

 

Figure 3a.7. (A) (i) the cellulose–PEVA composite and (ii) the AgNPs@cellulose–

PEVA hybrid. (B) Bar graph of the RGB intensities of RS, PEVA, the cellulose–

PEVA composite and the AgNPs@cellulose–PEVA hybrid. 

3a.4.5 Mechanical Testing 

PEVA and the cellulose–PEVA composite were subjected to tensile testing. The strain 

of PEVA was 68.7 % at a stress of 1.6 MPa and the maximum displacement of PEVA 

was 25.8 mm at a bearing force of 37.8 N (Figures 3a.8a and 3a.8b). The strain and 

maximum displacement of the cellulose–PEVA composite were 76 % at 2.3 MPa and 

27.4 mm at a force of 53.0 N, respectively (Figure 3a.8c and 3a.8d). These results 

indicated that the cellulose incorporated in the PEVA matrix reinforced the composite 

and increased its mechanical strength. Furthermore, mechanical strength impact tests 

were performed in the Izod and Charpy modes. The impact energies of the 

AgNPs@cellulose–PEVA hybrid in the Izod and Charpy modes were 1.865 and 5.939 

kJ/m, respectively.  
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Figure 3a.8. (A) Stress–strain and (B) force–position curves of poly(ethylene-co-vinyl 

acetate). (C) Stress–strain and (D) force–position curves of the cellulose–

poly(ethylene-co-vinyl acetate composite. 

3a.4.6 Catalytic activity of the AgNPs@cellulose-PEVA nanohybrid for the 

Willgerodt–Kindler reaction 

The catalytic activity of the AgNPs@cellulose–PEVA hybrid was investigated for the 

synthesis of thioamides. A one-pot multicomponent reaction using 4-hydroxy-

benzaldehyde (1 mmol), morpholine (1.2 mmol), and elemental S (1.2 mmol) was 

selected as the model reaction (Scheme 3.2). First, the reaction was performed in DMF 

in the presence of 5 mg of AgNPs@cellulose–PEVA at 110 °C for 6 h, and the yield of 

the desired product was 71 % (Table 3a.1, entry 1). The yields of the reactions performed 

over cellulose or the cellulose–PEVA composite were lower (Table 3a.1, entries 2 and 

3, respectively). Dimethyl sulfoxide (DMSO) has been reported to act as a promoter for 

the modified Willgerodt–Kindler reaction [42]. Therefore, in this study, DMSO was 

used as the solvent for the reaction. The yield of the reaction in DMSO was lower than 

that of the reaction in DMF (Table 3a.1, entry 4). In addition, when water was used as a 

non-toxic solvent, the reaction did not proceed (Table 3a.1, entry 5). Furthermore, the 

yields of the reactions performed in ethanol and tetrahydrofuran were low (Table 3a.1, 

entries 6 and 7, respectively). Based on these results, DMF was selected as the optimal 

(A) (B)

(C) (D)
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solvent for the Willgerodt–Kindler reaction. Next, the reaction performance was 

monitored by changing the reaction temperature and time. The yield increased with 

decreasing the reaction temperature and time (Table 3a.1, entries 8–10). Decreasing the 

amount of catalysts caused a decrease in yield (Table 3a.1, entry 13). The optimal 

reaction conditions were determined to be 5 mg of catalyst, 80 °C, and 2.5 h (Table 3a.1, 

entry 11). 

 

Scheme 3a.2. Reaction of benzaldehyde, morpholine, and elemental S in the presence 

of the AgNPs@cellulose–PEVA hybrid as the catalyst. 

Table 3a.1. Optimization of the reaction conditions for the synthesis of thioamides 

using the Willgerodt–Kindler reaction.  

Entry Catalyst Solvent 
Catalyst 

(mg) 

Temp. 

(°C) 

Time 

(h) 

Yielda 

(%) 

1 
AgNPs@cellulose–

PEVA 
DMF 5 110 6 71 

2 Cellulose DMF 5 110 6 43 

3 Cellulose–PEVA DMF 5 110 6 45 

4 
AgNPs@cellulose–

PEVA 
DMSO 5 110 6 64 

5 
AgNPs@cellulose–

PEVA 
H2O 5 110 6 - 

6 
AgNPs@ 

cellulose–PEVA 
EtOH 5 110 6 37 

7 
AgNPs@cellulose–

PEVA 
THF 5 110 6 35 

8 
AgNPs@cellulose–

PEVA 
DMF 5 90 6 75 
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9 
AgNPs@cellulose–

PEVA 
DMF 5 80 6 79 

10 
AgNPs@cellulose–

PEVA 
DMF 5 80 4 84 

11 
AgNPs@cellulose–

PEVA 
DMF 5 80 2.5 98 

12 
AgNPs@cellulose–

PEVA 
DMF 5 80 2 87 

13 
AgNPs@cellulose–

PEVA 
DMF 4 80 2.5 85 

aIsolated yield. Here, AgNPs, PEVA, DMF, DMSO, EtOH, and THF denote Ag 

nanoparticles, poly(ethylene-co-vinyl acetate), dimethylformamide, dimethyl sulfoxide, 

ethanol, and tetrahydrofuran, respectively. 

Various aromatic aldehydes were used to synthesize thioamides (Figure A9-A38) 

using the Willgerodt–Kindler reaction under the optimal reaction conditions to examine 

the scope and limitations of the reaction. The results are summarized in Table 3a.2. The 

yields of the reactions using aromatic aldehydes with electron-withdrawing and 

electron-donating groups were high, indicating substrate generality. However, the 

product yields of the reactions using aromatic aldehydes with electron-donating groups 

were higher than those of the reactions using aldehydes with electron-withdrawing 

groups. 

Table 3a.2. Synthesis of various substituted thioamides using the Willgerodt–Kindler 

reaction and AgNPs@cellulose–PEVA as the catalyst.  

 

Entry Aromatic aldehyde Product Yielda (%) 

1 

 

2 94 
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2 

 

3 89 

3 

 

4 91 

4 

 

5 87 

5 

 

6 88 

6 

 

7 93 

7 

 

8 90 

8 

 

9 86 

9 

 

10 85 

10 

 

11 83 

11 
 

12 84 
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aIsolated yield. 

Further, to check the electronic effect of aromatic amines, thioamides were synthesized 

using aniline and 4-nitroaniline. As explained in scheme-3.2, amines play an important 

role in reaction mechanism first is to open the S8 ring of elemental sulphur and another 

is to attack at electrophilic carbonyl carbon, for both attack nucleophilicity of amine is 

matter importantly. Further, to check the nucleophilicity of amine, aniline was used 

(Scheme-3.3) in which lone pair at nitrogen participate in resonance with aromatic 

benzene ring. Delocalization of lone pair with benzene ring diminishes the 

nucleophilicity of aniline, which results in a low yield (90 %) of thioamide (13). 

Thereafter, effect of nitro group on aniline (p-nitroaniline) was studied (Scheme-3.3). 

Nitro group is an electron-withdrawing group, which decreases the electron density at 

benzene ring via increasing the resonance or mesomeric effect. From the study, it was 

found that nitro group substituted aniline produced an even lower yield (86 %) of 

thioamide (14).  Thioamide is an important functional group for the synthesis of various 

natural and biologically important compounds. Thioamides are an excellent class of 

organic compounds with diverse pharmaceutical activities such as antifungal, 

antioxidant, antibacterial, antithyroid, antiulcerative, etc. Herein, various thioamides 

were synthesized (1-14) with excellent yield.    

 

Scheme 3a.3. Reaction of salicylaldehyde, aromatic amines, and elemental Sulphur in 

the presence of the AgNPs@cellulose–PEVA hybrid as the catalyst. 

3a.4.7 Reusability of the AgNPs@cellulose–PEVA hybrid catalyst  

The primary advantage of heterogeneous catalysts is their reusability. Regeneration and 

reusability are attractive features of the developed catalyst in terms of sustainability. 

The AgNPs@cellulose–PEVA catalyst was easily separated from the reaction mixtures 

via centrifugation. Subsequently, the AgNPs@cellulose–PEVA catalyst was washed 

with methanol and water and dried at approximately 55 °C. Thereafter, the recovered 

catalyst was used for the next catalytic run. The catalyst was highly stable and could be 

reused for at least eight runs without significant catalytic activity loss, as illustrated in 
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Figure 3a.9a. The catalyst recovered after five reaction cycles was subjected to SEM 

analysis. The surface of the recovered catalyst was not significantly different from that 

of the fresh catalyst, indicating the high recyclability of the AgNPs@cellulose–PEVA 

catalyst for the synthesis of thioamides. A blank experiment without the 

AgNPs@cellulose–PEVA catalyst was performed at 80 °C. The efficiencies of the 

reactions performed with and without a catalyst were the same over the first 60 min. 

However, as the reaction time was increased, the efficiency of the reaction without the 

AgNPs@cellulose–PEVA catalyst was low; moreover, the reaction was not complete 

even after 160 min, and the product yield was only 45 %. These results indicated that 

the AgNPs@cellulose–PEVA catalyst was critical for an efficient reaction (Figure 

3a.9b). 

 

Figure 3a.9. (A) Reusability of the AgNPs@cellulose–PEVA catalyst, (B) Reaction 

yields with or without the AgNPs@cellulose–PEVA catalyst. 

3a.4.8 Proposed mechanism 

A mechanism for the synthesis of thioamides using the AgNPs@cellulose–PEVA 

catalyst was proposed, as illustrated in Scheme 3.4. The AgNPs anchored on the surface 

of the cellulose–PEVA composite via hydrogen bonding facilitated the nucleophilic 

attack of morpholine by increasing the electrophilicity of the carbonyl groups through 

non-covalent interactions [43].  The attack of morpholine on S caused the S8 ring to 

open and induced the formation of polysulfide ions. During the next step, enamine was 

formed via water removal, and simultaneously, the polysulfide ions acted as a 

nucleophile, attacking enamine and forming new C–S bonds. Lastly, H was eliminated, 

and the polysulfide moiety formed thioamide and the catalyst. 

 

(A) (B)
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Scheme 3.4. Proposed mechanism for the synthesis of thioamides using the 

Willgerodt–Kindler reaction and the AgNPs@cellulose–PEVA catalyst. 

 

3a.5 Conclusion 

A solid support comprising a biomass-derived cellulose–PEVA hybrid embedded with 

AgNPs was prepared. The developed hybrid catalyst was used for the synthesis of 

thioamides using the Willgerodt–Kindler reaction. Several biologically important 

thioamides were prepared using various aldehydes and the fabricated hybrid catalyst. 

The AgNPs@cellulose–PEVA hybrid catalyst presented excellent catalytic efficacy for 

the Willgerodt–Kindler reaction, facilitating the selective formation of C=S bonds. The 

AgNPs@cellulose–PEVA catalyst exhibited high stability, excellent reusability, and 

sustained heterogeneity in the reaction media. We believe that the fabricated hybrid 

catalyst can promote the large-scale preparation of thioamides.  
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Chapter 3B 

Ionic liquid functionalized Fe3O4 core-shell nanoparticles: A 

magnetically separable Brønsted acid catalyst for the 

synthesis of polythioamides 

 

 

 

 

 

 

 

Singh, A.; Singh, N.; Kaur, N. Appl Organomet Chem 2022, 36, e6909. 



 Chapter-3B | 92  
 

3b.1 Aim and Objectives 

In these days’ the development of multicomponent-based polymerization gaining 

much attraction, keeping this point in view we synthesized fluorescent conjugated and 

non-conjugated polythioamide in one pot using di-aldehyde, di-amines, and elemental 

sulfur in the presence of IL@Fe3O4NPs as a catalyst via willgerodt kindler reaction. 

Here ionic liquid coated over magnetized iron nanoparticles heterogenous catalysts 

were synthesized. Polymerization of multicomponent reaction proceeds smoothly in 

the presence of a catalyst at ambient temperature with excellent yield. As magnetic 

catalyst recovered easily from the reaction mixture, this method shows excessive 

potential for an efficient polymerization approach toward structurally diversified 

willgerodt kindler reaction. By the development of a new magnetic catalyst, we 

overawed the limitations of multicomponent polymerization such as the poor solubility 

of polymer, low molecular weight, stoichiometric balance, easy removal of the 

catalyst, and complicated workup.    

3b.2 Introduction   

The development of polymer with various functionalities is an efficient methodology 

and has great industrial applications as it has properties of Stimuli-responsive, 

controllability, and reversibility [1-2]. Besides this heterocyclic polymers have drawn 

attention due to their photophysical, mechanical, and electrical properties [3]. 

Polymerization usually starts with a simple reactant to obtain the desired polymer 

product [4]. A tandem polymerization has advantages over normal polymerization 

reactions, as a specific product is obtained without isolating the intermediate and 

minimum workup [5]. In the last few years, various reactions including Ugi [6-9], 

Mannich [10], Biginelli [11-16], Passerini [17-21], Kabachnik-fields Reaction [22], 

Hantzsch [16], etc. have been used to synthesize polymer into chemistry. Based on the 

reactant used, multicomponent reactions are categorized as isocyanide [23-24] (

 ) based multicomponent reaction (MCR), non-isocyanide-based 

multicomponent reaction, and metal-catalyzed MCR [25-27].  Direct use of metal in 

MCR is not a good approach, as its removal from the reaction mixture is very difficult 

and causes environmental pollution [28-30]. Avoiding the direct use of metal in MCR 

is an attractive alternative [31]. Multicomponent polymerization from three or more 

reactants with metal-free conditions attracted particular attention of scientists [32-33]. 

Willgerodt-kindler is a three-component reaction of aldehyde, amines, and elemental 



Chapter-3B | 93  
 

sulfur used for tandem polymerization synthesis [34-35]. These type of thioamide-

based polymers shows high luminescence and can be used for adsorption of heavy 

metal ions [35-36]. In the last few years, poly-thioamide has gained great attention due 

to its high efficiency in the removal of Mercury, Gold, and polypeptides [25]. 

Willgerodt kindler reaction shows semi-conductivity, high refractivity, 

electrochemical properties, and sulfur-containing polyamide has wide applications 

[34]. However, the use of long reaction time, high temperature, use of organic solvent, 

low yield, use of metal-based catalysts, and non-sustainability limit their wide 

applications [37]. Besides this, their workup and purification are also difficult [37]. To 

overcome these limitations, we require a catalyst that is eco-friendly, has high catalytic 

efficiency, recyclability, and is easy to remove. Addressing the indispensable need for 

a sustainable catalytic system, a new composite is synthesized with ionic liquid (ILs), 

because of its excellent chemical and physical properties gained much attention [38-

39]. In these days fabrication of iron oxide nanoparticles received considerable 

attention due to less expensive production methods, environmentally friendly 

processes, and facile catalyst recovery [40]. Ionic liquid with a substituted group can 

be used as a catalyst and green solvent in various transformations [41-42]. Ionic liquid 

also be used in many applications such as electrochemical bio-sensing, bio-diesel 

preparation, thermal energy management, formation of carbonate from CO2, etc. [43]. 

Because of consistency and insupportable viscosity, it’s very difficult to remove and 

reuse ionic liquid which limits its applications. To overcome this limitation, it is 

necessary to modify ionic liquid, so that it can be easily reused and removed from the 

reaction mixture. Magnetically removable IL1-2@Fe2O3 catalyst satisfied the 

requirement of green catalyst, as it eliminates the tendon techniques such as filtration 

and centrifugation which are used for recovery of catalyst. Thus, magnetically 

recovery of catalyst avoids the catalyst loss, saves energy, and is less time-consuming 

[44]. The use of expensive metals such as Pt, Ag, Au, Pd, etc. is replaced by 

magnetically recoverable catalysts, which cause lots of negative effects on the 

environment [45-46].    

In this respect, we restrained magnetic Fe2O3 nanoparticles in the core of an acidic 

ionic liquid, and a magnetic catalyst with a porous surface was obtained [47]. 

Magnetically separable nanoparticles have excellent properties and are an emerging 

class that can be easily separated by a simple application of a magnet with minimum 

catalyst loss. Among all these methods one which preserves the composition and 



 Chapter-3B | 94  
 

structure of ligands is widely accepted. Since the catalyst is on a nanoparticle scale and 

has a large surface area, highly effective for catalytic activity. Fe2O3 nanoparticles are 

very popular however, the bare use of these nanoparticles is highly unstable when used 

in both acidic and basic conditions, due to their aggregation in solution [48].    

Addressing the need for a catalytic sustainable system, a magnetically removable 

catalyst was developed. Recently we have reported the synthesis of thioamides and 

polymerization of biginelli reaction, catalyzed Ionic liquid@Fe3O4 NPs [49-50]. Thus, 

based on our previous work, herein we synthesized magnetically removal IL1-

2@Fe3O4 heterogeneous catalyst which was further used for the synthesis of polymer 

via willgerodt kindler reaction with a simple and facile method. Fe3O4 NPs have high 

affinity towards the functional groups, present in ionic liquid and we found that IL1-

2@Fe3O4 performs high catalytic properties for synthesis for thioamide-based polymer 

and recycled with minimum loss of activity. To evaluate stimulus of the morphology 

and catalyst structure on its properties, the nanoparticle mixture was characterized 

using infrared spectroscopy (IR), Dynamic light scattering (DLS) technique, Nuclear 

magnetic resonance (NMR), scanning electron microscopy (SEM), powder X-ray 

diffraction (PXRD) and energy dispersive spectroscopy (EDS).     

3b.3 Experimental Section 

3b.3.1 General information  

All the chemicals used in this work were purchased from TCI, Avra, and Sigma-

Aldrich Co and were used further without purification. Physical and chemical 

properties of synthesized material were investigated through various techniques 

including; A JEOL instrument operated at 400 MHz was used to obtain 1H-NMR 

spectra and similarly, an instrument operated at 100 MHz was used to obtain 13C-NMR 

spectra. The deuterated solvent is used as an internal reference to measure the chemical 

shifts. Further, molecular mass and poly-dispersive index (PDI) of synthesized 

polythioamides were evaluated at room temperature through GPC (Agilent 1260 

Infinity II GPC/SEC MDS). Thereafter, FTIR analysis was performed using the 

Hyperion 2000 (Bruker Optics) FTIR system. Surface morphology of synthesized 

materials was examined through SEM, EDS, and elemental dot mapping using a JEOL 

JSM-6610-LV instrument. A UV-visible absorption spectrophotometer (Shimadzu 

UV-2400) was used to determine the photophysical properties of materials. The UV 

cuvette was made up of quartz with a path length of 1.0 cm. Further, fluorescence 
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behavior of material was determined using PerkinElmer LS 55 fluorescence. 

