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Abstract 

 

Hydrogels are the most versatile multifaceted polymer material which is widely applied in 

biomedical devices, bioelectronics, drug delivery, water remediation, and recently as fire 

retardants. The demand for low carbon footprint encourages the world to develop 

environmentally friendly and sustainable hydrogels. To achieve sustainability, the idea of 

valorizing waste biomass to formulate biomass-based hydrogel has become the primary 

focus of many researches. In this thesis, we have tried to valorize extracted components 

of Arundo donax namely, cellulose and lignin to formulate biomass-based hydrogels. The 

lignin extracted was irregular shaped and difficult to disperse in water. This particular 

problem was resolved by reducing the size of the lignin particles. Two different methods 

were opted to synthesize nano sized lignin particles. In the first method, lignin was 

ultrasonicated to produce nano sized lignin (10 to 50 nm). In the second method acetone‒

water cosolvent method (coprecipitation) was opted to produce core and shell structured 

spherical lignin particles (50‒200 nm). These lignin particles were doped in PVA‒

Chitosan (CS) and PVA‒xanthan gum (XG) blends respectively to formulate biopolymer 

based hydrogels. These lignin particles act as reinforcements and substantially improved 

the elastic moduli (G′) of the formulated hydrogels. Ultrasonicated lignin was further 

utilized to disperse multiwalled carbon nanotubes (MWCNT) in water and incorporated 

in PVA‒CS blend to developed physically crosslinked conducting hydrogel. The 

conductivity of the formulated hydrogel was determined by electrochemical impedance 

spectroscopy (EIS) measurement. The conductivity of the formulated hydrogel was 

estimated at around 8.22 mS cm
-1

 for 1% MWCNT incorporation. The spherical lignin 

obtained as a result of the coprecipitation method was doped in basified PVA‒XG and 

crosslinked by Na2B4O7. This hydrogels was regenerated on cotton fabric to obtain PVA‒

XG‒LNP hydrogel coating which substantially reduced the flammability of cotton cloth. 

Cellulose, another component extracted from biomass is extremely susceptible to fire. To 

improve its fire retardancy cellulose hydrogel was formulated by dissolving cellulose in 

NaOH/Urea mixture and crosslinking it with methylene bisacrylamide (MBA). To further 

improve the fire retardancy kaolin was added to the hydrogel matrix. The cellulose 

hydrogels were regenerated on cotton fabric to impart fire retardancy to cotton fabric. The 

efficacy of fire retardancy was validated by performing a cone calorimetry test (CCT), 
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vertical flammability test (VFT), open fire test (OFT), and measuring the limiting oxygen 

index (LOI). Further, the swelling and water retention ability of the fire retardant 

hydrogels were measured to check the water encapsulating and retaining potency.  The 

network parameter of the hydrogels (mesh size, crosslinking density, and molecular 

weight between crosslinks) was also estimated using the results from the swelling test and 

elastic moduli (estimated by rheological studies). The results state that incorporation of 

20% v/v LNPs in 2% w/v NaOH PVA‒XG solution and 0.4% w/v Na2B4O7 crosslinker 

induced substantial crosslinking and hence increment in moduli and reduction in swelling 

ability and water retention ability was observed. Similarly, the incorporation of 2% w/v 

kaolin and a high amount of MBA followed similar findings. Performing thermal analysis 

of the hydrogels confirmed that the hydrogel formulated were highly thermally stable and 

high char producing (34.61 wt.% for PVA‒XG‒20% v/v LNPs hydrogel and  63 wt% for 

2% w/v kaolin incorporated cellulose hydrogel). All these results postulate the successful 

synthesis of biomass extracted component based hydrogel and its application as 

conducting hydrogel and hydrogel fire retardants. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 
 

 

1.1 Sustainable and green hydrogel 

 Environmental pollution and contamination is a major issue in the present 

world. The use of non-biodegradable and nonrenewable materials poses a hindrance 

in attaining sustainability as well as achieving a lesser carbon footprint. This 

predicament steers a continuous demand for sustainable and environmentally friendly 

materials. Hydrogels are modern-day smart materials that find applications in diverse 

fields. To satiate this demand, research in developing innovative crosslinked 

hydrogels based on renewable resources is increasing day by day.
1
 Recent years have 

seen the world opting for more sustainable materials and routes for hydrogel 

synthesis. Nature is an abundant source of sustainable and renewable material. 

Rigorous research and development portray plant (cellulose, hemicellulose and lignin) 

and biomass (seaweed, bacteria, crab shell, gum, protein etc.) as an excellent source to 

produce biopolymers (viz. agarose, alginate, xanthan gum, chitosan, guar gum, gellan 

gum, starch etc.). These biopolymers are biodegradable, biocompatible, and widely 

exploited to develop sustainable gels and hydrogels.
2
 Gels are 3D crosslinked 

networks of polymers in a fluid that are capable of retaining their shape under the 

action of their own weight.
3
 Developed in 1960 by Wichterle and Lim

4
, hydrogels are 

crosslinked hydrophilic gels with water as its main constituent. It has an enormous 

water-absorbing ability, imparted by numerous hydrophilic functional groups (viz. ‒

CONH2, ‒CONH, ‒OH, ‒COOH, and ‒SO3H). Also, the degree of polymer 

crosslinking, osmotic pressure, and capillary action encourages hydrogel to absorb 
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and hold a substantial amount of water.
5
 This also restricts the dissolution of the 

polymer network in the solvent.
6
 Additionally, hydrogels are biocompatible materials 

with easily tunable properties. All these traits make hydrogels a multifunctional 

material. Hence, these materials are suitable for a wide range of applications, such as 

biomedical, agriculture, tissue engineering, water remediation, bioelectronics, and 

flexible electronics, and recently as hydrogel fire retardants. 

In this thesis, we have reported our studies on the synthesis of composite 

hydrogels and attempted to resolve common problems faced during the synthesis of 

conducting hydrogels and fire retardant hydrogels. Conducting hydrogels possessed 

high water content and electroconductivity imparted by conducting polymer and/or 

other conducting fillers. CNTs are widely used conductive fillers owing to their 

excellent conductive and thermal properties, high mechanical and specific area, and 

low mass density.
7
 However, like most conducting filler/polymers, CNTs are 

hydrophobic in nature and pose a challenge to disperse them in hydrophilic systems. 

To curb these challenges, we have valorized lignin (extracted from perennial grass, 

Arundo donax) as a dispersant to dispersed multiwalled carbon nanotubes (CNT). 

Lignin is abundantly available in nature and is an underutilized by-product of the 

paper industry. CNTs are known to be toxic in nature, and therefore they are 

incorporated in small doses in hydrogel (polyvinyl alcohol, PVA, and chitosan, CS) 

network to synthesize conductive hydrogels. 

Conventional flame retardants are toxic in nature. Most widely used flame 

retardants are halogenated compounds, namely polybromodiphenylether (PBDE), 

tetrabromobisphenol A (TBBPA), tetrabromophthalic anhydride (TBPA), and 

hexabromocyclododecane (HBCD).
8
 Replacing these conventional flame retardants 

with nontoxic flame retardants is the need of the hour. Fire can be doused by water 
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since it absorbs large amount of heat and water possess high latent heat of 

vaporization.
9,10

 However, the retention time for the water used during fire fighting 

operations to put out the fire is low. Hydrogels are known for encapsulating large 

amounts of water in their network and can act as water-holding vessels. The hydrogels 

can absorb large amounts of heat due to the presence of water, and gradual 

evaporation of water keeps the underneath surface temperature lower.
11

 Hence, 

hydrogels successfully delay the fire from igniting the surface and hinder the fire from 

spreading. The working mechanism of hydrogel fire retardants is shown in Figure 

1.1. 

 

 

Figure 1.1 Fire retardant mechanism  and different char inducing materials 

 

Combustion is a complex phenomenon involving several simultaneous 

physical and chemical processes. Generally, gas and condensed phases are effective 

mechanisms of flame retardancy.
12

 Several zones are identified in both phases. In gas 

phase, two types zones are observed namely, flame zone and pyrolysis zone. In 

pyrolysis zone, the polymer materials degrade and form char. In flame zone, the 
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volatiles from polymer degradation react with oxygen, subsequently generating 

radicals and releasing heat. The char layer is the critical zone in polymer combustion 

because it controls mass and heat transfer between the gas and condensed phase. In 

the molten polymer, also called the thermal decomposition zone, the decomposition 

volatiles first generate in this zone and then migrate towards the flame zone through 

the microporous char layer. The underlying polymer zone is in direct contact with the 

molten polymer zone but remains intact. The hydrogel on ignition forms a protective 

layer of char, preventing the underlying area from ignition (Figure 1.1). Further, 

hydrogels synthesized using high char forming biopolymer (chitosan, xanthan gum, 

starch, lignin and cellulose)
13,14

 and clay particles
15,16

 are beneficial for providing 

flame retardancy. Hence, the synergistic effect of water encapsulated in the hydrogel 

network and the layer of char provide flame retardancy. In recent times, extensive 

research has been carried out to formulate bio-based composite hydrogels as fire 

retardants. 

This work aims to valorize lignin and cellulose extracted from Arundo donax 

to produce and characterize multifunctional hybrid composite materials as high-

performing conductive hydrogels and fire-retardant hydrogels. 

 

1.2 Fundamentals of hydrogel 

The key aspects of a hydrogel are its physico-chemical features which are 

highly influenced by the crosslinked polymer chains. Hydrogels possess water 

permeability, high water retention ability, swelling‒deswelling ability, mechanical 

stability, responsiveness, biocompatibility, and biodegradability. These properties can 

be tuned as desired by proper selection of hydrogel components (monomer/polymer 
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type), and synthesis route, varying the degree of crosslinking, and lastly via 

incorporation of nanoparticles. 