Thereafter, to get insight into the structure HRTEM (Hitachi H-7500, Japan) and AFM 

were used. PXRD measurements were performed to analyze the crystallinity and 

planes of materials, using a Miniflex (Rigaku) diffractometer. DLS utilizing the 

external probe feature of a particle size analyzer (Metrohm Microtrac Ultra Nanotrac).  

 

3b.3.2 Synthetic procedures 

Iron oxide nanoparticles synthesis: Fe3O4 Nanoparticles were prepared via the control 

precipitation method. Ferric chloride hexahydrate (FeCl3.6H2O) and ferrous chloride 

tetrahydrate (FeCl2.4H2O) in a ratio of 0.25:0.65 were dissolved in distilled water and 

were kept on a magnetic stirrer for 30 min at 80 ºC to make a homogenous solution. 

0.5M NaOH was prepared and added dropwise to the homogenous solution till pH 

reached around 11. Black precipitates were obtained, centrifuged the ppts, and washed 

with distilled water.       

3b.3.3 Synthesis of ionic liquids 

IL1 [Scheme 3b.1] was synthesized to dissolve 1-Hydroxy-2-napthoicacid in 

acetonitrile (ACN), further triethylamine was added to initiate the reaction and was 

refluxed for 40 min at 75 ºC, a homogeneous mixture was obtained. In the obtained 

mixture 1,2-dibromoethane was added and refluxed for 48 hrs at the same reaction 

conditions. The reaction was concentrated on a rota-evaporator and white crystals were 

obtained. N-methylimidazole was added in the obtained white crystals; refluxed the 

reaction for overnight at same reaction conditions and was characterized through 1H-

NMR (figure 3b.1), 13C-NMR (figure 3b.2), and Mass spectroscopy (figure 3b.3). 

Formed IL1 was characterized by FTIR v(cm-1): 2972, 2922, 2728, 2669, 1721, 1662, 

1463, 1400 1252, 1164, 1041, 764, 576 and confirmed the presence of functional group 

like -COOH (figure 3b.4). 
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Figure 3b.1: 1H-NMR Spectra of IL1. 

 

 

Figure 3b.2: 13C-NMR Spectra of IL1. 
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Figure 3b.3: Mass spectroscopy of IL1. 

 

Figure 3b.4: IR spectroscopy of IL1. 

 

Similarly, IL2 [figure 3b.5(B)] was synthesized using 3-hydroxy-4-nitrobenzoic 

acid following the same procedure and characterized through FTIR, Mass 

spectroscopy, 1H-NMR, and 13C-NMR. Further, the synthesis of a new catalyst (IL1-

2@Fe3O4), was carried out via a controlled precipitation method (scheme 3b.2) and 

fully characterized using different techniques.   

Characterization of IL1: 1H NMR (400 MHz, DMSO-d6) of IL1 δ(ppm) 11.66 (s, 

1H, O-H), 8.27 (d, 1H, ArH), 7.87 (d, 1H, ArH), 7.79 (s, 1H, ArH), 7.74 (d, 2H, ArH), 

7.67 (t, 1H, ArH), 7.57 (t, 1H, ArH), 7.40 (d, 2H, ArH), 4.67 (t, 3H, -CH2), 3.85 (t, 3H, 
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-CH2), 3.31 (s, 3H, -CH3). 
13C NMR (100 MHz, CDCl3), δ=170.1, 160.2, 137.3, 130.4, 

128.3, 126.9, 124.6, 124.5, 124.3, 123.7, 122.9, 119.6, 105.8, 65.5, 46.2, 31.1.  Mass 

data Calculated: 297.1215, Found: 297.1215. 

Characterization of IL2: 1H NMR (400 MHz, DMSO-d6) of IL1 δ(ppm) 11.65 (s, 

1H, O-H), 8.26 (d, 1H, ArH), 7.88 (d, 1H, ArH), 7.73 (s, 1H, ArH), 7.67 (d, 1H, ArH), 

7.57 (d, 1H, ArH), 7.42 (s, 1H, ArH), 4.65 (t, 3H, -CH2), 3.84 (t, 3H, -CH2), 3.34 (t, 

3H, -CH3). 
13C NMR (100 MHz, CDCl3), δ=170.0, 160.17, 137.33, 130.43, 128.27, 

126.89, 124.57, 123.72, 119.55, 105.80, 65.46, 46.17, 31.18.  Mass data Calculated: 

292.0911, Found: 292.0911.   

 

Scheme 3b.1: Synthesis of ionic liquid (IL1). 
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Figure 3b.5: Chemical Structure of prepared ionic liquids (A) IL1 and (B) IL2.   

Scheme 3b.2: Synthesis and structural features of IL1@Fe3O4 and IL2@Fe3O4 via 

control precipitation method. 

3b.4 Results and Discussion 

3b.4.1 Crystal structure and crystallinity 

 PXRD pattern of Fe2O3 and IL1-2@Fe3O4 was determined to check the crystalline 

structure and plane of compounds (figure 3b.6). From this pattern we compare the 

pattern of bare Fe2O3 with coated Fe2O3 with ionic liquids (IL1-2) which elucidated the 

coating of ILs over single phase iron oxide nanoparticles. From obtained spectra it was 

found that Fe2O3 NPs [figure 3b.6A(i)] have a crystalline nature with diffraction peaks 

at 30.08, 36.06, 43.12, 57.16, 59.12, and 62.67 are indexed as (220), (311), (400), 

(422), (511), and (400) respectively. All these palens correspond to cubic unit cells of 
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magnetite and it match with inverse spinal of crystal. the diffraction peaks of 

IL2@Fe3O4 [figure 3b.6A(iii)] are broader with very high intensity than those of 

IL1@Fe3O4 [figure 3b.6A(ii)] indicating more crystallinity and fine nature of hybrid.  

Further, to check the hydrodynamic size distribution and size of the catalyst, 

dynamic light scattering (DLS) was performed (figure 3b.6b-d). Shows bare Fe3O4 has 

an average diameter of 34.5 nm (figure 3b.6b). The average diameter for each 

IL1@Fe3O4 and IL2@Fe3O4 is 84.60 nm and 82.30 nm respectively which shows 

hydrodynamic size increases with coating of IL1-2 on bare Fe3O4 (figure 3b.6c-d).  

 

Figure 3b.6: (A) PXRD spectra of (i) Fe2O3, (ii) IL1@Fe3O4, and (iii) 

IL2@Fe3O4. Dynamic light scattering (DLS) of (B) Fe2O3, (C) IL1@Fe3O4, and 

(D) IL2@Fe3O4. 

3b.4.2 Surface morphology analysis  

To reveal the surface morphology of bare and coated Fe2O3 with ionic liquids (IL1-2) 

scanning electron microscopy was performed (SEM). Figure-3b.7a shows the SEM 

image of pure Fe2O3, which reveals the spherical morphology of nanoparticles. Except 

few most of the particles are in spherical form and also reveal that particles are 

agglomerated in solution form. The SEM analysis of IL1@Fe3O4 (figure 3b.7b) and 

IL2@Fe3O4 (figure 3b.8a) spherical morphology of catalyst. Due to π- π interaction of 

the aromatic benzene ring it shows scrap-like morphology. Thereafter, the surface 

morphology of both IL1-2@Fe3O4 was analyzed through Elemental dot mapping and 

  

( ii i ) 

( ii ) 

( ) i 

Average Diameter= 34.5 nm 
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Average Diameter= 82.30  nm 
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it came to know individual atoms i.e., Iron, Carbon, Oxygen, and Nitrogen distribution 

throughout surface confirming the homogeneity of the material (figure 3b.7e-h). 

Similarly, HRTEM of IL2@Fe3O4 confirmed core-shell particles of the catalyst (figure 

3b.8c). The experimental data (figure 3b.7c and 3b.7d) indicated that iron-oxide 

nanoparticles composite comprised Fe (63.23%) and O (15.94 %) and the IL1@Fe3O4 

hybrid contained C (9.16 %), O (11.40 %), N (2.39 %), Br (11.35 %), and Fe (45.16 

%) respectively. Similarly, the EDS of IL2@Fe3O4 is shown in (figure 3b.8b). All these 

characterizations confirm the formation of IL1-2@Fe3O4 heterogeneous catalyst.      

   

Figure 3b.7. SEM Image of (a) Fe2O3, (c) IL1@Fe2O3 and EDS spectra of (b) 

Fe2O3, (d) IL1@Fe2O3. Elemental dot mapping of IL1, individual mapping of (e) 

C (9.16%), (f) O (11.40%), (g) N (2.36%), and (h) Fe (45.16%). 

( A ) 

( B ) ( D ) 

( C ) 

( H ) 

( G ) 

( F ) 

( E ) 
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Figure 3b.8. SEM Image of (a) IL1@Fe2O3, EDS spectra of (b) IL2@Fe2O3, and 

c) HRTEM Image of Core-shell IL@Fe2O3 nanoparticles. 

 

3b.4.3 Atomic force microscopy (AFM)  

Further, atomic force microscopy was performed to analyze the surface morphology 

of both IL1@Fe2O3 and IL2@Fe2O3. From the analysis, we found the porous surface 

of IL1@Fe2O3 (figure 3b.9a-b) which provides the heterogenous surface to react and 

trigger the formation of poly-thioamides. Figure-3b.9b shows the 3D top view of 

IL2@Fe2O3, appearance of many peaks and valleys on the surface indicates the rough 

surface of catalyst which is responsible for the adsorption of reactant to carry out 

reaction. Similarly, surface morphology of IL2@Fe2O3 was analyzed through AFM.  
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Figure 3b.9. Atomic force microscopy (AFM) images in (A) 2-dimensional and 

(B) 3-dimensional of IL1@Fe2O3.   

Both ionic liquid IL1 and IL2 show multifunctional properties due to the presence 

of cationic, anionic, and carboxylic functionality. The COOH group can immobilize 

with Fe3O4 NPs and reaction was catalyzed by the cationic part i.e., imidazolium 

moiety. Fe3O4 NPs were synthesized using the control precipitation method. Similarly, 

IL1@Fe3O4 and IL2@Fe3O4 were synthesized using the same conditions. The formed 

nanoparticles were examined using different characterization such as PXRD, AFM, 

DLS, and SEM were used for the particle size distribution of NPs. Further magnetic 

properties of NPs were checked with a piece of magnate. Both IL1@Fe3O4 and 

IL2@Fe3O4 easily separated from the reaction mixture by simple an application of 

magnate (figure 3b.10). Magnetic character of Fe3O4, IL1@Fe3O4, and IL2@Fe3O4 

were evaluated using a simple magnate which used during removal of heterogenous 

catalyst from the reaction mixture (figure 3b.10a-c)  

    

Figure 3b.10. Magnetically separation of A) Fe3O4, B) IL1@Fe3O4, and C) 

IL2@Fe3O4.  

( B ) ( A ) 

( A ) ( B ) ( C ) 
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3b.4.4 X-ray photoelectron spectroscopy (XPS) 

To analyze the binding energy of all atoms X-ray photoelectron spectroscopy was 

performed. Figure-6 depicts the XPS spectra of IL1@Fe3O4, which investigated the 

chemical environment and atomic state of all elements present in IL1@Fe3O4. The full 

range spectra (0-1300 eV) demonstrated the existence of C1s, O1s, N1s, and Fe2p in 

the prepared sample (figure 3b.11a), confirming the presence of iron oxide 

nanoparticles in synthesized ionic liquid. The XPS spectra of Fe2p for the synthesized 

material (figure 3b.11c) show the two characteristic double peaks for both Fe3O4 

phases, which were observed at 724 and 710.5 eV, corresponding to Fe2p1/2 and 

Fe2p3/2 respectively. Which is the good agreement of Fe2p from Fe3O4. Further carbon 

bonded to carbon, nitrogen, and oxygen via single/double bonds, were also observed 

in the prepared material (figure 3b.11a).           

   

Figure 3b.11. XPS spectra of a) IL1@Fe3O4 core peak of C1s, N1s, O1s, and 

Fe2p, b) 1s core peaks of C, O, N, and c) 2p core peaks of Fe.   

3b.4.5 Photophysical properties of the catalyst   

To analyze the degree of reactivity of catalyst photophysical properties are the 

important parameter. UV-visible absorption and emission spectra of IL1@Fe3O4 and 

IL2@Fe3O4 were recorded by using photophysical properties and obtained results 

were compared with bare Fe3O4 NPs. Different absorption profiles of IL1@Fe3O4 and 

IL2@Fe3O4 were recorded at room temperature and absorption spectra were compared 

with bare Fe3O4 nanoparticles. From the spectra, two bands were found at 345 nm and 

471 nm for Fe3O4. Similarly, absorption spectra were recorded for IL1@Fe3O4 with 

shifting of a band at 362 nm and 486 nm which confirms the presence of Fe3O4. The 

shifting of band toward a lower wavelength compared to IL1-2, a blue shift was 

observed which was probably due to ligand-to-metal charge transfer or Fe3+ field 

transmission. Further, absorption spectra of hybrid were compared with IL1-2, and a 

red shift was observed which may be due to different structural profiles, that they 

( A ) ( B ) ( C ) 
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gained during the fabrication of IL1-2, also confirms fabrication was done 

successfully.   

3b.4.6 Adsorption isotherm and acidic strength of the catalyst  

Brunauer Emmett Teller (BET) analysis was done to check the N2 adsorption of all 

three i.e., Fe2O3, IL1@Fe2O3, and IL2@Fe2O3 at room temperature (Figure 3b.12). The 

obtained value of pore volume (PV), average pore diameter (APD), and surface area 

(SA) for all three are shown in table S2. From observed data, we found that SA, PV, 

and APD are slightly larger for IL1@Fe2O3.  

 

Figure 3b.12: N2 adsorption-desorption spectra (BET) of Fe2O3, IL1@Fe2O3, and 

IL2@Fe2O3. 

A titrimetric analysis experiment was performed to check the acidic strength of 

Fe2O3, IL1@Fe2O3, and IL2@Fe2O3. To perform this experiment 10 mg of each Fe2O3, 

IL1@Fe2O3, and IL2@Fe2O3 were dissolved separately in a 50 mL beaker containing 

10 mL of 0.5N hydrochloric acid (HCl). To make a homogenous solution all three 

solutions were stirred continuously at room temperature for 30 min. After preparing a 

homogenous solution remaining portion of hydrochloric acid was estimated via back 

titration using 0.5N sodium hydroxide solution. From the obtained result of back 

titration and BET, it is found that IL1@Fe3O4 NPs showed maximum basic strength 

(5.22) per unit area followed by IL2@Fe3O4. Besides this bare Fe3O4 exhibited 

minimum basic strength per unit area, as illustrated in table 3b.1. After investigating 

the physical and chemical properties of the prepared heterogeneous catalyst, the 

capability of synthesized compounds as solid support materials, was explored for the 

synthesis of poly-thioamides.   

   

Table 3b.1: Acidic strength calculation of Fe3O4, IL1@Fe3O4, and IL2@Fe3O4. 
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SNo. Catalyst Volume of 

0.5 N HCl 

(mL) 

Basic unit 

count (BU) 

(mmol/g) 

Surface 

Area (SA 

(m2g-1) 

RBA 

(mmol/g) 

Relative 

basic unit 

(RBA/0.23) 

1 Fe3O4 0.46 0.23 22.0 0.23 1 

2 IL1@Fe3O4 0.60 0.30 88.0 1.20 5.22 

3 IL2@Fe3O4 0.30 0.15 108.0 0.74 3.22 

 

3b.4.7 Thermal stability of the catalyst  

Furthermore, thermo-gravimetric analysis (TGA) was accomplished to check the 

thermal stability and composition of synthesized catalysts, IL1-2@Fe3O4. From the 

analysis we observed that, initially weight losses for the Fe3O4, IL1@Fe3O4, and 

IL2@Fe3O4 started when the temperature was enlarged from 60 ˚C to 120 ˚C which 

may be because of loss of water from the materials. Beyond this temperature weight 

loss for IL1-2@Fe3O4 was observed, which may be due to the decomposition of Fe3O4 

NPs coated with ILs. From the TGA analysis we found the weight loss for IL1@Fe3O4 

was about 28 % (figure 3b.13b) and weight loss was 50 % for IL2@Fe3O4 (figure 

3b.13a), which helps to estimate the fraction of ILs coated of Fe3O4 NPs, which was 

more for IL2@Fe3O4 compared to IL1@Fe3O4 NPs.  

 

Figure 3b.13: TGA of A) IL2@Fe3O4, and B) IL1@Fe3O4. 

 

 

3b.5 Experimental Section  

3b.5.1 Multicomponent Tandem Polymerization via Willgerodt Kindler Reaction  
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The synthesis of thioamide-based polymer via willgerodt kindler reaction is a three-

component reaction, based on this reaction we design an efficient polymerization 

method for polythioamide synthesis. This is a one-pot synthesis using dialdehyde, 

diamine, and elemental sulfur as reactants (Scheme-3b.3) to synthesize polymers. The 

accomplishment of the entire reaction was monitored by thin-layer chromatography 

(TLC) in a hexane and ethyl acetate solvent system. Further reaction was optimized and 

the role of catalyst, solvent, and stoichiometry has been studied.                              

 

Scheme-3b.3: Synthesis of polymer (P1) using Willgerodt Kindler reaction and IL1-

2@Fe3O4 as the catalyst. 