1.2.1 Crosslinking of hydrogel 

 Hydrogels are made up of hydrophilic polymer chains which are intertwined/ 

interlinked, also termed as crosslinking of polymer chains. Crosslinking process 

increases the molecular weight of the polymer chains as well as restricts its motion.
17

  

Hence, impeding the solubility of the polymer chains. However, in presence of 

suitable fluid or water, the polymer chains swell and absorb large quantity of 

fluid/water.
18

 Crosslinking of polymer chains affects the mechanical properties, 

swelling degree, molecular mass, heat, and solvent resistance.
19

 The novel methods of 

crosslinking to design hydrogel are described below. The chemical method involves 

covalent interactions between the polymer chains, whereas physical interactions are 

established in case of the physical method. 

1.2.1.1 Chemical methods of hydrogel crosslinking 

 Chemical methods involve the formation of strong covalent bonds between the 

polymers, bestowing excellent mechanical stability, tunable degradability and 

enhanced stability under physiological conditions.
20

 Copolymerization of 

multifunctional monomers in presence of chemical initiators and under the influence 

of chemical reactions of crosslinkers, and/or high energy radiation promotes the 

development of such covalent bonds. This type of crosslinking requires agents which 

induce or enhance the interaction between the polymer chains. The major drawback of 

using such agents is that it may react with other substances. Also, they can be toxic in 

nature like aldehydes, boron atoms, and epoxide. However, many natural crosslinking 

agents, like genpin and citric acid, are now used to achieve a more sustainable and 
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ecofriendly approach.
21

 Chemical crosslinking methods include radical 

polymerization, high energy radiation, chemical reaction of complementary groups 

and enzymatic crosslinking,
22

 which is discussed in detail in the upcoming section. 

Radical polymerization: Wichterle and Lim
23

 chemical crosslinked low molecular 

weight monomer, poly(2-hydroxyethyl methacrylate) (pHEMA) using suitable 

crosslinker, ethylene glycol dimethacrylate, by radical polymerization. This was the 

first hydrogel synthesized using radical polymerization. Several other vinyl monomer 

based hydrogels have been formulated using similar procedures.
24,25

 Besides vinyl 

monomers, acrylates, amide monomers, along with some water soluble polymers 

(both natural and synthetic) have been chemically crosslinked via radical 

polymerization. One such polymer of interest is the low molecular weight (Mw 

between 40 and 100 kDa) bacterial polysaccharide dextran. Edman et al.
26

 pioneered 

the research on glycidylacrylate derivatized water soluble dextran, which participated 

in radical polymerization of vinyl monomers as crosslinkers. Similarly, albumin
27

, 

starch
28

, polyvinyl alcohol
29

, hyaluronic acid
30

, insulin
31

 and sucrose
32

 were modified 

by (meth)acrylic groups to introduce vinyl groups for participation as crosslinker in 

polymerization to obtain hydrogels. Additionally, acrylic acid and acrylamide are the 

most commonly used monomers for hydrogel synthesis via free radical 

polymerization.
33

 This method of polymerization includes propagation, chain transfer, 

initiation, and termination steps. The process initiates with the decay of initiator to 

produce free radicals, which activate the monomers for polymerization. The 

polymerization process stops by deactivating active sites in the termination steps.
34
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High energy radiation polymerization: Unsaturated monomers can be crosslinked 

using gamma and electron bean type high energy radiation. Monofunctional acrylate 

with suitable crosslinker and water soluble polymers can be irradiated to initiate 

polymerization and crosslinking to obtain hydrogel. During irradiation, radicals are 

formed in the polymer chains due to the scission of C‒H bonds.  Further, irradiation 

of water also produces hydroxyl radicals, which attack the polymer chains, forming 

macroradicals.
35

 These macroradicals recombine to form covalent bonds, 

subsequently forming crosslinked structures. Polyvinyl alcohol,
36,37

 polyethylene 

glycol,
38

 and poly acrylic acid
39,40

 are some of the well-known polymers that can be 

crosslinked via irradiation. The advantage of this crosslinking technique is that the 

degree of crosslinking and pore formation can be tuned by varying the irradiation 

dose. Additionally, the process requires mild experimental conditions (ambient 

temperature with physiological pH) and can be carried out without using any 

crosslinker. 

Crosslinking by chemical reaction of complementary groups: Establishment of 

covalent linkage can be achieved by crosslinking the functional groups of polymer 

chains with complementary groups such as aldehydes and ketones. Water soluble 

polymers with hydroxyl groups and amine containing polymers can be crosslinked 

using glutaraldehyde.
41

 Several synthetic and natural polymers, such as proteins, have 

been crosslinked using this technique. However, glutaraldehyde is toxic in nature. 