 

3b.5.2 Catalytic activity of magnetite IL1-2@Fe3O4 nanohybrids   

The most efficient catalyst IL1-2@Fe3O4 was selected for heterogenization to 

magnetically separable nano-catalyst. Here, conditions for the synthesis of 

polythioamide with these catalysts were optimized and originated our investigation by 

optimizing the reaction conditions such as solvent, type of catalyst, and amount of 

catalyst. The optimization reaction was carried out in different solvents such as DMSO, 

DMF, methanol, chloroform, and water. Catalytic amounts varied from 5 to 30 mg for 

optimization of the catalytic efficiency. The catalytic activity of IL12@Fe3O4 was 

investigated for the synthesis of Poly-thioamides in different reaction conditions. 

Initially, effect of solvent was studied, and it was found that reaction got precipitated 

when we used methanol and acetonitrile as a solvent which led to a low yield of poly-

thioamides. Further when we try to use DSMO, water, and chloroform no 

polymerization reaction takes place due to the insolubility of reactants. In DMF (Table-

1, entry-4) all reactant possesses excellent solubility, and reactions proceed smoothly 

with high yield formation of poly-thioamides. When reaction was carried out in a non-

toxic solvent such as water, under same reaction conditions catalyst was not effective 

and reaction did not proceed (table-1 entry-5). DMSO acted promoter for 

polymerization of poly-thioamides via Willgerodt Kindler reaction. When DSMO was 

employed as a solvent for the reaction (table-1 entry-1), it was not effective for reaction 
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conditions. Other solvents such as methanol and chloroform afforded low yield, based 

on all these optimizations DMF is the best solvent for synthesis of poly-thioamides. 

With the optimization conditions in our hand, we prolonged the substrate scope using 

various dialdehyde, diamines, and elemental sulfur for the synthesis of poly-

thioamides (scheme-3b.4) and synthesized thioamides (Figure 3b.14) were 

characterized through 1H-NMR, 13C-NMR, IR, and GPC.    

 

Scheme-3b.4: Synthesis of various polymers (P2-P9) using willgerodt kindler 

reaction and IL1-2@Fe3O4 as the catalyst. 

 

  

Figure 3b.14. molecular structure of synthesized poly-thioamides (P1-P9).  
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3b.5.3 Synthesis of polythioamides in presence of a catalyst     

The polymerization reaction which was carried out via willgerodt kindler reaction 

taken as a model reaction, that was inspected under different catalytic conditions 

(Table 3b.2). To carry out polymerization reaction firstly synthesized material i.e., IL1-

2 and IL1-2@Fe3O4 have been examined for polymerization (Scheme 3b.2). Reaction 

was carried out at 80 ºC for 4 h in DMF and progress of reaction was scrutinized with 

TLC. The result of an investigation of catalyst is explained in (table 3b.3) and 

illustrates that both IL1 and IL2 afforded only 34 % and 37 % yield respectively. 

Whereas, magnetically catalyst IL1-2@Fe3O4 affords high polymerization yield.  

Also, from the investigation, it was observed that IL2@Fe3O4 shows high catalytic 

activity with 87 % yield compared to IL1@Fe3O4 which produces 83 % yield. This 

may be due to one more functional group, which is present on IL2@Fe3O4. As Fe3O4 

NPs have high affinity towards functional groups such as -COOH, -OH, and -NO2, 

hence ILs act as a structure-directing agent. Mechanistically from the literature it was 

found that both IL1@Fe3O4 and IL2@Fe3O4 possess lewis acid character [51], which 

triggers the nucleophilic attack during polymerization (P1-P9). The formation of P1-

P9 was confirmed via infrared spectroscopy, NMR spectroscopy, and gel permeable 

spectroscopy. Further catalytic activity of both IL1-2@Fe3O4 was examined for the 

synthesis of polythioamide via a one-pot multicomponent reaction by means of 

diamines, dialdehyde, and elemental sulfur. Starting with isopthaldehyde, 

ethylenediamine, and elemental sulfur a multicomponent reaction, was selected as a 

model reaction for the synthesis of polymer (P1, scheme-3b.2). First, the reaction was 

performed in DMSO (table 3b.2, entry 1) in presence of 4 mg of IL1@Fe3O4 as a 

catalyst at same reaction conditions mentioned in scheme-3b.2.      
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Table 3b.2: Effect of solvent on the synthesis of poly-thioamides. 

Entry  Solvent  Yield (%)  

1.  

2.  

3.  

4.  

5.  

DMSO  

Methanol  

Chloroform  

DMF  

Water  

70  

65  

55  

80  

-  

 

 

Table 3b.3: Screening of catalyst for polymerization. 

Entry Catalyst Yield (%) 

1. IL1 

 

65 

 

2. IL2 

 

61 

 

3.      IL1@Fe3O4 

 

82 

 

4. IL2@Fe3O4      85 

 

3b.5.4 Polymerization Reaction in presence of a new catalyst  

Isophthalaldehyde (1 eq,), ethylenediamine (1.2 eq), elemental sulfur (2.4 eq), and 5 

mol% IL1-2@Fe3O4 were taken in a 100 mL round bottom flask. Thereafter reaction 

was run for 4 h at 80 ºC with incessant stirring. Accomplishment of reaction was 

checked with TLC in hexane and ethyl-acetate system. After accomplishment of 

reaction, the mixture was decanted into distilled water and precipitates were obtained. 

Precipitate was extracted by filtration and dried at ambient temperature. Thereafter, 

the precipitate was dissolved in ethyl-acetate whereas unreacted sulfur remained 

undissolved, filtering the sulfur and concentrating the solution, solid product was 
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acquired, which was characterized by FT-IR, GPC (Figure 3b.15 and Table 3b.4), and 

NMR spectroscopy. FT-IR peaks found at v(cm-1): 3171, 3034, 2938, 1667, 1522, 

1404, 1273. 1H NMR (400 MHz, DMSO-d6) of IL1 δ(ppm) 10.44 (s, 1H, N-H), 7.80 

(d, 1H, ArH), 7.73 (s, 2H, ArH), 7.66 (s, 1H, ArH), 4.04 (t, 2H, -CH2), 3.62 (t, 1H, -

CH2), 3.10 (t, 1H, -CH2). 
13C NMR (400 MHz, CDCl3), δ=197.3, 143.2, 127.8, 127.4, 

44.8, 44.3.  

 

Figure 3b.15: Gel Permeation Chromatography for synthesis of polythioamides.  

 

Table-3b.4: GPC data and solubility of all synthesized polymers (P1-P9). 

SNo. Polymer Mn Mw (g/mol) PDIa 

1. P1 156510 111000 1.41 

2. P2 166510 121540 1.37 

3. P3 166767 116620 1.43 

4. P4 178643 128520 1.39 

5. P5 155844 133200 1.17 

6. P6 164008 145140 1.13 

7. P7 152076 104880 1.45 
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8. P8 188663 146250 1.29 

9. P9 169275 152500 1.11 

aEvlauated by GPC in THF solution at room temperature.  

3b.5.5 Fluorescence behavior of synthesized poly-thioamides (P1-P9) 

From the fluorescence study, of synthesized poly-thioamide via Willgerodt Kindler 

multicomponent reaction was found that molecules show a fluorescent nature because 

of thioamide monomer, which has fluorescent properties. Which is responsible for the 

greenish-yellow (Figure 3b.16a) appearances, when a solution of polymer (P1) was 

put under the UV chamber. Further, fluorescent nature was confirmed via fluorescence 

spectroscopy (Figure 3b.16b), and found that a band at approximately 352 nm appeared 

for all synthesized polymers (P1-P9).    

 

Figure 3b.16. (A) Image of polymer (P1) under UV chamber and (B) Emission 

profile of the synthesized poly-thioamides (P1-P9) in methanol (10 mM) excited at a 

wavelength of 340 nm.  

3b.5.6 Reusability of Catalyst  

At the end of polymerization reaction catalyst was separated with an external piece of 

magnate and catalyst was washed from distilled water. With 2-3 times proper washing 

catalyst was dried at an appropriate temperature overnight and was reused for next 

polymerization reaction. SEM (Figure 3b.17a) and DLS (Figure 3b.17b) experiments 

were performed to study the surface morphology of recovered catalyst. Undoubtedly, 

there is a change in the surface morphology of catalyst but it was equally efficient in 

producing a high yield up to tenth cycle (Figure 3b.18).   

  

( i ) ( ii ) 
( A ) ( B ) 

In UV Chamber 
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Figure 3b.17: A) SEM image of IL1@Fe2O3 after 7th cycle and B) DLS image of 

IL1@Fe2O3 after 7th cycle. 

 

Figure 3b.18: Reusability of the IL1-2@Fe3O4 catalyst.    

3b.6 Conclusion  

A low-cost ionic liquid coated over magnetized iron oxide nanoparticles heterogeneous 

catalyst was synthesized. The prepared catalyst was used for the synthesis of polymers 

by means of the Willgerodt–Kindler reaction. Different polymers (P1-P9) were 

synthesized with various dialdehydes, diamines, and elemental sulfur. The IL1-

2@Fe3O4 catalyst presented admirable catalytic effectiveness for the polymerization 

using Willgerodt–Kindler reaction, enabling the selective development of thioamide 

bonds. The IL1-2@Fe3O4 catalyst exhibited high stability, admirable reusability, and 

Average Diameter= 100.5 nm

(A) (B)
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sustained heterogeneity in the reaction media. We believe that the catalyst can endorse 

the significant synthesis of polythioamides.   
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Chapter 4 

Biomass-derived Ionic liquid functionalized Cellulose 

embedded with AuNPs as Solid Support Catalyst: An efficient 

Catalyst for the Synthesis of Iodixanol and Iohexol 
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4.1 Aim and Objectives  

In response to the increasing need for green and cost-effective catalysts, a novel 

biomass-derived heterogeneous catalyst that is effective in a number of environmentally 

friendly applications has been synthesized. The heterogeneous catalyst (Au@CIL), 

composed of ionic-liquid-functionalized cellulose embedded with Au nanoparticles 

(NPs), was developed for the selective reduction of the nitro group. The Au NPs are 

formed by the reduction of Au3+ to Au0 with ascorbic acid while embedded in the solid 

support system. In water at 30 °C, the heterogeneous catalyst Au@CIL selectively 

transforms aromatic nitro compounds into the corresponding amines in the presence of 

other functional groups, such as hydroxy, amino, aldehyde, carboxylic acid, and amide. 

Thereafter, the catalyst has excellent activity for the synthesis of medically important 

iodixanol and iohexol.   

4.2 Introduction 

Metal nanoparticles (NPs) have been studied as efficient catalysts owing to their wide 

applications in the pharmaceutical industry, production of fine chemicals, biology, CO2 

reduction, CO oxidation, selective hydrogenation, and C–C cross-coupling [1–4]. The 

dispersion of gold (Au) NPs remained stable for several months [5]. Au NPs with large 

surface areas can act as heterogeneous catalysts with high reactivity and high selectivity, 

and they can be recycled without any loss of catalytic activity [7]. They can also be 

employed in green chemistry because water can be used as a solvent [8]. Because of 

their high surface energy, AuNPs are endangered to association and aggregation in 

aqueous phase catalytic reactions [9]. Which results in a change in the shape and size of 

nanoparticles that may lead to deactivating the surface area and catalytic activity [10]. 

The main drawback is to restore AuNPs from the reaction mixture which limits their use 

as catalysts [11].  

To overcome these limitations many efforts have been conducted to enhance the 

catalytic activity of AuNPs. By immobilization of nanoparticles on many materials such 

as acidic Ta2O5, solid support material enhances their stability [12-14]. Due to its 

renewable nature and hefty reservation on the earth, biomass is a huge energy source 

and has attracted great attention from scientists [15-17]. Biopolymers and natural 

polymers including starch, gelatin, cellulose, chitosan, and sodium alginate, all these 

natural polymers provide solid support in heterogeneous catalysis and show 
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extraordinary ability toward organic synthesis [18-19]. Cellulose is mostly found in 

plants, but also in some animals and bacteria [20]. Due to low cost, high oxygen content, 

and low greenhouse gas emission, it can be used in the pharmaceutical industry, biofuels, 

synthesis, etc. [21]. Because of spherical and porous beads of cellulose, its catalytic 

efficacy can be increased to a greater extent by the embedding of metal ion nanoparticles 

[20]. Moreover, application of cellulose becomes more widened in a chemically 

modified hydrophobic state [22]. The cross-linking properties and large cavity size of 

biopolymers help in the insertion of metal with strong binding energy [2]. From last year 

natural or synthetic polymer is the widely used substance for the stabilization of 

nanoparticles with a certain affinity toward metals, which are soluble in different 

solvents [23]. Thus, this solid-supported catalyst is easily separated from a reaction 

mixture, with proper washing, recovery, and reuse of the catalyst [24]. For supporting 

and stabilizing the nanoparticles, natural and synthetic polymers are broadly used 

materials [25]. Because of the unique and distinctive properties of ionic liquids such as 

wide solubility range, nonflammability, and their properties have been changed by 

simply a variation of cations and anions, which helps to increase the catalytic activity 

[26]. Moreover, ionic liquids (ILs) are used to enhance the mechanical and thermal 

stability of solid support material. CNC-IL hybrid is an admirable support material for 

metal nanoparticles due to excellent chemical stability, mechanical properties, high 

surface-to-volume ratio, size, and eco-friendliness [27]. Ionic liquid-based hybrid is 

recycled easily from reaction mixture and it enhances the adsorption capacity of solid-

supported material, which enhances catalytic activity [28].  

Many solid-supported materials were reported for stabilization of nanoparticles such as 

graphene-supported Fe/Ni NPs, SiO2-supported Cu NPs, COF-supported Pd NPs, 

polymer-supported Pd, cellulose-supported Ag NPs, etc. [29-36]. There are several other 

polymers like hydrogel, have been employed as a solid support material for metal 

nanoparticles [37]. Firstly, metal nanoparticles embedded in material were reduced with 

suitable reducing agents, to get solid-supported metal nanoparticles-based 

heterogeneous catalysts [34]. Many catalysts were reported for the reduction of NO2 

such as Cu catalyzed, Ruthenium complexes, NaI/ PPh3 mediated reduction, MOF, etc. 

[35]. which require organic solvent, high temperature, toxic reagents, more time 

consuming, low conversion, and low yield, to overcome all these limitations we propose 

an ionic liquid functionalized cellulose, embedded with Au nanoparticles heterogeneous 



Chapter-4| 122  
 

catalyst referred as Au@CIL [37]. Presence of ionic liquid on a solid support system 

helps in stabilization of Au nanoparticles and prevents agglomeration through creation 

of a protective environment [38]. After the complete incorporation of ionic liquid into 

cellulose it no longer remains a true liquid, nevertheless, it is measured as a supported 

ionic liquid phase [39]. Furthermore, the blocking effect of ionic liquid plays an 

important role in preventing hydrogen bonding among cellulose [39]. Because of this 

effect, all free hydroxyl groups help in the embedding of metal nanoparticles through 

non-covalent interaction [39]. To determine the morphology, activity, selectivity, and 

stability ionic liquid play an excellent role [40]. A solid-solid solvent-free synthesis 

route is developed with utilization of sustainable resources, for selective nitro reduction 

and minimizing the environmental pollution caused by solvents [40]. Prevalence of NH2 

group aliphatic/aromatic in industries, agrochemicals, pharmaceuticals, and dyes 

inspired us to develop eco-friendly selective strategies for their synthesis [40]. Whereas 

nitro derivatives are the most common toxic and pollutant dyes found in industrial 

wastewater [41-42].     

Herein, we synthesized an Au NPs embedded solid support catalyst (Au@CIL) for the 

selective reduction of Nitro compounds, with a simple and facile method. Abundant 

hydroxyl groups present on the surface of ionic liquid functionalized cellulose help in 

the adsorption of Au NPs. Ionic liquid stabilized the solid support system by a 

combination of electrostatic protection layers. Because of the variation of size of Au 

NPs make them are used as heterogeneous catalysts in wide applications. We found that 

Au@CIL performed excellent catalytic properties for selective reduction of NO2 group 

and recycling with minimum loss of catalytic activity. At last, the synthesized, Au@CIL 

heterogeneous catalyst was fully characterized and used for selective reduction of the 

nitro group.  

4.3 Experimental Section 

4.3.1 Materials  

Benzimidazole, bromo-hexane, Allyl-bromide, and NaOH were used for the synthesis 

of ionic liquid purchased from Sigma-Aldrich, and the cellulose nanocrystals were 

isolated from rice straw via acid hydrolysis [43]. Hydrogen tetrachloroaurate (III) 

trihydrate is used as a source of Au purchased from Sigma-Aldrich. Ascorbic acid used 

for reduction of Au nanoparticles and NaBH4 used in reaction were also purchased from 
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Sigma-Aldrich. Other chemicals such as 4-nitrophenol, 4-nitroaniline, 2-

nitrobenzaldehyde, 2-nitrobenzoic acid, 4-nitroisophthalic acid, 3-amino-1,2-

propanediol, and 4-nitroisopthalate all purchased from TCI chemicals.  

4.3.2 Preparation of Benzimidazole based ionic liquid (IL3)  

Firstly, ionic liquid was synthesized (Scheme 4.1) from benzimidazole using a 

procedure, benzimidazole (1 g) was taken in 100 mL RB and dissolved properly in 

acetonitrile at 80 ºC. As benzimidazole dissolved completely, NaOH (0.5g) was added 

to a reaction mixture which was continuously stirred for 30 min. White precipitates of 

reaction mixture were obtained, bromo-hexane (900 µL) was added and reaction was 

run overnight at the same temperature. Benzimidazole was functionalized and further 

reacted with allyl bromide at the same temperature overnight to give an ionic liquid 

(IL3). The synthesized ionic liquid was fully characterized with 1H-NMR, 13C-NMR, 

and HRMS (Figure 4.1-4.3). 

 

 

Scheme 4.1.  (A) functionalization of Benzimidazole and (B) Synthesis of IL3. 