Further, an addition reaction in the presence of bis or higher crosslinker can convert 

the water soluble polymers to hydrogel. Polysaccharides can be crosslinked with 1,6-

hexamethylenediisocyanate, divinylsulfone , or 1,6-hexanedibromide, and many other 

reagents. However, the crosslinking reactions need to be performed in organic solvent 

because water may react with the crosslinker. The major disadvantage of this 
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crosslinking technique is the usage of toxic crosslinkers, which demands its removal 

from the formed gels. Crosslinking of hydroxyl or amines with carboxylic acid via 

condensation reaction is applied to produce hydrogels. Gelatin was crosslinked by 

N,N-(3-dimethylaminopropyl)-N-ethyl carbodiimide (EDC) reagent. Similarly, 

alginate and PEG-diamines were crosslinked using EDC. Additionally, carboxylic 

acid and an aldehyde or ketone are condensed with an isocyanide to yield an α-

(acryloxy)amide. The reactions can be performed at ambient conditions. However, 

high pH of 9 can disintegrate the hydrogel at ambient temperature. 

Crosslinking by enzyme: Poly(ethylene glycol) (PEG) based hydrogels can also be 

crosslinked using an enzyme, transglutaminase, which catalyzes the reaction to yield 

amide linkage between the polymer.
42,43

 The gelation kinetics depended on the 

macromer structure and composition, the ratio of the reactants and the enzyme 

concentration. The gelation times typically were between 5 and 30 min. The gel 

formation occurs under very mild conditions and since the gelation kinetics can be 

well controlled, these systems are very suitable as in situ gelling systems. 

1.2.1.2 Physically crosslinked hydrogels 

 Recent years have seen growing interest in development of physically 

crosslinked hydrogels. The advantage of not using any toxic crosslinking agent for 

gellification is to investigate more in hydrogels formed via physical crosslinking. 

Several techniques of physical crosslinking via ionic interaction, crystallization, 

formation of stereocomplex, and hydrogel bonding have been followed in formulation 

of hydrogels. 
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Crosslinking by ionic interaction: Alginate can be crosslinked using Ca ions as a 

chelating agent to form hydrogels. These reactions can be performed under ambient 

conditions and physiological pH. Interestingly, polycations can be crosslinked with 

anions. Chitosan-based hydrogel, which is a cationic polysaccharide, was crosslinked 

with glycerol-phosphate disodium salt. Additionally, presence of potassium ions and 

sulfate ions induces gelation of dextran and carrageenan, respectively. The ionic 

radius of potassium ions was found to be a perfect fit for the cage established by six 

oxygen atoms of glucose units of three polymer chains, thereby forming a 

microstructure. However, the gels formed were unstable in ambient condition. Similar 

to cationic polymers, anionic polymers were crosslinked with metallic ions, hydrogels 

can also be obtained by complexation of polyanions with polycations. Xanthan gum 

helps in gellification of chitosan via inotropic interactions. 

Crosslinking by crystallization: Freeze–thawing method promotes the formation of 

crystalline microstructures. This method is straightforward and does not need any 

crosslinking agent. However, the performance of hydrogel may vary based on the 

number of freezing and thawing cycle. Aqueous PVA gradually transforms into gel 

when stored in ambient condition. However, the gel obtained is poor in mechanical 

properties. Interestingly, the same PVA solution produces mechanically stable 

hydrogels after a few cycles of freeze thaw (depending upon its polymer 

concentration, polymer molecular weight, time, temperature and duration of freeze 

thaw cycles). Gel formation is ascribed to the formation of PVA crystallites, which 

act as physical crosslinking sites in the network. Additionally, dextran 6000 

spontaneously forms gel when stored at room temperature, which can be ascribed to 

the crystallization due to association of chains through hydrogen bonding, induced in 

concentrated dextran 6000 solutions. 
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Crosslinking by hydrogen bonding: Hydrogen bond interaction primarily synthesizes 

reversible hydrogel. Hydrogen bonds are formed between O, N, and H, which cease to 

exist in harsh conditions of increasing temperature or pH change. These interactions 

play an essential role in increasing and decreasing the swelling of hydrogels. 

Crosslinking by formation of stereocomplex: Stereocomplexation refers to when two 

polymers have the same composition, but due to van der Waals forces, polymers 

crosslink to form a hydrogel. For such kind of in situ hydrogel formation, a very high 

elastic nature of polymer is required. High molecular weight PLA, with two 

stereoisomer PLLA and PDLA form hydrogel through stereo-complexation and was 

first observed by Ikada et al. Another system, stereocomplex formation by 

enantiomeric oligo(lactic acid) side chains grafted onto pHEMA (poly(HEMA-g-

oligolactate)s) was prepared by Lim et al.
23

 