1H NMR (400 MHz, DMSO-D6) (ASC-1) δ 9.98 (s, 1H), 8.10 (t, J = 4.2 Hz, 1H), 7.98 

(t, J = 5.2 Hz, 1H), 7.63 (d, J = 9.2 Hz, 2H), 6.16 – 5.99 (m, 1H), 5.37 (d, J = 17.0 Hz, 

2H), 5.18 (d, J = 5.7 Hz, 2H), 4.48 (t, J = 7.3 Hz, 2H), 1.91 – 1.81 (m, 2H), 1.28 – 1.16 

(m, 6H), 0.79 (t, J = 6.9 Hz, 2H). 13C NMR (100 MHz, DMSO-D6) δ 142.77, 131.64, 
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131.38, 127.03, 120.83, 114.36, 49.28, 47.21, 31.09, 28.96, 25.85, 22.35, 14.33. HRMS 

data [M+H]: calculate 243.1861, found 243.1872. 

 

Figure 4.1: HRMS data of ASC-1 

 

Figure 4.2: 1H-NMR of ASC-1 
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Figure 4.3: 13C-NMR of ASC-1 

 

4.3.3 Preparation of Cellulose-Ionic liquid hybrid  

Cellulose was extracted from biomass as reported in our previous work [45], and further 

used as a precursor for the preparation of a hybrid in solid form. For this cellulose (1 g) 

was reacted with linker (lactic acid) in the presence of zinc acetate via formation of an 

ester bond (Scheme 4.2). Azobisisobutyronitrile (AIBN) 0.2 g was added in a mixture 

of lactic acid functionalized cellulose and ionic liquid (0.4 g), which generated a radical 

reaction between hydroxyl group of lactic acid and allyl group of ionic liquid result in 

formation of cellulose-ionic liquid hybrid (CIL).  

4.3.4 Preparation of Au@CIL hybrid 

For the preparation of Cellulose-Ionic liquid/Au nanohybrid (Scheme 4.3), in a clean 

beaker, CIL hybrid (1g) and HAuCl3 (0.1g) were taken with continuous stirring for 30 

min at room temperature to make a homogenous solution. 1mL ascorbic acid (50 µM) 

was added dropwise in a homogenous solution color changed to light pink indicating a 

reduction of Au+3 into Au0 nanoparticles. Au@CIL hybrid was obtained which was 

further washed with distilled water to remove unreacted material.      
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Scheme 4.2.  Functionalization of cellulose with (A) Lactic acid and (B) IL. 

 

Scheme 4.3.  Embedded of AuNPs on solid support material. 

4.3.5 Characterization method  

Zeta (ζ) potential is used to determine charge distribution on the molecule, Jeol 

instrument working at 400 MHz for 1H NMR and 100 MHz for 13C NMR. The chemical 

shift was measured in ppm with tetramethyl silane as an internal reference. High-

resolution mass spectroscopy (HRMS) was performed using a Xevo G2-XS QTOF 

(WATERS) mass spectrometer.  Powder X-ray diffraction (PXRD) measurements were 

performed using a Miniflex (Rigaku) diffractometer. Fourier-transform infrared (FTIR) 

spectra were recorded using the Hyperion 2000 (Bruker Optics) FTIR system. To study 

the surface morphology JEOL JSM-6610-LV was used for scanning electron 

microscopy (SEM), energy dispersive spectroscopy (EDS), and elemental dot mapping. 

A UV-visible absorption spectrophotometer (Shimadzu UV-2400) was used throughout 

the experiment with a cuvette made up of quartz.   

 

Ascorbic acid 

Reduction metals ions 

CIL Au@CIL

HAuCl3
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4.3.6 Catalytic activity of Au@CIL hybrid for selective Nitro-Reduction  

80 µL of 0.1 M NaBH4 was taken in a 10 mL vial, with 2.8 mL of nitro derivatives (0.04 

mM aqueous solution) which is going to reduce. Further, 0.04 g of Au@CIL was added 

as a heterogeneous catalyst. The reaction mixture was sonicated properly for 5 min at 

room temperature. Catalytic reduction of nitro derivatives was recorded with a UV-

visible spectrophotometer and background correction was done using denoised water as 

a reference.   

4.4 Result and Discussion 

Formation of Au@CIL heterogeneous catalyst mainly involved three steps (Scheme 4.2 

& 4.3), the preparation of ionic liquid, functionalization of cellulose, and formation of 

Au NPs on the surface of cellulose-ionic liquid, and the whole assembly was fully 

characterized using different techniques.  

4.4.1 Characterizations 

4.4.1.1 Fourier Transform Infrared-Spectroscopy (FTIR)  

Data of neat cellulose was explained in figure 4.4(AI) major peaks at 3336, 1632 and 

1027 cm-1 confirm the presence of O-H stretching, bending, and C-O-C pyranose ring 

skeletal stretching of cellulose. A signal at 2910 cm-1 attributed to asymmetric vibration 

of -CH2. Broadening of -OH peaks explains the inter and intramolecular hydrogen 

bonding. Vibrational peaks at 1157, 1107, 1047, 1025, and 885 cm-1 are attributed to 

asymmetric stretching of -COC bridge, asymmetric stretching of anhydrous glucose 

ring, -CO stretching in a plane, -CH bending and -CH deformation of cellulose 

respectively. As lactic acid reacts with a hydroxyl group of cellulose ester bond 

formation confirms a new peak [Figure 4.4(AII)] of carbonyl at 1650 cm-1
. Further, when 

ionic liquid reacts with cellulose via lactic acid two new peaks [Figure 4.4(AIII)] start 

appearing one at 1646 cm-1 and another at 1427 cm-1 confirming the -NCN- group of 

ionic liquid.  Thereafter, FTIR data were extended to examine the structural changes 

occurring when Au nanoparticles were embedded on the cellulose-ionic liquid surface. 

From the spectra, we found that the stretching vibration of -OH shifts from 3338 to 3311 

cm-1 also bending vibration from 1646 to 1638 cm-1 respectively [Figure 4.4(BII)].     
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Figure: -4.4:  A) FTIR Spectra of (I) Cellulose, (II) Cellulose-lactic acid, (III) 

Cellulose-ionic liquid, and B) (I) Cellulose-ionic liquid, (II) Au@CIL. 

This shift is because, of increased hydrogen bonding between hydroxyl groups on hybrid 

and Au nanoparticles. Hydroxyl group and ionic liquid available on assembly are 

suitable reaction sites for nucleation and growth of Au nanoparticles. Electrostatic 

interaction/hydrogen bonding plays an excellent role in attachment between the hybrid 

and material present in reaction mixture [44]. Thereafter to confirm the binding of Au 

NPs with assembly energy of hydrogen bond was calculated for the free hydroxyl group 

and after binding with Au NPs using equation-4.1: 

EH  = K-1(υ0 -
𝜐

𝜐0
 )          ……...                                    4.1 

υ0 is the frequency of the free hydroxyl group (3650 cm-1), and υ is the frequency of 

hydroxyl and frequency of hydroxyl group after binding with Au NPs. K is constant (3.8 

x 10-3 kj-1). After calculation, it was found that EH was 13.8 and 14.1 kj-1 for cellulose 

and Au@CIL respectively. Both evidence of shifting of -OH frequency and increase of 

energy indicate interaction of -OH with Au nanoparticles. 

4.4.1.2 Crystal structure and crystallinity-X-Ray diffraction  

PXRD was used to determine the variation in crystal structure and planes of materials 

as a result of Au nanoparticles embedded in a cellulose-ionic liquid hybrid (Figure 4.5). 

The pattern [Figure 4.5(AI)] shows characteristic peaks at 2Ɵ= 16.04º (110), 22.46º 

(200), and 34.38º (004) which corresponds, to the lattice planes for cellulose.      

   

(II)

(III)

(A) (B)

(II)

(I)
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Figure: -4.5:  A) PXRD Spectra of (I) Cellulose, (II) Cellulose-lactic acid, (III) 

Cellulose-ionic liquid, and B) (I) Cellulose-ionic liquid, (II) Au@CIL. 

Further, the reaction of cellulose with lactic acid and ionic liquid appearing in two more 

plans figure 4.5(AI & AII) at 2Ɵ= 29º and 43º indicates the functionalization of cellulose 

with ionic liquid. Two significant changes were observed when Au NPs embedded in a 

cellulose-ionic liquid hybrid. Further, the crystalline nature of Au@CIL was also 

confirmed, by appearing of three additional peaks [Figure 4.5(BII)] at 2Ɵ= 39º (111), 

45º (200), and 66º (220) which corresponds to the FCC crystalline structure of Au 

nanoparticles. All obtained peaks from XRD are in good agreement with literature and 

most intense peak obtained at (111) plane suggests the growth of Au NPs over cellulose-

ionic liquid assembly.  

4.4.1.3 Surface Morphology Analysis 

Scanning Electron Microscopy (SEM) images reveal the type of surface morphology 

which varies from particle-to-particle arrangement in the sample. Therefore, to reveal 

this morphology, various samples were examined under SEM analysis. The dense 

structure (Figure 4.6a) of cellulose-ionic liquid is because of interlinked network 

assembly. Furthermore, SEM analysis (Figure 4.6b) was performed after embedding of 

AuNPs over cellulose/ionic liquid polymer. EDX spectra (Figure 4.6c-d) displayed that 

Au nanoparticles were embedded over the surface of a cellulose-ionic liquid. From these 

spectra, it was found that elemental composition of Au@CIL includes carbon (53.75 %), 

oxygen (42.21 %), nitrogen (2.10 %), and gold (1.94 %). Elemental dot mapping (Figure 

4.7d-g) also confirms the uniform distribution of elements on Au@CIL. This further 

supports that Au nanoparticles were embedded in Cellulose-ionic liquid support. Further 

to check the shape of gold nanoparticles, embedded in cellulose-ionic liquid HRTEM 

(A)

(I)

(II)

(III)

(II)

(I)

(B)

110

200

004
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was performed (Figure 4.7a-c), from the figure it was found that AuNPs dispersed over 

the material without any aggregation (Figure 4.7a) and it was clear that AuNPs were 

successfully formed on the surface of material with perfect shape and size. Fivefold 

pentagonal symmetry can also be seen in figure 4.7c, two more symmetries, trigonal and 

hexagonal also appeared during formation of AuNPs (Figure 4.7b).   

 

Figure 4.6: SEM images of A) Cellulose-ionic liquid and B) Au@CIL. EDX of C) 

Cellulose-ionic liquid and D) Au@CIL. 

 

Figure 4.7: HRTEM of a) Au@CIL, b) trigonal and hexagonal shape of AuNPs 

embedded on CIL Surface, and c) pentagonal shape of AuNPs embedded on CIL 

(C)(A)

(D)(B)

(A)

(B)

(C)

(H) (I)
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Surface. Elemental dot mapping of Au@CIL shows uniform distribution of all atoms 

d) Carbon (yellow), e) Oxygen (orange), f) Nitrogen (green), and g) Gold (violet). 

AFM images of Au@CIL in h) 2D and i) 3D. 

Atomic Force Microscopy (AFM) was performed to get further insight into the surface 

morphology of the catalyst, which reveals 2-dimensional (Figure 4.7h) and 3-

dimensional (Figure 4.7i). AFM images of height profile 3.0 µm, reveal the star-like 

AuNPs on a surface which is responsible for the roughness of Au@CIL and morphology 

confirmed the AuNPs with an average diameter of 30 nm.  AuNPs embedded cellulose-

ionic liquid hybrid are advantages for their application in selective nitro reduction.  

4.4.1.4 Zeta potential 

Thereafter, to check the dispersibility of nanoparticles Zeta potential plays an important 

role. As only hydroxyl group is present on the cellulose surface it shows negative zeta 

potential Figure 4.8a at the whole range of pH. After the functionalization of cellulose 

with ionic liquid zeta potential value was reversed from -39 mV to +43 mV, which 

indicates the successful functionalization of cellulose. Above 35 mV zeta potential 

value, nanoparticle suspension maintains stability. Therefore Cellulose-ionic liquid has 

wide dispersibility in water at a wide range of pH. Blocking effect of ionic liquid plays 

an important role in preventing hydrogen bonding among cellulose in the solid state. 

The low value of zeta potential at high acidic and basic medium also reveals that it is 

prone to solidify under these conditions because of charge shielding. Moreover, the 

effect of Au nanoparticles on the zeta potential of cellulose-ionic liquid was studied 

(Figure 4.8b). From spectra, it was found that zeta potential increases as Au 

nanoparticles are embedded on a cellulose-ionic liquid surface. 

 

(A) (B)
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Figure 4.8: Zeta potential A) Comparison of CNC with CIL and B) Comparison of 

CIL with Au@CIL as a function of pH values. 

A primary mechanism for the formation of Au@CIL was proposed by considering all 

the characterizations such as FTIR, PXRD, SEM, EDX, Elemental dot mapping, Zeta 

potential, HRTEM, and AFM. Ionic liquid increases high surface-to-volume ratio. 

Because of the blocking effect, a large number of hydroxyl groups are used for Au 

nanoparticle’s adsorption and tight attachment to the surface. Au+3 reduces to Au0, after 

addition of ascorbic acid, and color changes to pink, which indicates the successful 

reduction. Solid phase hybrid presents the synthetic pathway that impeded the mobility 

of Au nanoparticles, stabilized the nanoparticles, and inhibited the particle's growth. 

4.4.2 Catalytic activity of Au@CIL for selective nitro reduction 

To carry out the reduction reaction 3.0 mL of 0.4 mM aqueous solution of 4-nitrophenol 

was taken in a glass vial and 100 µl of 0.1 M NaBH4 was added. Further reaction mixture 

was sonicated for 2 min to make a homogenous solution. To this mixture, Au@CIL (0.04 

g) was incorporated as a heterogeneous catalyst. From this analysis, we got greater than 

99 % yield within 12 min of reaction time at room temperature (Scheme 4.4).  

 

Scheme 4.4: Model reaction for the reduction of 4-nitrophenol in presence of 

Au@CIL. 

4.4.3 Mechanistic insight 

Taking 4-nitrophenol, a representative example, it reduces into its corresponding amino 

derivatives, and reaction proceeds via formation of some intermediate, such as nitroso 

and N-phenylhydroxylamine (Scheme 4.5). Such products lead to a reduction in nitro 

derivatives. To assume mechanism, time-dependent spectra of 4-nitrophenol were 

recorded via UV-visible spectroscopy using NaBH4 in presence of Au@CIL catalyst. 

After 2 min a new band was noted at 285 nm which corresponds to 4-aminophenol.    
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Scheme 4.5: Proposed reaction mechanism for nitro reduction taking 4-nitrophenol as 

an example. 

After obtaining all evidence in support of the mechanism, reduction of different nitro 

derivatives was carried out. We have chosen the nitro aromatic derivatives because of 

their great interest. Selective reduction of nitro derivatives may be the building block 

for synthesis of large numbers of chemicals. In starting reduction of 4-nitrophenyl was 

carried out and time-dependent titration was recorded in UV-visible spectroscopy 

(Figure 4.9). Reduction of 4-nitrophenol was carried out by NaBH4, in the presence of 

Au@CIL heterogeneous catalyst. At the start of reaction absorbance band at 401 nm 

faded gradually. Meanwhile, a new peak starts appearing at 298 nm, indicating the 

formation of 4-aminophenol (Figure 4.9) and intensity of peak increasing with reaction 

time. Further change in color from yellow to colorless was also evidence for reduction 

of 4-nitrophenol and 94 % conversion was carried out within 12 min at room 

temperature. Same reaction was run in absence of Au NPs i.e., using NaBH4 and 

cellulose, and reaction was monitored for several days. No changes in spectra were 

observed, significant that no reaction occurred. Similarly, various aromatic nitro 

derivatives were used to reduce into their corresponding amines, and results are 

summarized in table-4.1 (2-11). Conversion of these compounds to respective amine 

was achieved at room temperature with high selectivity. 4-fluoronitrobenzene and 2-

chloronitrobenzene is easily reduced into their corresponding amine with high 
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percentage of yield (table-4.1, entry 9-10). Thereafter, when bromine is substituted on 

nitrobenzene yield of 4-bromoaminobenzene was decreased (table-4.1, entry-7). 

Electron withdrawing group (EWG) such as carboxylic acid also decreases the product 

yield, this is probably due to EWG withdrawing the electron density from a nitro group 

which destabilizes the intermediate (table-4.1, entry 2-5). Electron donating groups 

(EDG) such as amine, hydroxy and alkyl groups increase the product yield, this is 

because EDG stabilizes the intermediate via donating electron density to nitro group 

(table-4.1, entry 1-8).     

Table-4.1 Reductions of various aromatic nitro derivatives into corresponds amines 

using Au@CIL as the heterogenous catalyst.     

 

Entry Aromatic amines Product Yielda 

(%) 

1. 

 

2 >99 

2. 

 

3 98 

3. 

 

4 99 

4. 

 

5 >99 

5. 

 

6 92 

6. 

 

7 98 
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7. 

 

8 95 

8. 

 

9 >99 

9. 

 

10 >99 

10. 

 

11 >99 

a Isolated yield 

 

Figure 4.9: Time-dependent UV-visible spectra of 4-nitrophenol reduction by 

Au@CIL. 

During the reduction of 2-nitrobenzaldehyde at Au@CIL catalytic surface led to 

formation of 2-aminobenzaldehyde illustrated by UV-visible titration shown in figure-

Decreasing the 

concentration of 

4-nitrophenol

Increasing the 

concentration of 

4-aminophenol
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4.10(a). As reduction was started, the original band of 2-nitrobenzaldehyde at 235 nm 

shifted to new spectra having to band at 285 nm and 306 nm which correspond to 2-

aminobenzaldehyde. UV-visible spectra of parent compound and reduced compound are 

clearly separated [Figure-4.10(a)]. Furthermore, new spectra start appearing with a band 

at 275 nm.  

 

Figure 4.10: A) Time-dependent UV-visible spectra of 2-nitrobenzaldehyde reduction 

by Au@CIL and B) time dependent reduction of 2-nitrobenzaldehyde. 

From study, it was found that corresponding band at 275 nm indicates the formation of 

2-amino-benzyl alcohol. To monitor this selective reduction, again time-dependent 

conversion was monitored (Figure-4.10b).  From figure, it was found that after complete 

reduction of nitro group at 12 min, reduction of aldehyde also started. Therefore, from 

this titration, it was concluded that reduction of nitro group in presence of aldehyde is 

time-dependent and reduction of aldehyde starts, as a nitro group is reduced completely. 

Furthermore, catalytic activity was checked in presence of an amine group and titration 

was recorded in UV-visible spectra where absorption band of 4-nitro-aniline at 381 nm 

faded gradually and intensity of band at 239 increased during conversion with a new 

band at 307 nm, start appearing which corresponds to formation of benzene-1,4-diamine 

(Figure 4.11(a)). Thereafter, catalyst was used to reduce nitro group in presence of a 

carboxylic group, which was monitored through absorption spectra. From spectra, it was 

found that a single band of 2-nitrobenzoic acid was obtained at 272 nm (Figure 4.11(b)). 

Further during titration, a new band starts appearing at 308 nm, this spectrum 

0 minute

16 minute

(A) (B)
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corresponds to 2-aminobenzoic acid. 

 

Figure 4.11: A) UV Absorption titration curve of 3-nitroaniline and B) 2-nitrobenzoic 

acid. 

Taking all these points in view and reduction ability of Au@CIL, we synthesized (1e) a 

nitro-based compound (Scheme 4.6) from dimethyl-isophthalate in lieu of medical 

importance. For this dimethyl-isophthalate (1 mmol, 194.2 mg) and 3-amino-1,2-

propanediol (1.2 mmol, 109.3 mg) were taken in a 50 mL round bottom flask. Further 

reaction mixture was dissolved in chloroform (anhydrous) and was refluxed for 4 hours. 

Synthesized derivative (1e) was characterized with D-mass (Figure A39), 1H-NMR 

(Figure A40), and 13C-NMR spectroscopy (Figure A41). Direct use of 1e is toxic and 

harmful for human beings, because of its serious side effect.    

 

Scheme 4.6: Formation of nitro derivatives of dimethyl-isophthalate. 

So, it is important to reduce this derivative into respective amino compounds, which 

have a lot of medicinal importance [46-48]. Keeping in view that reduction should be 

economically favorable, for this purpose, we use Au@CIL heterogeneous catalyst for 

their conversion (Scheme 4.7), and reduction of 1e was carried out using the procedure 

mentioned above. Further, reduced compound was characterized through D-mass 

(Figure A42), 1H-NMR (Figure A43), and 13C-NMR spectroscopy (Figure A44). During 

1H-NMR spectroscopy, a new peak appeared (δ=5.45), which corresponded to -NH2 

group formation and all other aromatic protons shifted towards unfiled. After that 
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reduction efficiency of Au@CIL was compared with reduction efficiency of highly 

expensive palladium oxide (PdO) catalyst and found that Au@CIL is highly effective 

over PdO [49]. Catalytic activity of each catalyst was monitored through LCMS 

technique shown in figure-4.12. 

 

Scheme 4.7: Reduction of nitro derivatives of dimethyl-isophthalate by Au@CIL. 

In LCMS spectra a peak starts appearing at a retention time of 3.77 which corresponds 

to formation of 1f and its intensity increases with time. Some extra peaks were also 

observed in spectra which corresponds to intermediates (Scheme 4.5) formation. Figure-

4.12a shows nitro reduction with PdO within a time interval of five minutes, this 

reduction was compared when titration was carried out with Au@CIL (Figure 4.12b). 

Further, to calculate the reduction ability, we have done the LCMS analysis using the 

well-known reducing agent i.e., PdO, and synthesized Au@CIL. From the LCMS 

analysis, we have observed that the time taken for reduction using PdO was 30 min 

whereas the synthesized Au@CIL took 5 min for the same percentage of conversion of 

nitro group to amino group (Figure A51). 
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Figure 4.12: Comparative LCMS titration during reduction of 1e with a) PdO and b) 

Au@CIL. 

4.4.4 Synthesis of iodixanol 

This is a multistep reaction used for the synthesis of iodixanol. compound (1f) synthesis 

in scheme-4.7, after reduction of compound (1e) was used for the synthesis of iodixanol 

(Scheme 4.8). To carry out the synthesis firstly compound (1f, 1eq) is reacted with iodine 

monochloride (ICl, 3.3eq) in alcoholic solvent (MeOH, 10mL). Reaction mixture was 

refluxed at 65 ºC with continuous stirring for four hrs. After complete workup of 

reaction mixture, compound (1g) was extracted. Further, compound (1g, 1eq) reacts 

with acetic anhydride (1.2eq) in presence of sodium hydride to give compound (ASC-

2). Thereafter, iodixanol drug was synthesized via dimerization of compound (ASC-2). 

Dimerization was carried out by taking ASC-2 (1eq), dissolved in alcoholic solvent 

(MeOH, 10mL). A catalytic amount of sodium hydride was added to the solution to 

enhance the reactivity of ASC-2 and epichlorohydrin (1.2eq) was added to reaction 

mixture, as a linker for dimerization of ASC-2. The reaction mixture was refluxed at 60 

ºC for 12 hrs with continuous stirring. After a complete workup of reaction mixture 

iodixanol was obtained, which was further characterized with 1H-NMR, 13C-NMR, and 

HRMS spectroscopy. Molecular ion peak in the HRMS spectrum (Figure-A52) at m/z 

1550.7211 corresponds to [M+H], confirming the formation of iodixanol. 
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Scheme 4.8. Synthesis of Iodixanol. 

4.4.5 Synthesis of iohexol 

Synthesized compound ASC-2 (Scheme 4.8) was further used for the synthesis of 

iohexol (Scheme 4.9). ASC-2 100mg (1.0 eq) was weighed and dissolved in 10 mL of 

pure methanol. The catalytic amount of sodium hydride (5 mg) was added to a solution 

to trigger the reaction. The reaction mixture was refluxed for 5 min over a magnetic 

stirrer. Thereafter, 12.6 µl (1.2 eq) of 3-chloro-1,2-propanediol was added and refluxed 

for 4 hrs. After a complete workup of reaction mixture iohexol was obtained, which was 

further characterized with 1H-NMR, 13C-NMR, and HRMS spectroscopy (Figure A55-

A57). The molecular ion peak in the HRMS spectrum (Figure A55) at m/z 821.8900 

corresponds to [M+H], confirming the formation of iohexol. 

 

Scheme 4.9: Synthesis of Iohexol. 

4.5 Conclusion 

In summary, we have developed a heterogeneous catalytic system based upon gold NPs 

embedded in a hybrid solid support consisting of biomass-derived cellulose combined 

with an ionic liquid. The catalyst, Au@CIL, was successfully applied to the selective 

reduction of aromatic nitro compounds to aromatic amines in high yields, regardless of 

the presence of electron-withdrawing or electron-donating substituents. The present 

method was also applied to the synthesis of the medically important derivative, 

iodixanol and iohexol. The catalyst Au@CIL has high stability and reusability, along 

with sustained heterogeneity in the reaction media, and the proposed method exhibited 

a high Eco-scale value and a low E factor. The developed strategy thus has tremendous 

scope for amine synthesis on an industrial scale. 
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5a.1 Aim and Objectives 

Approximately 35 % of food undergoes spoilage during transportation, storage, and 

harvesting leading to food wastage globally. So, it is necessary to develop and design a 

material through an eco-friendly approach to reduce food spoilage. Gelatin is the key 

biopolymer with the potential uses in numerous sectors such as food packaging since it 

is biodegradable and biocompatible. But for instance, food packaging material gelatin 

itself is not so stable and flexible. To overcome this drawback, we have constructed 

carboxy methyl cellulose and gelatin-based polymeric films with the inclusion of ionic 

liquid. Polymeric film with the addition of ionic liquid, shows tremendous antibacterial 

and antioxidant properties towards food packaging. The antibacterial activity of 

polymeric film was tested on both Gram-negative E. coli (Escherichia coli) and Gram-

positive S. aureus (Staphylococcus aureus) bacteria. It was observed that the ionogel 

matrix shows excellent antibacterial and antioxidant properties in food packaging. 

Further, polymeric film with incorporation of ionic liquid was applied for food 

packaging applications and increases the shelf life of red apples by preventing air 

oxidation.   

5a.2 Introduction 

Microorganisms, toxic gases, dirt, fly ash, release of petroleum products, soil, and other 

pollutants are the foremost problems in all types of industries such as textiles, petroleum, 

chemical, fertilizer, and food industries which can create a hostile odor throughout their 

growth. Over the last decades, synthesis of bio-polymer-based materials using an eco-

friendly method, with antimicrobial properties has fueled the great interest of scientists. 

[1-2]. Besides these properties, biopolymers can be easily extracted from bio-wastes and 

have a wide range of applications [3]. In hospitals, the major harm is caused because of 

nosocomial, which is a substantial and unnecessary loss of health resources [4]. A wide 

variety of microorganisms are responsible for the diseases and infections acquired in the 

hospital [5]. Therefore, marvelous efforts are going on to replace antimicrobial 

compounds with bio-degradable materials [6-7].  It is well known that antimicrobial 

materials derived from bio-polymers may reduce or inhibit microbial contamination 

from food, which is an important concern for human health [8]. Different strategies have 

been proposed with inclusion of antimicrobial agents to minimize the proliferation of 

microbes found in different food packages [9].  
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Every year millions of deaths occur because of increasing foodborne microbial 

illness [10]. In spite of all the efforts going on in this area of research and applications 

like bio-medical devices and materials [11]. All products are derived from 

biodegradable polymers, which further show excellent applications such as packing and 

bioactive films [12]. 

Traditionally, synthetic antioxidants such as butylated hydroxy toluene, propyl 

gallate, and butylated hydroxy anisole, have been used in food for the last decades [13]. 

But all these synthetic antioxidants have several health-related issues, that have aroused 

interest in natural antioxidants, such as gelatin, which is inexpensive, biodegradable, 

and easily derived from plants and has received significant attention due to its 

availability of antioxidant and antibacterial properties [14-15]. According to the Food 

and Drug Administration, gelatin is classified as generally recognized as safe (GRAS), 

which means that gelatin can be directly added to food to increase its life [16]. Gelatin 

itself does not exhibit excellent antioxidant and antibacterial properties, besides these 

its thermal stability is also not good [17]. 

In lieu, of increasing the thermal stability of polymeric matrix, carboxy methyl 

cellulose (CMC) was inserted between the gelatin layers [18]. Insertion of CMC also 

increases the strength of the polymeric matrix [19]. Therefore, we intend to make such 

a gelatin and CMC polymeric matrix film more adaptable with the inclusion of IL which 

exhibits both antibacterial and antioxidant properties [19]. 

The use of ionic liquids has been found to be highly beneficial for synthesis of 

antibacterial and antioxidant polymeric matrix, because of their excellent plasticizing 

and solvating properties [20]. There are a few examples reported by some researchers, 

who developed materials from bio-polymer and ionic liquid which exhibit the properties 

of both antibacterial and antioxidant [21]. A method reported from chitosan-based 

material doped with ionic liquid which exhibits both antibacterial and antioxidant 

properties was further investigated by the observation of zone inhibition against S. 

aureus [2]. Aboomeirah et al. synthesized a material from gelatin and alginate utilized 

for wound healing properties and further, used for bio-mimicking skin substitute [22].  

In present work, we developed a polymeric matrix from biopolymers and ionic liquid 

which have the combined potential of both. In this regard, an ionic liquid was 

synthesized from 1-methyl benzimidazole and salicylate anion, where anionic moiety 

showed excellent antioxidant properties and cationic moiety has potential towards 
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antibacterial action. Furthermore, ionic liquid also works as a cross-linker between the 

gelatin and CMC to strengthen the polymeric matrix.  

Thereafter, the synthesized films were systematically characterized to analyze the 

surface morphology; thermal stability; plasticizing effect of ionic liquid; crystallinity, 

storage and loss modulus, mechanical properties (tensile strength, modulus, and 

elongation at break), and optical properties using SEM, PXRD, TGA, AFM, rheology 

analysis, mechanical testing, and solid-state UV- visible spectrophotometer 

respectively. The S. aureus and E. coli bacteria were taken to check the antimicrobial 

activity of synthesized polymeric film. Further, antioxidant properties of the prepared 

matrix were calculated via the DPPH free radical scavenging method [23]. Thus, a novel 

ionic polymeric film was synthesized, which exhibits antioxidant, antibacterial, and UV-

blocking properties and inhibits food spoilage. Thereafter, polymeric film was tested for 

food preservation ability on a piece of red apple. 

5a.3 Materials and methods 

5a.3.1 Materials 

1-methyl imidazole (ImH), 1bromooctane, and salicylic acid were all purchased from 

Sigma Aldrich (India). Acetonitrile and methanol (solvent) used for the synthesis were 

purchased from TCI Chemicals (Hyderabad, India). Thereafter, bio-polymers such as 

CMC and gelatin (GL), used for the polymeric films were also purchased from TCI 

Chemicals (Hyderabad, India). The microbial strains S. aureus (MTCC-740) and E. coli 

(MTCC-119) were supplied from the Institute of Microbial Technology, Chandigarh, 

India. 

5a.3.2 Synthesis of ionic liquid (IL) 

The Ionic liquid (IL) was designed and synthesized in such a way that offers 

antibacterial and antioxidant properties (Scheme 5a.1). Initially, 1-methyl imidazole (1 

mmol, 82.10 mg) was functionalized using 1bromooctane (1.5 mmol, 289.68 mg) 

through refluxing in acetonitrile (10 mL) as shown in figure-1. Further, reaction mixture 

was concentrated at reduced pressure using a rota-evaporator. A light-yellow liquid 

product was obtained and purified with two to three washing. The synthesized 

compound (ASC-1) was characterized through 1H, 13C, and mass spectroscopy (Figure 

5a.1-5a.3). Thereafter, bromide anion was exchanged with salicylate anion in methanol 

at refluxing conditions. The exchange of bromide with salicylate anion was confirmed 

through 1H and 13C NMR spectroscopy (Figure 5a.4-5a.5). 
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Scheme 5a.1. Synthesis of ASC-1 and IL. 

 

 

 

 

Figure 5a.1. Mass of ASC-1.  
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Figure 5a.2. 1H NMR of ASC-1. 

 

  

 

Figure 5a.3. 13C NMR of ASC-1. 



   Chapter-5A | 155  
 

 

Figure 5a.4: 1H NMR of IL. 

 

 

 

Figure 5a.5. 13C NMR of IL. 

 

Characterization of IL. 1H-NMR (400 MHz, DMSO-d6) δ 9.01 (s, 1H), 7.67 (d, J = 

1.6 Hz, 1H), 7.59 (d, J = 1.6 Hz, 1H), 4.06 (t, J = 7.2 Hz, 1H), 3.79 (s, 1H), 3.76 (s, 1H), 

1.78 – 1.58 (m, 2H), 1.29 – 0.95 (m, 10H), 0.74 (t, J = 6.73 Hz, 3H). 13C-NMR (100 

MHz, DMSO-d6) 169.8, 160.5, 137.0, 136.2, 130.4, 124.0, 123.6, 122.7, 120.1, 117.8, 

53.6, 49.1, 36.1, 31.6, 29.9, 29.0, 26.0, 22.5, 14.4.              
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5a.3.3 Film preparation  

The carboxy methyl cellulose (CMC)-0.5g with a degree of substitution 0.65-0.90 and 

an average molecular weight of 90000 g/mol, solution was prepared in a glass beaker 

containing double distilled water (30 mL). Thereafter, a solution of gelatin powder 

(Type-A, 300 Bloom, 0.5 g) was also prepared in a separate beaker containing distilled 

water (Figure-5a.6). Both the solution was mixed with constant stirring at room 

temperature till to obtain a homogenous solution [24]. The synthesized ionic liquid was 

added in different compositions of 0 %, 5 %, and 20 % w/w with respect to CMC-

gelatin, followed by mixing through mechanical stirring. Further, a homogenous 

solution of CMC-gelatin and IL polymeric matrix was poured into the clean glass petri 

dish and left to dry in a hot air oven at 65 ˚C for 150 min to get different polymeric films 

(Figure 5a.7). All synthesized films with different composition of IL, were characterized 

using various techniques.         

 

Figure 5a.6. Schematic diagram for the synthesis of antibacterial and antioxidant 

polymeric film. 

 

Figure 5a.7. Synthesis diagram of CMC-gelatin and ionic liquid (IL) polymeric 

film.  

Antibacterial

Anti-oxidant 
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5a.3.4 Antibacterial Activity Test against E. coli and S. aureus bacterial strain 

To determine the anti-microbial activity of PF@IL20% membrane, activated bacterial 

culture (100 µL) of S. aureus and E. coli was spread on the surface of 50 × 15 mm Petri 

dishes containing 15 mL of heat sterilized (121 0C, 15 min) luria broth. Turning the 

color of Nev's Ink autoclave tape from white to black indicated that the inside 

temperature is adequate for sterilization. Next, a piece of PF@IL20% membrane sample 

was placed on a solid medium with a value of 107 CFU/mL and incubated for 24 h and 

at a temperature of 37 °C. Thereafter, the zone of inhibition (ZOI) of the sample was 

measured with absolute digimatic calipers(Digital Caliper 1112-200 INZIZE Co, Ltd, 

China) to an accuracy of 0.01 mm. The average value was calculated from the four 

different locations around each sample independently.  