1.2.2 Structure of hydrogel 

 As discussed elaborately in the previous section, the degree of crosslinking of 

the polymer is the utmost important parameter of the hydrogel. The internal structure 

of a hydrogel is defined by the networks formed by physical or chemical crosslinking 

of polymer chains. These structures are the controlling factors for determining and 

carefully tailoring hydrogel properties. At the molecular level, mesh size and 

molecular weight of polymer chains between the crosslinks define hydrogel structure 

characteristics. Mesh size (ξ) or correlation length is defined as the linear distance 

between two adjacent crosslinks. However, the mesh size should not be confused with 

pore size. Pores are typically large void in the hydrogel structure with a diameter in 

μm scale but positively correlates with mesh size.
44,45

 The rubber elastic theory could 

predict the mesh size of the hydrogel. 
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1.2.3 Swelling behavior of hydrogel 

 

Figure 1.2 Illustration of swelling phenomena of hydrogel 

  

Swelling ability is an important trait of a hydrogel. The process transpires 

according to the following three steps: (a) osmotic pressure driven diffusion of water 

molecules into the hydrogel network, (b) hydration and relaxation of polymer chains, 

and lastly, (c) expansion (swelling) of polymeric network.
46

 This swelling is possible 

due to elastic stretching of the polymer chain strands between the crosslinking points. 

On the other hand, the expansion of polymer strands increases the elastic retractive 

force, which counters the network expansion. The balance between these two forces 

finally leads to equilibrium volume of the polymer network.
47

 During the initial stages 

of water absorption (step a and b), the water molecules are taken up by the polar and 

hydrophobic moieties of the polymeric network and are termed as bound water 

(Figure 1.2). Addition of more water leads to the network imbibed with free water 

molecules. Finally, at infinite dilution equilibrium water content is reached. The 

equilibrium swelling behavior of hydrogel network is well represented by Flory‒

Rehner Theory, which combines rubber elastic theory and thermodynamic theory.
48
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Post swelling, most conventional hydrogels exhibit inadequate mechanical 

properties that impede their performance in applications like biomedical, 

bioelectronics, water treatment, etc. In addition, the popularity of hydrogels demands 

a superior tailored multifunctional characteristic in conventional hydrogel. Such 

limitations can be overcome by incorporating nanomaterials or fillers into 

conventional hydrogels, which are termed as nanocomposite hydrogels. Introducing 

suitable nanomaterials (nanofiber, nanosheet, nanowire, and nanoparticles) or fillers 

into conventional hydrogels matrix helps enhance hydrogels functionality by keeping 

the biocompatibility of the polymeric system intact.
49

 Numerous inorganic (viz. clay, 

metals, ceramic particles, carbon nanotubes (CNT), and graphene) and organic (i.e., 

cellulose and lignin) fillers have been utilized to developed hydrogels.
50

 Over the past 

two decades, numerous studies were carried out to understand the properties of 

hydrogel and their possible utilization in numerous applications. 

1.3 Classification of hydrogel  

 Hydrogels can be categorized based on several criteria, as shown in Figure 

1.3. 

1.3.1 Based on source 

 Depending on source of polymer/monomer(s) used in the development of 

hydrogels, it can be classified as natural, synthetic, and hybrid. Polysaccharides such 

as alginate
51,52

, peptides and proteins (including collagen, lipids, gelatin, and 

fibrin)
53,54

, guar gum
55,56

, chitosan
57,58

, and xanthan gum
59,60

 are some of the naturally 

available polymers that are extensively used in hydrogel development. These 

hydrogels are safe, biodegradable, and biocompatible. However, poor mechanical 

strength is a major concern with natural hydrogels.
61,62

  Contrary, hydrogels 

developed with synthetic polymers viz. polylactic acid (PLA), poly(vinyl) alcohol 
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(PVA), and polyethylene glycol (PEG), polyacrylamide (PAM), and polyacrylic acid 

(PAC) can modify the mechanical strength, durability, and can be easily tailored as 

per requirements.
63

 The major demerit of using synthetic polymer is its low 

biodegradability and toxicity imposed by the usage of crosslinking agents. Such 

limitations can be curbed by blending natural and synthetic polymers to form a hybrid 

hydrogel. These kinds of hydrogels have recently been gaining a lot of attention 

among researchers due to their multifunctionality and possibly modulation of their 

properties, viz. cross-linking density, swelling ability, and water retention.
46,64

 

 

 

Figure 1.3 Classification of hydrogel 

 

1.3.2 Based on the synthesis methods 

 Hydrogels can be classified based on the development methods into 

chemically and physically-crosslinked. Chemical crosslinking can be achieved by the 

addition of chemical crosslinkers to induce covalent bonding among the polymeric 

chains. Covalent bonding can be established through photo crosslinking,
65–67

 radical 

polymerization,
24,68

 interaction between the functional groups,
20,69

 high energy 

radiation,
70–72

 and enzyme-induced chemical reaction.
73–75

 Physical crosslinking, on 
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the other hand, can be achieved with numerous techniques such as freeze–thaw,
76

 

ionic interaction,
77,78

 hydrogen bonding,
79–81

 thermogelation,
82

 and stereo-

complexation.
83

 The details on these methods are discussed in section 1.2.1.  

1.3.3 Based on the charge of polymeric network 

 Hydrogels can also be categorized as ionic (i.e., anionic, cationic, and 

zwitterionic) and nonionic based on the charge present in the polymeric network. 

Xanthan gum, Na alginate, and carboxymethylpullulan are examples of an anionic 

polymer based hydrogel. Chitosan and carboxymethyl cellulose based hydrogels are 

commonly synthesized cationic hydrogel. Poly(sulfobetaine methacrylate) hydrogels 

is an example of zwitterionic hydrogel.
84

 

1.3.4 Based on hydrogel response to stimuli 

 According to the response of hydrogel to physical stimuli (temperature, 

electric fields, magnetic field, light, and pressure) or chemical stimuli (pH, ionic 

strength, and solvent composition) hydrogels are classified as physical, chemical or 

biochemical responsive hydrogel.  

1.3.5 Based on polymeric compositions 

 Hydrogels can be classified as homopolymeric, copolymeric, and 

multipolymeric. As the name suggests, homopolymeric and copolymeric hydrogels 

can be developed with single and double (or more) definite sets monomer(s), 

respectively.
85,86

 Multipolymeric hydrogels, also known as interpenetrating polymer 

networks (IPNs), mainly involve two (or more) networks, among which at least one is 

synthesized and/or cross-linked within the company of the other, without any covalent 
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bonds between them. IPNs synthesized without any crosslinking agent are called as 

semi-IPN. 

 

1.4 Characterization techniques 

1.4.1 Swelling ratio and water retention of hydrogel 

 A dry hydrogel (also termed xerogel), when placed in water, swells and 

absorbs water. By definition, water constitutes 10% of the weight of the material to be 

termed as a hydrogel. However, a hydrogel absorbs more than 10% of water and 

sometimes exceeds 95% of total weight or volume, termed as a superabsorbents. 

Hence, depending on the application, the properties of the hydrogel can be tuned and 

synthesized accordingly. To understand and quantify the swelling ability, the degree 

of swelling or swelling ratio of the hydrogel is estimated according to the equation 

1.1. 

( )
100%

wet weight dry weight
swelling ratio

dry weight


       1.1 

1
weight of swollen hydrogel weight of dehydrated hydrogel

water retention
weight of dehydrated hydrogel


 

 

1.2 

The swelling kinetics demonstrates the amount of water uptake of a dry hydrogel. 

Additionally, the diffusion of solute through the hydrogel, mechanical properties of 

the hydrogel, surface properties, and degree of crosslinking can also be evaluated. An 

increase in crosslinking of the hydrogels restricts the water uptake and decreases the 

swelling ability of the hydrogel. These two counteracting forces act simultaneously 

and reach equilibrium after some point, leading to hydrogel swelling up to a certain 

limit. In a hydrogel kept in an ambient atmosphere, water tends to evaporate from the 

swollen hydrogel with the progress of time. Hence, similar to swelling kinetics, water 
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retention kinetics reveals the water holding capacity of fully swollen hydrogels 

(equation 1.2). 

1.4.2 Rheology 

 Rheology is the study of deformation of the material. The viscoelastic 

behavior of the hydrogel can be characterized by performing different rheological 

tests. When forces are applied on a viscoelastic material, it deforms and on releasing 

the forces the material recoils. Viscosity is measured in case of viscous or the 

materials which flow under deformation. In case of materials that do not flow, the 

stiffness of the material is measured in terms of shear modulus, G. Viscoelastic 

material displays both elastic and viscous behavior. Oscillatory measurements identify 

just how much viscous or elastic in nature the material is. The oscillatory 

measurement involves oscillating the material in a sinusoidal manner around a fixed 

point. The oscillations provided are so small that the inherent structures in a sample 

are measured without being perturbed. The ratio of the applied stress (or strain) to the 

measured strain (or stress) gives the complex modulus (G*), which is a quantitative 

measure of material stiffness or resistance to deformation and can be described as 

follows: 

* ' "G G iG            1.3 

G′ represents the storage modulus and G′′ represents the loss modulus. The following 

conditions are to be noted for declaring the material as viscous or elastic (Table 1.1). 

1.4.2.1 Amplitude sweep 

To perform the oscillatory (dynamic) test, the first step to be performed is amplitude 

sweep. Here the amplitude is ramped while keeping frequency and temperature 

constant. The results are expressed in terms of G′ and G′′ moduli. G′ also gives insight 
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into the Newtonian behavior or the linear viscoelastic region (LVR) of the material. 

The LVR of the hydrogels occurs at low shear stress, during which the moduli are 

independent of the increasing stress. Moreover, as the stress increases, the G′ and G′′ 

crossover point potentially reaches the point where the gel-sol transformation occurs, 

and the material starts to behave like a fluid.
87

 The main purpose of strain sweep 

testing is to determine the linear viscoelastic region (LVR) of the hydrogels. 