Furthermore, PF@IL with the inclusion of IL0 %, IL5 %, and IL20 % were screened 

against strain S. aureus and E. coli using the reported procedure from our lab [25]. To 

calculate bacterial viability (%). Firstly, luria broth was prepared in double distilled 

water and heat sterilized (121 0C, 15 min). Further, activated microbial cultures of E. 

coli and S. aureus were inoculated in falcon tubes containing 10 mL of media and 

incubated on a rotary shaker (37 ºC). When optical density (OD) reached to 0.48, then 

polymeric films with the inclusion of IL0 %, IL5 %, and IL20 % were placed in the 

bacterial culture, and incubated for 24 h at 37 ºC. The OD of bacteria was measured 

with the help of a UV-visible spectrophotometer at 600 nm, which helped to calculate 

the microbial cell growth. The cell viability was calculated as per following (Equation 

5a.1): 

              Bacterial viability (%) =  
𝑂𝐷600 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)−𝑂𝐷600(𝑡𝑒𝑠𝑡)

𝑂𝐷600 (𝑐𝑜𝑛𝑡𝑟𝑜𝑙)
 ×100                                     5a.1                                     

5a.3.5 Sample preparation of bacterial strain for AFM and SEM analysis 

The PF@IL (1.2mm × 1.2mm × 22μm) was placed in the E. coli and S. aureus (107 

CFU/mL) culture and was incubated (37 ºC) for 24h. Thereafter, a cell pellet was formed 

upon centrifugation (1300 rpm and 2 min) of 1.0 mL of cells and further prepared 

phosphate buffer saline (PBS, 0.1 M, pH 7) was used to wash the cell pellet [19]. 

Afterward, cell pellet was fixed with glutaraldehyde solution (2.5% V/V), and 

sequentially dehydrated at room temperature with addition of ethanol at different 

concentrations such as 30, 40, 50, 60, 80, and 99.9 %. The morphology of PF@IL20% 

treated bacterial cells was then analyzed through both AFM and SEM.        

5a.3.6 Characterization  
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Physical and chemical properties of the developed PF@IL20% were investigated 

through various techniques including; FTIR system (Hyperion 2000, Bruker Optics) 

was used to analyze the bending and stretching mode of the materials. Thereafter, planes 

and crystallinity of materials were measured through a Miniflex (Rigaku) 

diffractometer. Mass spectra of synthesized ionic liquid were analyzed through a Xevo 

G2-XS QTOF (WATERS) spectrometer. Thermogravimetric analysis (TGA) was 

performed on a TGA/DSC 1 STARE SYSTEM from Mettler Toledo with temperature 

increments of 5 °C min-1 in air to check the thermal stability of materials. Furthermore, 

proton NMR spectra of ionic liquid were obtained at 400 MHz using a JEOL instrument. 

Similarly, 13C-NMR spectra were recorded while instrument was operated at 100 MHz. 

During the NMR analysis chemical shifts were measured using a deuterated solvent as 

an internal reference. Photophysical properties of polymeric material with the inclusion 

of ionic liquid were determined using a solid-state UV-visible absorption 

spectrophotometer (Shimadzu UV-2400). The uniform distribution of ionic liquid over 

the gelatin-CMC matrix was analyzed through a JEOL JSM-6610-LV instrument. The 

tensile test was carried out using an ASTM E8 Tensile Tester without an Extensometer 

at room temperature. Atomic force microscopy (AFM) images were acquired using a 

scanning probe microscopy (Digital Instrument Nanoscope III). Surface morphologies 

and elemental analysis of PF@IL20% polymeric film were studied through a JEOL 

JSM-6610-LV instrument.    

5a.4 Result and discussion 

Ionic liquid was prepared from 1-methyl imidazole and salicylate anion, which was 

further used as an antimicrobial material. Depending upon the composition of ionic 

liquid (IL0 % to IL20 %) ionogel matrix shows different properties, with increasing the 

percentage of ionic liquid ionogel matrix shows significant improvement. The surface 

morphology of prepared ionogel was analyzed through SEM (PF@IL20%) and from the 

analysis it was observed that ionic liquid distributed uniformly over the matrix. From 

the morphology, it can be clearly seen that a crosslinked network formed between CMC 

and gelatin, whereas ionic liquid works as a crosslinker. Crosslinking occurs between 

the polymers and ionic liquid, because of hydrogen bonding between them. Due to 

hydrogen bonding available between polymers and ionic liquid, plasticizing and opaque 

polymeric matrix film was obtained (Figure 5a.8). 
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Figure 5a.8. Digital images of prepared polymeric films with different proportions 

of ionic liquid A) IL0 %, B) IL5 %, and C) IL20 %.    

 

5a.4.1 FTIR & PXRD investigation  

The IR spectra of all prepared polymeric matrices were evaluated and plasticizing effect 

of ionic liquid was achieved through hydrogen bonding available between ionic liquid 

and polymers. Formation of hydrogen bonding between polymers and the ionic liquid 

was confirmed through FTIR measurement of prepared polymeric matrix (Figure 5a.9a). 

The amide bond of polymeric matrix shifted to a higher wavenumber (1586 cm-1 to 1638 

cm-1) after the inclusion of ionic liquid (IL5 %) with additional two peaks appear at 

2933 cm-1 and 2878 cm-1 which corresponds to -CH2 stretching and bending 

respectively. Further, amide bond shifted to a higher wavenumber with more addition 

of ionic liquid (IL20 %).     

PXRD was performed to check the crystallinity nature of the all-synthesized 

polymeric matrix with the inclusion of ionic liquid (IL) at a different concentration (IL0 

% to IL20 %). From the experiment, we observed that polymeric films with IL0 % show 

a highly amorphous nature. Thereafter, there was a significant appearance of crystalline 

peaks with inclusion of ionic liquid (IL5 %), and crystallinity further increased with 

more inclusion of ionic liquid (IL20 %) as shown in figure-5a.9b. From all the spectra 

it was observed that ionic liquid generates plasticizing effect in the polymeric films via 

hydrogen bonding between ions and polymeric backbone (CMC and gelatin), leads to 

more crystalline nature of polymeric film. In addition to this Plasticizing effect is also 

confirmed via mechanical testing and FTIR measurement. 
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Figure 5a.9. (A) IR spectra of polymeric matrix with different composition of ionic 

liquid I) IL0 %, II) IL5 %, and III) IL20 %. (B) PXRD spectra of polymeric matrix 

with different compositions of ionic liquid I) IL0 %, II) IL5 %, and III) IL20 %. 

5a.4.2 Morphological and elemental composition analysis of polymeric films 

SEM analysis was executed to reveal the surface morphology of the polymeric matrix. 

Figure-5a.11a, indicates the mesh-like structure of a polymeric matrix with uniform 

distribution of ionic liquid over it. The crosslinked network formed in the polymeric 

matrix is probably due to the hydrogen bonding between the polymeric material and 

ionic liquid (Figure 5a.10). We observed the same type of morphology with the 

inclusion of ionic liquid, while when there is no inclusion of ionic liquid this type of 

morphology was absent. Furthermore, elemental composition was also confirmed 

through EDS analysis (Figure 5a.11b), which indicates that it contains C (43.4 %), N 

(8.1 %), and O (48.5 %) over the polymeric matrix. From SEM analysis, it was 

concluded that morphology of polymeric matrix with the inclusion of ionic liquid 

(PF@IL) is mesh like structure. Furthermore, smoothness of polymeric matrix was 

measured through AFM (Figure 5a.12) analysis and it was observed that smoothness 

varies from 6.01 nm to 24.3 nm.      
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Figure 5a.10. Schematic diagram to show the crosslinking between the gelatin and 

CMC through hydrogen bonding of IL (crosslinker).     

 

Figure 5a.11. A) SEM image and B) electron diffraction spectroscopy (EDS) graph 

of PF@IL20%.   

5a.4.3 Mechanical properties  

All the prepared films were analyzed through mechanical properties, which are shown 

in figure 8, using a UTM (INSTRON) instrument without an extensometer, at 27 °C and 

with a crosshead speed of 2 mm/min. To carry out this experiment samples were 

prepared with dimensions of 3.20 mm wide and 3.70 mm thick, and their calculated 

surface area was 11.8 mm2 (ASTM standards). A prepared film without the 

incorporation of ionic liquid (IL0 %) exhibits minimum mechanical strength along with 

the results 60 MPa, 0.98 mm, and 121 MPa which corresponds to tensile strength, 

elongation at break, and modulus respectively. All these values start increasing when 

(A)
(B)

IL
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the inclusion of ionic liquid takes place (IL5 %) with increases in all values to 67 MPa, 

1.4 mm, and 288 MPa for tensile strength, elongation at break, and modulus 

respectively. From the obtained data it was observed that all these mechanical strength 

increases with the inclusion of ionic liquid. The increase in mechanical strength is 

probably due to an increase in the plasticizing effect of ionic liquid and the hydrogen 

bonding between polymeric materials and ionic liquid. Increasing the mechanical 

strength, we further incorporated the ionic liquid up to 20 % with respect to polymeric 

matrix, values increase to 83 MPa, 1.73 mm, and 400 MPa corresponding to tensile 

strength, elongation at break, and modulus respectively (Figure 5a.13a-5a.13c).  

 

Figure 5a.12. Three-dimensional AFM images for the morphology of prepared 

polymeric films with inclusion of ionic liquid A) IL0 %, B) IL5 %, and C) IL20 %.  

 

Figure 5a.13. Mechanical study of polymeric films with different percentages of 

ionic liquid A) tensile strength, B) modulus, and C) elongation at break.     

5a.4.4 Thermal degradation analysis 

For any materials with biomedical applications such as sensing of mycotoxins, food 

packing, drug delivery, coating, UV shielding, wound dressing, etc. material is essential 

to be sterilized at 150 ˚C. In these aspects to understand the thermal behavior of all the 

prepared polymeric films TGA was executed on a TGA/DSC 1 STARe SYSTEM from 

Mettler Toledo, Switzerland, in an N2 atmosphere (Figure 5a.14a). TGA was performed 

in the range of 42 °C to 813 °C with temperature increment of 10 ˚C/min. In a typical 

TGA experiment, 5 mg of sample was placed in a pan-shaped alumina tube. From the 

experiment, it was observed that the polymeric matrix was quite stable up to 270 ˚C. 

During thermal analysis initially, weight loss has appeared because of loss of moisture 
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from the polymeric matrix. Thereafter, weight loss was detected due to the formation of 

volatile components, and after that weight loss was observed due to the decomposition 

of polymeric matrix. During the decomposition of a polymeric matrix into carbon and 

hydrocarbon when temperature reaches above 320 ˚C weight loss is around 78 %. 

Significant thermal degradation of polymeric films occurred above 320 ˚C was ascribed 

to degradation of biopolymer. The thermal stability of polymeric films at 160 ˚C makes 

them resistant to heat during the sterilization process and because of these properties, 

polymeric films are suitable for food packaging applications.  

5a.4.5 Rheology study 

To examine the gel properties of prepared PF@IL20% films, oscillatory rheology 

experiments were performed using stainless-steel parallel plate geometry on an MCR 

102 rheometer (Anton Paar). A dynamic sweep experiment was carried out at 37 °C, by 

varying the strain from 0.01 to 100 % at a constant regular frequency of 10 rad/s. 

Similarly, a frequency sweep experiment was carried out in a frequency range of 100 to 

0.0 rad/s at constant strain (0.1 %). 

A rheological experiment with PF@IL20% was executed in aqueous media (pH 7) 

to examine the gel properties and the obtained result is summarized in figure 9b. Same 

frequency conditions were used to execute all other frequency sweep experiments. It 

came to know from frequency sweep experiment that storage modulus (Gꞌ) does not 

depend upon the angular frequency (rad/sec), and loss modulus (Gꞌꞌ) was less than 

storage modulus (Gꞌ) at all frequency values, indicates the formation of gel type material 

(Figure 5a.14b). From the rheology it came to know that at same angular frequency of 

17.8 rad/sec, Gꞌ is 4760 Pa, whereas Gꞌꞌ is 599 Pa. From the obtained data it was 

confirmed that Gꞌꞌ is much lower than Gꞌ, indicating the material is in a gel state [26]. 

 

Figure 5a.14. A) Thermogravimetric analysis (TGA) of all prepared matrices and 

B) rheology study of PF@IL20%.  
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5a.4.6 Optical (light transmission) properties 

It is necessary for any bioactive polymeric films (PF@IL20%) they block the passage 

of harmful UV light regions and only allow the visible range of light (400-800 nm) at 

its best. Further, to analyze the optical properties transmittance of each prepared 

polymeric film was calculated. From the obtained data sun protection factor values 

(SPF) were calculated using the equation-5a.2.  

SPF (spectrophotometric) = CF × Ʃ 290 Λ 320[EE(λ) × I(λ) × Abs(λ))]               5a.2 

Where EE and I represent the erythemal effect spectrum and intensity spectrum 

respectively. Abs is the absorbance of prepared polymeric films. Here correction factor 

(CF) has a constant value =10.  

From figure-5a.15b it was clear that the prepared film with IL0 % has some opacity 

in the UV region (200-350 nm) and further, this opacity decreased to 0 % with more 

inclusion of ionic liquid (IL20 %). The prepared polymeric film PF@IL20% has very 

high opacity in the visible region (400-800 nm). From the obtained transmittance data 

of all polymeric films, we calculated the sun protection factor (SPF) values (Figure 

5a.15b). From obtained transmittance and SPF data, it can be concluded that the 

prepared polymeric films with 20 % inclusion of ionic liquid have excellent UV 

Blocking capacities. UV light is the most critical factor for any eatable items, which 

leads to nutrient loss and degradation of food items. In lieu of avoiding the spoilage and 

nutrient loss of food, ideal food packing materials are necessary. 

   

Figure 5a.15. a) Transmittance of prepared polymeric films with different 

compositions of ionic liquid and b) Sun protection factor of prepared polymeric films 

with different compositions of ionic. 

5a.4.7 Antibacterial Activity 

Anti-bacterial activity of polymeric films with the inclusion of IL0 %, IL5 %, and IL20 

%, against both E. coli and S. aureus were assayed. The results (Figure 5a.16a & 5a.16b) 
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revealed the growth inhibition of E. coli bacterial colonies surrounding the PF@IL20%. 

However, the ZOI was slightly observed with no inclusion of ionic liquid (IL0 %). 

Thereafter, ZOI starts appearing with the inclusion of ionic liquid (IL5 %). 

Furthermore, the antibacterial activity of polymeric films was examined with respect 

to concentration of ionic liquid and treatment time.  The obtained data (Figure 5a.16c & 

5a.16d) shows that the viability of E. coli and S. aureus decreases sharply within 4 h of 

incubation time when it is treated with the polymeric matrix IL0 %, IL5 %, and IL20 %. 

 

 

Figure 5a.16. Films against bacteria (A) E. coli and (B) S. aureus treated with 

polymeric films with inclusion of IL0 %, IL5 %, and IL20 %. Percentage bacterial 

viability of polymeric films against bacteria (C) E. coli and (D) S. aureus. 
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Figure 5a.17. Time course of persisting growth curve of (A) E. coli and (B) S. 

aureus.  

However, among the investigatory composite PF@IL20% exhibits excellent 

antibacterial efficacy against both E. coli and S. aureus. 

From the viability data (Figure 5a.17a & 5a.17b), it is clear that PF@IL20% exhibits 

the inhibition of up to 85-95 % growth of E.  coli and S. aureus. From the obtained data 

it was observed that the antibacterial activity of the polymeric matrix with IL20 % is 

higher as compared to those of polymeric matrix with IL0 % and IL5 %. The difference 

obtained in antibacterial potential of polymeric films (IL0 %, IL5 %, IL20 %) may be 

ascribed to the effect of percentage ionic liquid inclusion along with the charge density 

of imidazolium cations. From The literature reports [19] and observed data it came to 

know that the cationic moiety (ionic liquid) present on the surface of the polymeric film, 

supports the electrostatic interaction with the cell wall comprising phosphate groups, 

while a long hydrocarbon chain inserts into the lipid membrane of bacteria. Similarly, 

surface interaction between the PF@IL20% and bacteria cells resulted in antimicrobial 

activities. Further, the obtained antibacterial result showed that the cationic part and 

gelatin-CMC-based polymeric matrix played a potent role in the antibacterial activity 

of the prepared PF@IL20% against both E. Coli and S. aureus pathogenic strains. All 

the tested PF@IL0%, PF@IL5%, and PF@IL20% exhibited potential antibacterial 

activities with minimum inhibitory concentration (MIC) values of 52 ± 2, 37 ± 2, and 7 

± 2 μg mL-1 against E. coli, respectively. Similarly, the synthesized PF@IL0%, 

PF@IL5%, and PF@IL20% showed inhibition potential against S. aureus with MIC 

values of 57 ± 2, 39 ± 2, and 13 ± 2 μg mL-1 respectively. From the obtained data it is 

clear that polymeric material with no ionic liquid exhibits slight inhibition against 

bacteria and inhibition starts increasing with more inclusion of ionic liquid 

(PF@IL20%). The difference in the MIC may be attributed to the difference in the ionic 

liquid composition. Thus, it can be concluded from the results in accordance with 
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literature reports [27], showing the concentration-dependent antibacterial activity 

profile of ionic liquid.  

5a.4.8 Bacterial sample preparation for SEM and AFM analysis  

The morphological changes observed in bacteria after being treated with PF@IL20% 

were analyzed through AFM and SEM. To carry out this experiment bacterial samples 

of both strains S. aureus and E. coli were diluted. Treated samples with PF@IL20% 

were incubated at 37 °C. Thereafter, incubated bacterial samples were washed with 

prepared phosphate buffer saline (PBS) followed by washing with 2.5 % glutaraldehyde 

solution for 30 min and dehydrolyzation of the sample at room temperature with 

different concentrations of ethanol (20, 40, 60, 70, 90 and 100 %). To elaborate the 

mechanism of bacteria by PF@IL20%, the SEM images were recorded using JEOL 

JSM-6610-LV instrument, all the obtained result reveals the surface morphological 

changes persuaded in E. coli bacterial cells after contact with PF@IL20% composite 

(Figure 5a.16a & 5a.16b). The smooth, intact and unchanged cell wall membrane of E. 

coli bacteria is clearly shown (Figure 5a.18a). But the PF@IL20% treated cell wall 

membranes were shrunk, collapsed and distorted, which is revealed from SEM analysis 

after 2 h (Figure 5a.18b) and 4 h (Figure 5a.18c). It can be indicated that morphology 

of E. coli bacteria was entirely changed after being treated with PF@IL20%, which 

result into bacterial cell death. Similarly, we performed the AFM analysis using the 

Buker-SPM Multimode, for S. aureus cell wall membrane of bacteria to recognize the 

bacterial cell inhibition mechanism upon interaction with PF@IL20%. The AFM 

images in different modes revealed the morphological and surface changes that occur in 

Gram-positive S. aureus cell wall, after being treated with PF@IL20% (Figure 5a.18d-

5a.18f). This ruptured morphology indicated the bacterial cell membrane was entirely 

distorted, and damaged, which resulting in S. aureus bacterial cell death [28-29]. 
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Figure 5a.18. SEM images A) untreated E. coli bacteria, treated E. coli bacteria 

with PF@IL20% (B) after 2 h and (C) after 4 h. (D-F) AFM images of S. aureus after 

being treated with PF@IL20% in three different modes. 

 

5a.4.9 Antioxidant properties 

5a.4.9.1 Radical scavenging method  

The free radical scavenging method was used to measure the antioxidant activity of 

materials [30].  Where 100 mg of PF@IL20% with different percentages of ionic liquid, 

were taken in 5 mL of 0.1 mM of DPPH solution in ethanol. At 515 nm, absorbance was 

recorded after 60 min using a spectrophotometer. All the experiments were performed 

in triplicate and the average results were calculated. Furthermore, radical scavenging 

activity (RSA) was calculated using the equation below-5a.3 [31-32].  

RSA (%) = 
𝐴0−𝐴1

𝐴0
×100                            5a.3 

Where A0 and A1 are the absorbance values of control and treated samples (equation-

5a.3).  

The free radical scavenging activity of prepared PF@IL20% was monitored using 

the DPPH free radical scavenging test. From the results (Figure. 5a.19) it was observed 

that film without ionic liquid (IL0 %) showed no RSA, whereas the increased ionic 

liquid concentration, results in enhanced antioxidant properties. The obtained RSA 

results are the confirmatory for ionic liquid role as the bioactive material in the 

polymeric film. 
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Figure 5a.19. Radical scavenging activity (RSA) of prepared polymeric films with 

different compositions of ionic liquid. 

5a.4.9.2 Developed polymeric film for food packaging 

Additionally, the prepared PF@IL20% polymeric film was tested for food preservation 

by visually measuring the air oxidation of the fruit (red apple). For the analysis, a piece 

of freshly cut red apple was wrapped inside the PF@IL20% and similarly, an unwrapped 

piece was in air. After 150 min. both the wrapped and control pieces were compared 

visually to check the air-oxidation prevention ability of PF@IL20%. The synthesized 

PF@IL20% was further tested to check their food preservation ability using a piece of 

red apples. Covering a piece of red apple with PF@IL20% dramatically decreased air-

oxidation and remained as such for 7 h without spoilage (Figure-5a.20). PF@IL20% 

showed excellent bacterial growth inhibition with the inclusion of ionic liquid due to 

high MIC value of salicylate anion against bacteria. In addition to this, from all obtained 

results we observed that no chemical changes were observed in ionic liquid, during the 

preparation of polymeric films. From the food preservation test, it was clear that 

PF@IL20% is highly applicable for edible food packaging with excellent antibacterial, 

antioxidant, and UV shielding properties. 
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Figure 5a.20. Food preservation test for a piece of red apple using PF@IL20%, A) 

control piece of red apple after 150 min and B) piece of apple with a coating of 

PF@IL20% with different time intervals up to 7 h. 

5a.5 Conclusions 

An ionic liquid was synthesized from 1-methyl imidazole with a long hydrocarbon chain 

and their bromide anion was replaced with salicylate anion. The synthesized ionic liquid 

with a different composition (IL0 %, IL5 %, and IL20 %), was incorporated into the 

polymeric matrix of gelatin/CMC. The antibacterial effect of the prepared gelatin-CMC-

based polymeric films against S. aureus and E. coli were evaluated. It is evident from 

the data that polymeric films containing 20 % IL (PF@IL20%) have strong antibacterial 

properties against pathogenic strains of E. coli and S. aureus. The change in surface 

morphology of bacterial cell death was analyzed via SEM and AFM. Additional 

PF@IL20 % exhibits excellent antioxidant properties and high SPF against UV rays. 

Furthermore, PF@IL20 % is utilized for the preservation of food items.  
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Chapter 5B 

Biodegradable Sodium alginate/COF Based Polymeric Film 

That Monitors Food Spoilage and Extends Shelf Life 
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5b.1 Aim and Objective 

As the human population increases very rapidly, it is necessary to develop an efficient 

biodegradable packaging material to increase the shelf life of food, guarantee food 

safety, and reduce spoilage from extreme conditions. To overcome all these problems, 

this work focuses on the synthesis of smart sensing strips and antimicrobial active food 

packaging films to monitor food spoilage and increase their shelf life. For smart sensing 

of food spoilage, covalent organic frameworks (COFs) were synthesized from 2,4,6-

triformylphloroglucinol (TFP) and p-phenylenediamine. Thereafter, COF was 

incorporated into sodium alginate polymeric material to obtain sensing strips with 

highly colorimetric response and augmented mechanical properties. The smart sensing 

strips were demonstrated on packaged poultry meat. Sensing strips are highly pH-

responsive and color changes according to the pH of the surroundings. Sensing 

responses of COF were also studied on the biogenic amines that evolved during the 

spoilage of meat. In addition to this antimicrobial citral was incorporated into the 

SA/COF film to prepare active packaging film, which reduces food spoilage from high 

humidity, molding, and high-temperature conditions. Active packaging film was applied 

to the peanuts, which increases their shelf life, reduces food wastage, and avoids mold 

formation.  

5b.2 Introduction 

In last few years, consumers are not only focused on the taste of food products but also 

on their traceability, safety, nutritional value, and quality [1-2]. According to a report, 

55 % of children and 40 % of the global population are living in tropical climates and it 

is estimated that these numbers may increase to 66 % and 50 % respectively [3]. Food 

supply chain is continuously affected by the loss of topsoil, physical damage, 

temperature, bacterial action, lack of traceability, failures of warehouses, etc. [4-6]. 

Because of these issues, almost one-third of produced food in tropical regions is wasted 

or spoiled before the food reaches the consumers [7-8]. So, in lieu of these problems 

and increasing the demand for food day by day, it is necessary to synthesize smart, 

sustainable, and active food packaging material to control spoilage, increase the shelf 

life, and monitor the quality and freshness of food items [9]. Spoilage food is even 

responsible for a large number of foodborne diseases such as Cyclosporiasis, 

Cryptosporidiosis, Giardiasis, Norovirus, and Listeriosis [10]. Therefore, synthesis of 

active food packaging material with excellent functional qualities increases the attention 
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of polymer chemists. To mitigate the wastage and spoilage of food, biodegradable 

packaging plays a pivotal role by acting as a physical barrier to UV rays, moisture, 

oxygen, dust, temperature, and bacteria [11-12]. Incorporation of some additives such 

as ionic liquid (IL), covalent organic framework (COF), metal-organic framework 

(MOF), and metal nanoparticles in the biopolymeric films help to enhance the 

antioxidant and antibacterial properties of active food packaging films [13-16]. The pH 

of food items varied with the spoilage and decomposition of food [17-18]. A visual 

indicator based on polymeric films is important to monitor the freshness of food and 

observable color change throughout food spoilage [19-20]. To assess the quality and 

freshness of food with the variations of its pH values is a practical application of 

polymeric strips [21-22]. 

Thus, it is practical to assess the food's freshness by identifying any variation in its 

pH values. Because of easy handling, eco-friendliness, biodegradability, readily 

recognizable visual color fluctuation, and reusability, biopolymers-based pH sensing 

strips have attracted scientists in the field of freshness monitoring and food packaging 

[23-24]. In this field, few packaging materials and sensing strips were reported for 

monitoring the quality of food including fish, shrimp, chicken, pig, etc. [25-27]. 

Shikonin extracted from Lithospermum erythrorhizon plant is pH-responsive organic 

compound incorporated into the carrageenan and gelatin matrix and further used for 

monitoring the freshness of milk [27]. Synthetic dye pyranoflavylium is an excellent 

indicator and was grafted onto chitosan and alginate, giving smart labeling strips for 

monitoring the quality of food [28]. Gelatin and agar-based polymeric matrix doped 

with sulfur quantum dots is an antibacterial, antioxidant, and anti-UV food packaging 

film [29]. Petunia dye was extracted from petunia flowers, and incorporated into 

biopolymers for the smart sensing of sulfur dioxide in grapes [30]. Thereafter, isolated 

soy protein, whole arrowroot powder, and cabbage anthocyanin were used for the 

preparation of pH-sensitive indicator film for monitoring the spoilage of meat and 

shrimp [31]. Color indication depends upon the evolution of volatile nitrogen inside the 

packed food items [31]. Anthocyanins extracted from natural sources are used for 

monitoring fish and milk spoilage with incorporation into the backbone of Gellan gum 

and gelatin [32]. The blue owers of Stachytarpheta jamaicensis are the source of 

anthocyanins that have a wide range of colors from pink to yellow according to the pH 
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of the surroundings and their total phenolic contents [33-34]. As the population of the 

world increases day by day and people are demanding healthy food, it is also necessary 

to prepare active food packaging for the protection of food from bacteria, humidity, 

temperature, dust, UV-rays, and oxygen to increase the shelf life of food [35-37]. Active 

food packaging keeps the food fresh for a long time without any freezer requirement 

[38]. Due to some intrinsic drawbacks in these strategies such as slow sensing rate, 

reusability, release of dyes, and voids left in polymeric strips [39]. To remove all these 

challenges, we are required to synthesize a material with both smart sensing and active 

packaging properties. Huge numbers of biodegradable and non-toxic polymers extracted 

from synthetic or natural sources such as chitosan, alginate, gelatin, cellulose, pectin, 

gellan gum, and carrageenan have been well-documented for active packaging [40]. 

Alginate is one of the most abundant polysaccharides found in brown algae [41]. Due 

to its abundance and biodegradability, alginate has a large number of applications in a 

variety of sectors including, film formation, biosensors, active food packaging, water 

treatment, and biosensors [42-43]. Food packaging material made from alginate alone 

exhibited poor mechanical strength and negligible antimicrobial activity, hence cannot 

fit for active food packaging [44]. Recent researchers focused on how the bacterial, 

antioxidant, UV-ray barrier, and mechanical properties of alginate can be increased in 

active food packaging. 

To address all these limitations and improve the sensing efficacy of the material, 

herein covalent organic framework (COF) was synthesized and incorporated into the 

alginate polymeric chain. COFs are generally two-dimensional polymeric networks with 

highly porous surface areas. Alginate, which acts as a solid support, is an abundant 

natural polymer that has been granted Generally Recognized as Safe (GRAS) to extend 

the shelf life of food. COF incorporated into the alginate chain rapidly responds to 

analytes according to pH of the surrounding environment and has excellent capabilities 

to monitor the freshness of packaged poultry food. In addition to this alginate polymeric 

and COF film with inclusion of citral shows antimicrobial properties, which are further 

used as active packaging material.  
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5b.3 Materials and Method  

5b.3.1 Materials 

2,4,6-triformylphloroglucinol (TFP), 1,4-phenylenediamine, and nafion solution both 

were purchased from Sigma Aldrich and used as such without any further purification. 

The solvent required dioxane, mesitylene, tetrahydrofuran (THF), and acetone for 

synthesis were purchased from TCI chemicals. Thereafter, sodium alginate was used as 

a solid support for the synthesis of smart sensing strips and active packaging film 

purchased from AVRA chemicals. S. aureus (MTCC-740) and E. coli (MTCC-119) the 

microbial strains both were purchased from the Institute of Microbial Technology, 

Chandigarh, India. 

5b.3.2 Material Characterization 

Physical and chemical properties of the developed PF@IL20% were investigated 

through various techniques including; FTIR system (Hyperion 2000, Bruker Optics) 

was used to analyze the bending and stretching mode of the materials. Thereafter, planes 

and crystallinity of materials were measured through a Miniflex (Rigaku) 

diffractometer. Mass spectra of synthesized ionic liquid were analyzed through a Xevo 

G2-XS QTOF (WATERS) spectrometer. Thermogravimetric analysis (TGA) was 

performed on a TGA/DSC 1 STARE SYSTEM from Mettler Toledo with temperature 

increments of 5 °C min-1 in air to check the thermal stability of materials. Furthermore, 

proton NMR spectra of ionic liquid were obtained at 400 MHz using the JEOL 

instrument. Similarly, 13C-NMR spectra were recorded while the instrument was 

operated at 100 MHz. During the NMR analysis chemical shifts were measured using a 

deuterated solvent as an internal reference. Photophysical properties of polymeric 

material with the inclusion of ionic liquid were determined using a solid-state UV-

visible absorption spectrophotometer (Shimadzu UV-2400). The uniform distribution 

of ionic liquid over the gelatin-CMC matrix was analyzed through a JEOL JSM-6610-

LV instrument. The tensile test was carried out using a UTM (INSTRON) tensile tester 

without an extensometer at room temperature. Atomic Force Microscopy (AFM) images 

were acquired using a scanning probe microscopy (Digital Instrument Nanoscope III). 

Surface morphologies and elemental analysis of PF@IL20% polymeric film were 

studied through a JEOL JSM-6610-LV instrument. The N2 Adsorption and desorption 

experiments were carried out through Quantachrome Instrument, Autosorb-IQ, USA. 

All the samples were degassed at 493 K for 7 h before the experiment in degassing port. 
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Brunauer-Emmett Teller (BET) was used to calculate relative pressure from 0.05 to 1.0 

and their pore size distribution of material from the desorption branch was calculated 

using a Barrett-Joyner-Halenda (BJH) plot.   

5b.3.3 Synthesis of COF 

The COF was synthesized using 2,4,6-trihydroxybenzene-1,3,5-tricarbaldehyde and 

1,4-phenylenediamine as a linker. For this 0.1 mmol of 2,4,6-trihydroxybenzene-1,3,5-

tricarbaldehyde and 0.3 mmol of 1,4-phenylenediamine were taken in a 50 mL round 

bottom flask. Thereafter, 2 mL of each dioxane and mesitylene were added to reaction 

and allowed to stir for 24 hrs at 120 ̊ C. Red color precipitates were obtained which were 

filtered out followed by washing with THF. At the end washing with acetone was done 

to obtain COF with very high purity. Finally, a red color compound (COF) was obtained 

(scheme-5b.1) and further characterized using various techniques.   

 

Scheme 5b.1. Synthesis of COF.  

5b.3.4 Smart polymeric strips for monitoring food spoilage 

Different solutions were prepared at different pH and COF powder was dispersed in 

each solution at room temperature with continuous sonication until it dispersed properly. 

Thereafter, sodium alginate was added to each pH solution separately and a homogenous 

solution was prepared with continuous stirring at 60 °C for 30 min. Polymeric strips 

were prepared by casting the homogenous solution on a watch glass and allowed to dry 

in a hot air oven at 65 °C (figure 5b.1). Digital photographs of strips at pH 4, pH 7, and 

pH 11 were taken using a smartphone. From the obtained photographs it was observed 

that different colors of polymeric strips were obtained at different pH solutions. 
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Furthermore, a reference strip was prepared with a pH-10 buffer solution for monitoring 

the food spoilage. The reference strip along with a sensing strip prepared at pH-7 was 

used to monitor the meat (chicken) at room temperature (figure 5b.2a). Change in color 

of the smart strip was monitored and compared with the reference strip.   

 

 

Figure 5b.1: Schematic diagram for the synthesis of SA/COF sensing strip. 

5b.3.5 Antibacterial Activity Test 

To determine the anti-microbial activity of SA/COF with inclusion of citral, activated 

bacterial culture (100 µL) of S. aureus and E. coli was spread on the surface of 50 × 15 

mm Petri dishes containing 15 mL of heat sterilized (121°C, 15 min) luria broth. Turning 

the color of Nev's Ink autoclave tape from white to black indicated that inside 

temperature is adequate for sterilization. Next, a piece of SA/COF with inclusion of 

citral membrane samples was placed on a solid medium and incubated for 24 h at a 

temperature of 37 °C. Thereafter, the zone of inhibition (ZOI) of the sample was 

measured with absolute digimatic calipers (Digital Caliper 1112-200 INZIZE Co, Ltd, 

China) to an accuracy of 0.01 mm. The average value was calculated from the four 

different locations around each sample independently.  

5b.3.6 Active packaging for preservation of peanuts 

Sodium alginate and COF-derived polymeric film were also evaluated as active 

biodegradable packaging materials for increasing the shelf life of peanuts under 

temperature, thermal stress, heat, and humidity. Plant-extracted compound citral 

exhibits antibacterial properties and was incorporated into the SA/COF film by simple 

dipping method till saturation adsorption. Peanuts were purchased from the local market 

and packaged with citral-loaded SA/COF film at room temperature (figure 5b.2b). 

Similarly, a batch of peanuts was kept without any packaging to compare with the 

packaged one. Packaging was monitored regularly and after 20 days both control and 

packaged peanuts were compared. From the obtained result it was clear that peanuts 

with smart packaging remained as such even after 20 days, whereas control peanuts 
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spoiled completely. Further, formation of mold on peanuts was calculated on both the 

packaging (figure 5b.2c).   

 

Figure-5b.2. Active packaging of a) chicken, b) peanuts using SA/COF polymeric 

film, and c) total mold growth on peanuts with and without active packaging.  

5b.3.7 Synthesis of smart sensing strips for food monitoring 

Smart labeling is an excellent technology commonly used across the world to monitor 

the safety and security of food. Colorimetric and smart sensing provide information 

about the spoilage of food visually. Colorimetric responses of strips based on the pH of 

food surrounding (figure 5b.3a). To carry out the synthesis of smart labeling, sodium 

alginate (0.5 g) was taken in a 50 mL glass beaker containing 30 mL of distilled water. 