 

Table 1.1 Conditions for a material to be elastic/solid or liquid. 

Condition Remark 

G′′ >> G′ Liquid like structure 

Liquid like structure 

 

G′′ > G′ Viscoelastic liquid 

G′′ = G′ Gel point  

G′ > G′′ Gel like structure 

Gel like structure 

 

G′ >> G′′ Viscoelastic solid 

 

1.4.2.2 Frequency sweep 

 After determining the LVR region, the next step is to perform frequency 

sweep. This test characterizes the hydrogel with respect to ramping frequency and 

draws a relationship between the frequency and the moduli. Moreover, it gives insight 

into the viscoelastic properties and state of a material by comparing the two G’ and 

G‖ values over the frequency range.
88

 The impact of the degree of crosslinking can be 

easily characterized using this test. 

These two tests are the most common test performed to characterize the 

hydrogel. These tests also give us an idea about the mechanical stability and 

crosslinking of the hydrogel. As crosslinking of the hydrogel tends to increase the 

weight of the material, the shear modulus also increases. 

TH-3070_166107029



CHAPTER 1 

18 

1.4.3 Estimation of structural parameter 

 The principal structural parameters of a hydrogel are: average molecular 

weight between crosslinks ( cM ), crosslinking density (Ve), and mesh size (ξ). These 

parameters are determined using rheological measurements (elastic  and viscous 

modulusG ) and swelling tests. In general, the number of moles of elastic chains per 

unit volume (ν) and the number of moles of elastic junctions (cross-links) per unit 

volume of the network (μ) are used to describe the cross-link density of the polymer 

network. Consequently, ν and μ determine the average molecular weight between the 

junctions (Mc)
89

. The functionality of the junctions (f), being the number of chains 

leaving from one junction, determines the relation between ν and μ as shown in 

equation 1.1. Swelling experiments and rheological studies are carried out to 

determine ν, μ and f. The values of ν, μ and f thus obtained are rather estimates than 

accurate values, as the models are developed for ideal polymer systems, ignoring the 

defects like nonelastic dangling ends, loops and chains not attached to the network, no 

trapped entanglements (contributing to the elastic properties), nor heterogeneous 

regions. 

2

f


            1.4 

An important consideration in the development and interpretation of theoretical 

molecular models is the difference between affine networks and phantom networks. In 

an affine network, it is assumed that the junctions of the network do not fluctuate and 

that they transform affinely (linearly) with the macroscopic deformation. For an affine 

network, it is assumed that only the network chains contribute to the decrease of 

entropy of the network (which gives rise to the elastic force) upon deformation. For a 

phantom network it is assumed that the junctions do fluctuate over time. Real 
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networks are expected to show characteristics that lie somewhere between the 

properties of both affine and phantom models. This phenomenon was treated by Flory 

and Erman in the constrained junction model, which allows for this intermediate 

behavior. Based on rubber elasticity theory (RET) for homogeneous Gaussian chains 

network parameters, these structural parameters can be calculated using the following 

equations
90,91

: 

2
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1 1
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Various notations are: ρw = density of water, m = weight of the dry hydrogel, Z = 

weight of the hydrogel at equilibrium, V2m = polymer volume fraction of crosslinked 

polymer in equilibrium with swollen gel, V2r = polymer volume fraction after 

crosslinking but before swelling, ρ = density of dry hydrogel, R = universal gas 

constant, T = temperature, NA = Avogadro number, t = thickness of the sample, A = 

pre-factor (with value as 1 for the affine network model and 
2

1


  for the phantom 
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network model, where φ = number of branches originating from crosslinking site). As 

per constrained junction theory, the phantom network model is followed by the real 

network, and value of φ = 3.
91–93

 

1.4.4 Thermal analysis 

 Thermogravimetric analysis (TGA) is employed to characterize the thermal 

properties of the hydrogel. In this technique, the mass of the material is monitored 

over a range of temperatures at a fixed rate under a controlled atmosphere. The 

material may gain weight in case of oxidation, absorption, or adsorption. Similarly, 

the material may experience weight loss in case of decomposition, evaporation of 

volatiles matters, reduction (interaction of sample to a reducing atmosphere), and 

desorption. TGA instrument consists of a pan that is supported by a precision balance. 

The pan resides inside a furnace and is heated or cooled during the experiment. A 

sample purge gas controls the environment. This gas may be inert or a reactive gas 

that flows over the sample and exits through an exhaust. Generally, the test is 

performed in an inert environment. Mostly nitrogen or argon is used so that the 

sample only reacts to temperature during decomposition. 