The mixture was stirred continuously at 80 °C to make a homogeneous polymeric 

solution. Thereafter, 5 mg of COF dispersed in distilled water at pH-7 was poured into 

the polymeric solution and stirred continuously at the same temperature for 30 min. At 

pH-7 red color strips were formed, whereas when pH of solution decreased from 7 to 4 

orange color strips were obtained. Concurrently, the color of sensing strips changed to 

yellow when pH increased from 7 to 11 (figure 5b.3c). The change in color of polymeric 

strips is based on the protonation and deprotonation mechanism of the schiff base group 

present in the COF networks (figure 5b.3b). During the vaporization of volatile amines 

from packaged food, pH of food surroundings turns into basic medium resulting changes 

in color of the sensing strip attached with food packaging. Biogenic amines include 

tryptamine, spermine, spermidine, cadaverine, and histamine generated during the 

spoilage of meat. Thus, highly sensitive pH-responsive smart sensing strips have 

potential to directly read the conditions of spoilage food through colorimetric response. 

Thereafter, biodegradability of prepared SA/COF film was explored and their weight 

loss was investigated after being exposed to soil. From the investigation 60 % weight 
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loss of SA/COF film was observed after 30 days (figure 5b.3d). The response time of 

SA/COF strip was calculated and compared with literature (figure 5b.3e). From the 

compared literature data, it is clear that designed SA/COF film have a much lower 

response time to pH.   

 

Figure 5b.3. a) Response of COF strips in different pH environments, b) equilibria 

of COF in acidic and basic medium, c) color of SA/COF strips prepared at pH of 4, 7 

and11, d) degradation of SA/COF film in soil at normal environmental conditions, and 

e) response time of SA/COF strips compared with literature. 

5b.4 Result and Discussion 

5b.4.1 PXRD and FTIR Spectra of COF 

FTIR spectroscopy was performed to analyze the formation of bonds during synthesis 

of COF. Formation of an imine bond between TFP and p-phenylenediamine was 

confirmed with the appearance of a band at 1620 cm-1. Other main characteristic peaks 

such as O-H stretching, C-H stretching, C-H bending, and C-O stretching were observed 

at 3338. 2980, 1455, and 1260 cm-1 respectively. The hydroxyl group undergoes 

tautomerization and formation of an oxime bond also occurs. A peak at 1583 cm-1   

indicates the tautomerization of O-H and C=O (figure 5b.4a).   

The characteristic peaks of COF appeared at 2θ values of 3.76, 5.4, 7.78, 11.32, 15.1, 

and 23.58 representing the 100, 110, 200, 210, 220, and 001 planes respectively (figure 

5b.4b). PXRD spectra indicates that COF has FCC structure with FWHM value of 2.34. 
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The skeletal structure and porosity of COFs were greatly influenced by their crystalline 

structure, which was studied by the combination of PXRD and simulation (Material 

Studio software). From PXRD analysis it was observed that COF has a highly 

amorphous 2D structure and ℼ-ℼ stacking between the COF layers (figure 5b.4c).  

Figure 5b.4. a) FTIR, b) PXRD spectra of COF, and c) simulated structure of COF.  

5b.4.2 Scanning Electron Microscopy (SEM) Observations 

Surface morphology was investigated through SEM and AFM techniques, which is the 

essential feature of COF and SA/COF materials. JEOL JSM-6610-LV scanning electron 

microscope instrument with 60 sec sputtering procedure for Au coating to make 

conductive coating was used for surface examination. The surface topography of COF 

shows porous flower-like structures with pore sizes varying from 2 nm to 10 nm (figure 

5b.5a). Whereas SA/COF polymeric matrices have flat and dense surfaces with COF 

particles embedded in the SA solid support material (figure 5b.5c). From the 

investigation it is clear that COF forms a continuous dense structure on the surface of 

SA. Elemental mapping and EDS spectra of COF and SA/COF polymeric films 

demonstrate the uniform distribution of elements (C, N, and, O) (figure 5b.5b and 

5b.5d). In addition to these, elemental mapping also confirms the porous structure of 

COF (figure 5b.5e-5b.5h). Furthermore, to analyze the surface topography and to get 

the 2D and 3D roughness (figure 5b.6) of COF, Digital Instrument Nanoscope III AFM 

was used.   
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Figure 5b.5. a) FESEM and b) EDS spectra of COF3, c) FESEM and d) EDS spectra 

of SA/COF, (e-h) elemental mapping of COF.    

 

Figure 5b.6: AFM images of COF in 2-dimensional and 3-dimensional. 

5b.4.3 Brunauer-Emmett teller (BET) Isotherm  

For the gas sensing performance, specific surface area (SSA) plays a major role, and 

materials with high SSA show excellent gas sensing performance. Nitrogen (N2) 

adsorption and desorption experiment was carried out on BET instrument 

Quantachrome Instrument, Autosorb-IQ (figure 5b.7a). Thereafter, COF sample was 

degassed at 493 K for 7 h, before proceeding for N2 gas adsorption. Generally, BET is 

for surface area identification with the region of relative pressure. Thereafter, N2 

adsorption/desorption data help to find out the total pore volume from 0.1 to 0.9991 

relative pressure (P/P0). From the experiment it was observed that at optimum 

conditions, the sample has a total pore volume of 1170 cm3g-1, adsorption cross-section 

area 0.162 nm2, density 0.808 g/cm3 and mean pore diameter 2.9569 nm (figure 5b.7b). 
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The large specific surface area and rich pore structure help in reducing the resistance of 

gas diffusion and make it a potential candidate for gas sensing.   

Figure 5b.7. a) N2 adsorption and desorption curve of COF, and b) mean pore 

diameter spectra of COF using BJH plot. 

5b.4.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS is a spectroscopy technique used for the characterization of valence shells or 

subshells of elements present over the surface of materials and to evaluate the surface 

bonding properties of COF. XPS survey spectra confirm the presence of characteristic 

peaks of C1s, N1s, and O1s at 283, 398, and 529 eV respectively (figure 5b.8a). The 

deconvoluted spectra of C1s indicate the presence of different carbon bonds. In C1s 

spectra peaks at 295.4 eV attributed to the satellite peak of ℼ-ℼ* stacking of COF. Peaks 

at 291.2, 290.2, 284.9, and 283.0 eV correspond to C=O, C-C=N, C-C=C, and C=C 

respectively (figure 5b.8b). Peak at 290.2 eV is due to formation of an imine bond 

between amine and aldehyde. Thereafter, XPS spectra of N1s were analyzed and have 

a peak of N-C at 399.5 eV (figure 5b.8c). Similarly, O1s have two major peaks at 534 

and 531 eV confirming the presence of O-H and O-C bonds respectively (figure 5b.8d).      
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Figure 5b.8. XPS a) elemental survey, b) C1s, c) N1s, and d) O1s spectra of COF.  

5b.4.5 Mechanical properties of SA and SA/COF film 

SA and SA/COF were subjected to tensile testing and elongation break through Charpy 

and Izod mode using a UTM (INSTRON) tensile tester without an extensometer at room 

temperature (figure 5b.9a). Sample strips were prepared with dimensions of 3.20 mm 

width and 7.20 mm thickness. From the stress-strain performance, it was observed that 

SA/COF have young modulus and tensile strength of 1070 ± 12 MPa and 23 ± 1.5 MPa 

respectively, which is much higher than SA have young modulus and tensile strength of 

350 ± 12 MPa and 9 ± 1.5 MPa respectively (figure 5b.9b-5b.9c). Similarly elongation 

at break of SA/COF (25.5 mm) is much higher than SA (9.2 mm) polymeric film (figure 

5b.9d). The higher mechanical strength of SA/COF composite is due to the presence of 

covalent bonding and van der Waals forces. It is clear that inclusion of COF in the SA 

has a great impact on the mechanical strength of pure SA films. The excellent 

combinations of mechanical properties indicated that SA/COF polymeric films are good 
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food packaging materials.    

 

Figure 5b.9: a) Stress/strain curve, b) young modulus, c) tensile stress, and 

elongation at break of pure sodium alginate (SA) and SA/COF. 

5b.4.6 Electrochemical performance of COF 

Cyclic voltammetry (CV) is an inexpensive technique used to investigate the 

electrochemical activity of COF. Based on oxidation and reduction potential, 

electrochemical techniques provide highly selective and accurate sensing of analytes, 

where a glassy carbon electrode (GCE) serves as a working electrode, Pt wire acts as a 

reference electrode, and Ag/AgCl is used as a counter electrode. Initially, the bare glassy 

carbon electrode having a diameter of 3 mm was polished with 0.03 mm alumina slurry 

and further washed with EtOH. The COF/GCE modified working electrode was 

prepared by mixing 2 mg COF in 5 mL THF with nafion as a binder reagent and was 

first sonicated for 30 min to form a uniform suspension. Then, 5 µL of this COF 

suspension was drop cast on the surface of glassy carbon electrode (GCE) and allowed 

to dry at room temperature. The cyclic voltammetry studies were carried out within -0.6 

V to 1 V potential range at 100 mV/s scan rate in 0.1 M PBS buffer solution (pH = 7.4). 

Furthermore, electrochemical performance of COF was investigated towards biogenic 
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amines (BAs) (figure 5b.10a). In the presence of BAs, COF shows typical peaks in 

anodic regions as shown in figure-5b.10b. According to the cyclic voltammetry curve 

two peaks appeared at 0.105 eV and -0.10 eV corresponds to oxidation and reduction 

peaks respectively. Therefore, to check the binding authenticity, cyclic voltammetry was 

performed with subsequent additions of BAs from 0.0125 to 240 µM, and 

electrochemical behavior at every addition was recorded. Further, to explore electro-

kinetics behavior of BA’s at modified COF/GCE electrode, cyclic voltammetry studies 

were performed by varying the scan rate (20–200 mV/s) using BA’s 240 µM in PBS 

buffer solution (figure 5b.10c and 5b.11a). The slope of the linear plot of cathodic and 

anodic peak current versus square of scan rate illustrates that overall recognition of BA’s 

at COF/GCE is a diffusion-controlled phenomena. Moving further, electrochemical 

impedance spectroscopy (EIS) of modified COF/GCE and GCE electrodes was 

evaluated to check charge transfer kinetics characteristics. The Nyquist plot (figure 

5b.10d), exhibits the interfacial charge transfer resistance (Rct) of bare GCE and 

modified COF/GCE electrodes are 2690 and 1830 Ω respectively. The results revealed 

that modified COF/GCE electrodes exhibit better electrical conductivity relative to other 

electrodes. Furthermore, the electrochemical properties of COF/GCE have also been 

evaluated using cyclic voltammetry to verify the EIS data. Thus, the electrochemical 

active surface area of differently modified electrodes was calculated using applying 

Randles-Sevcik Equation (equation 5b.1).  

                                      Ipa = (2.69 ×105) AD1/2 n3/2 ѵ1/2 C                                    (5b.1) 

Where, Ipa = anodic peak current, A = electrochemical active surface area (ESA), D = 

diffusion coefficient of ferro ferricyanide solution (D = 6.70×10-6 cm2s-1), n = no. of 

electrons transferred (n=1), v is the scan rates, and C = concentration of ferro 

ferricyanide solution (C = 5 mM L-1). The electrochemical active surface area of 

COF/GCE and bare GCE are 0.112 cm2 and 0.054 cm2 respectively (figure 5b.11b).  

Results have also been supported by CV profiles of COF/GCE at varying scan rates (20–

220 mV s-1) in mixture consisting 5 mM [Fe (CN)6]
3-/4- solution 100 mV s-1 scan rate 

revealing enhancement of anodic and cathodic peak with shift in potential (figure 5b.10c 

and 5b.10d). Further, the linearity calibration plot of redox current vs square root of scan 

rate reveals the diffusion-controlled process (figure 5b.11e).       
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Figure 5b.10. a) Comparative cyclic voltammetry graphs of bare GCE, COF/GCE, 

COF@Spermine/GCE, b) Cyclic voltammetry response at COF/GCE with gradual 

addition of varying concentration of BA’s (0.0125 to 240 µM) at a scan rate of 100 

mV/s, c) CV profiles of COF/GCE at varying scan rate (20-220 mV/s) in PBS buffer 

(pH 7.4) consisting 240 µM of BA’s, and d) EIS plot and cyclic voltammetry profiles 

of bare GCE, COF/GCE at frequency 50 to 3 x 106 Hz.
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Figure 5b.11: a) Linear calibration plot showing relationship between anodic and 

cathodic current peak vs square root of scan rate, (b) Comparison of active surface 

area of differently modified electrodes, (c) Cyclic voltammetry profile of bare GCE, 

COF/GCE in mixture of 0.1 M KCl consisting K3[Fe(CN)6] and K4[Fe(CN)6], (d) 

Cyclic voltammetry response of COF/GCE with varying scan rates from 20 to 220 

mV/s in a mixture of 0.1 M KCl consisting K3[Fe(CN)6] and K4[Fe(CN)6] and  (e) 

Linear calibration plot of the anodic peak current versus square root of scan rate. 

5b.4.7 Smart labeling for packaging of food items 

Development of smart labeling from biodegradable and biopolymeric material and used 

globally for food safety and security is a tremendous technology [5, 45]. But the major 

problem is monitoring food spoilage to reduce food wastage across the world [46]. Static 

labeling used for food packaging is not able to provide information about foodborne 

pathogens [47]. Colorimetric sensing is an excellent technique to monitor food spoilage 

and odor visually [48]. Smart sensing strips are generally based on chemo-responsive 

compounds inserted in packaging material [49-50]. Inserted chemo-responsive 

compounds should be stable and non-toxic with excellent responsive properties [51]. 

From preliminary measurements, it is clear that COF is highly responsive to different 

pH environments and it was observed that the color of COF changed from red to black 

with decreases in pH from 7 to 1. Whereas, the color changed from red to yellow with 

a variation of pH from 7-11. Basically, changes in the color of COF with a variation of 

pH depend upon protonation and deprotonation of imine group in the framework.  The 

change in colors of COF at different pH values was quantified using color difference 

(∆E). It appears that ∆E is above 10 at a pH range of 1-4 and 9-11, which is the ideal 

value distinguished easily by the naked eye. The high value of ∆E indicates that this 

COF has potential to be used as a colorimetric chemosensor. The red shift was observed 

during the protonation of imine bond in an acidic medium (pH 4), while blue shift was 

obtained during deprotonation of imine bond in a basic medium (pH 11). The prepared 

SA/COF sensing strips were applied for the sensing of poultry meat and it shows the 

fastest response time of 0.35 s, which is more sensitive to previous reported methods. 

Thus, SA/COF film is highly sensitive towards amine and underpinned their potential 

to monitor the conditions of spoilage food. With spoilage of meat, volatile gasses are 

released, resulting in changes in the pH of meat continuously. During the monitoring of 

meat, a reference strip was prepared in a buffer solution of pH-10 and was also 
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introduced at room temperature as a positive control. ΔE of sensing strip and reference 

strip were recorded at different intervals of time.   

5b.4.8 COF/SA for food packaging     

Continuing our previous work gelatin gelatin-based polymeric film for increasing the 

shelf life of fruit, herein packaging material was derived from sodium alginate and COF 

with incorporation of citral as an antibacterial agent that could enhance the shelf life of 

legumes. Herein, SA/COF citral polymeric film was designed and further applied for 

packaging of protein-rich legumes type food. This type of active packaging helps to 

reduce the spoilage of food from high humidity, bacteria, high temperature, and storage 

in tropical areas. During the growth of fungi over the food, results in spoilage of food 

which is toxic for living beings. In lieu of designing an antimicrobial active packaging 

material, plant volatiles citral which causes the cell death and exhibits excellent 

antimicrobial activity, were incorporated over the large (1170 cm3g-1) and mesoporous 

surface area of COF. Initially, a preliminary antibacterial test of SA/COF citral films 

with inclusion of citral was carried out against both gram-negative and gram-positive 

bacteria. Here, zones of inhibition assay were performed against both Escherichia coli 

(E. coli) as gram-negative and Staphylococcus aureus (S. aureus) as gram-positive 

bacteria for the preliminary test (figure 5b.12a-5b.12b). From the results it was observed 

that polymeric film with inclusion of COF and citral exhibit remarkable inhibition, 

whereas no zone of inhibitions was observed in pure SA sample. The bacterial action of 

SA/COF citral polymeric film against E. coli bacterial strain was studied through the 

FESEM technique (figure 5b.12c-5b.12d).  



Chapter-5B | 193  

 

 

Figure 5b.12. ZOI of pure sodium alginate (SA) and SA/COF/citral in, a) E. coli 

and b) S. aureus, FESEM of E. coli c) Live and d) dead. 

Furthermore, active packaging was applied to increase the shelf life of peanuts, and 

commercial cling film was used as control (figure 5b.13). Continuing monitoring for 20 

days it was observed that mold growth occurred rapidly on peanuts packaging with cling 

film, whereas no mold was observed on peanuts with active SA/COF/citral polymeric 

film packaging. Thereafter, total growth of molding on the sample was calculated by 

culturing in agar solution and was expressed as log10 CFU/g. It is clear from the result 

that peanuts with active SA/COF/citral packaging have a lesser CFU (1.35 CFU/g) value 

whereas packaging with commercial cling packaging has a higher CFU value (6.13 

CFU/g). Thus, our designed SA/COF/citral active packing material has potential to 

prevent the spoilage of peanuts in tropical environments.             
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Figure 5b.13. Photographs of raw peanuts packaged with active SA/COF/citral 

film and cling film. 

5b.5 Conclusion 

In Summary, COF was synthesized and a biodegradable SA/COF polymeric film was 

prepared which has potential to monitor food spoilage in different pH environments that 

can address the challenges related to food packaging. SA/COF smart strips change their 

color with evolution of biogenic amines from meat samples and reporting the spoilage 

of meat samples. Spoilage of meat can be monitored through naked eye. In addition to 

this COF also exhibits excellent electrochemical response towards biogenic amines. 

High porosity and large surface area of COF help for inclusion of citral in it, which have 

antimicrobial properties. SA/COF film embedded with citral applied for increases the 

shelf life of raw peanuts via preventing mold formation in typical conditions of 

temperature and humidity. Thus, a biodegradable polymeric film was derived from SA 

and COF, which provide a promising platform for food safety and security from specific 

climates.    
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