 The sample for TGA should be dried properly in an oven. The sample amount 

should be between 2 to 50 mg. The sample pan can be ceramic or platinum, 

accommodating solids or crystals, liquid, powders, and films. The weight % with 

respect to time or temperature can be calculated as follows: 

( 1)

( 1)

i i

i i

m mm

t t t









         1.11 

where mi represents the initial weight of the sample and i represent the weight loss at 

particular temperature. 
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 To estimate the thermal conversion (or decomposition) of the hydrogels, 

kinetic parameters are determined. In a typical experiment, a crucible is filled with 

sample and heated over a temperature range in three or more linear heating rates in 

controlled atmosphere. The thermal decomposition can be expressed as follows: 

( )
d

kf
dt


           1.12 

i t

i f

m m

m m






         1.13 

where f(α) is a function, the type of which depends on the reaction mechanism. α is 

the degree of conversion. mi is the initial mass of the sample. mf is the final mass of 

the sample. mt is the sample mass at any temperature T. k is the temperature 

dependent rate constant, usually described by Arrhenius equation
94

. 

E

RTk Ae


           1.14 

where A is the pre-exponential or frequency factor. E is the activation energy of the 

decomposition reaction. R is the universal gas constant. T is the absolute temperature. 

Inserting equation 1.14 in 1.12 we get 

( )

( )
E

RT
d

Ae f
dt






          1.15 

( )

(1 )
E

nRT
d

Ae
dt






           1.16 

Replacing f = (1‒α)
n
 according to uniform kinetic of reaction where n is the order of 

reaction. In case of non-isothermal TGA experiments, the heating rate is varied as a 

function of time as follows: 

d d dT

dT dt dt

 
           1.17 
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For non-isothermal measurements with linear heating rate: β = dT/dt. Hence, equation 

1.16 can be rewritten as  

( )

(1 )
E

nRT
d A

e
dT








          1.17 

For calculating the activation energy, Opfermann et al.
95

 suggested use of model free 

(isoconversional) kinetic analysis. Common model free methods used by researchers 

are listed in Table 1.2, and these are the most reliable and powerful tools for 

calculation of activation energies of thermally activated reactions
96,97

. 

 

Table 1.2 Model equations for the isoconversional method.  

Isoconversional method Expression 

Friedman method 
ln ln( ( ))

d E
Af

dT RT


     

Flynn-Wall-Ozawa method 
ln ln 5.331 1.052

( )

AE E

Rg RT



     

Kissinger method 
2

max max

ln ln
AR E

T E RT


    

Kissinger-Akahira-Sunrose 

method 
2

ln ln
( )

AR E

T Eg RT




    

 

1.4.5 Fourier Transform Infrared (FTIR) analysis 

 FTIR is majorly used to identify the functional groups in organic, polymeric, 

and, in some cases, inorganic materials. FTIR spectroscopy has been applied for blend 

studies because the physical properties of polymer blends are affected by the 

structures of the molecular chains. Depending on the nature of the blending, different 

polymer blends can exhibit different types of interactions and configurations, which 

can help predict their mechanical and physical properties.
98
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1.4.6 Morphological analysis 

 To characterize the surface morphology of the hydrogel, field emission 

electron microscope (FESEM) and high-resolution transmission electron microscopy 

(HRTEM) is used. The field emission scanning electron microscope (FESEM) is 

suitable for observing structures as small as 1 nm on the surface of the material. In 

order to be observed in SEM, objects are first made conductive. This can be done by 

coating them with an extremely thin layer (1.5–3.0 nm) of gold or gold palladium. 

Furthermore, objects must be able to sustain the high vacuum force and should not 

alter the vacuum, for example, by losing water molecules or gases. 

 HR-TEM is a powerful spectroscopy technique that offers information at the 

atomic level and reduces radiation damage at low accelerating voltages. In HRTEM, 

the accelerating voltage is highly stable of the range of one part per million (ppm) or 

higher. 

 

1.5 Literature review 

 The focus of the present thesis is to valorize lignin and cellulose extracted 

from Arundo donax, and to synthesize sustainable composite hydrogels. Over the 

years, remarkable research on biopolymer hydrogel synthesis, characterization, and 

application has been published. Chitosan (CS) and xanthan gum (XG) are two 

commonly used biopolymers in environment-friendly hydrogel formulations. 

However, these biopolymers lack the mechanical strength required for application in 

flexible electrodes, as coatings. Hence, synthetic polymer PVA is blended with these 

biopolymers to incorporate adequate strength. Jin and Bai
99

 formulated PVA‒CS 

hydrogel bead where PVA was blended with CS to incorporate desirable mechanical 

and chemical properties in CS. The enhanced properties can be ascribed to the 
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hydrophobic side chain aggregation, and intermolecular and intramolecular hydrogen 

bonds between the two polymers. 

 

Table 1.3 Summary of representative literature on PVA, CS, lignin/LNPs composites. 

Composition Remark Reference 

PVA‒CS‒Lignin 

nanoparticle (LNP) 

•Enhancement in Young’s modulus and 

tensile strength of PVA 

•LNP imparts high toughness in CS 

•High thermal stability 

  
100

 

PVA‒CS‒Lignin 

nanoparticle (LNP) 

•LNP promoted crosslinking  

•LNP limited deswelling of PVA 

•enhanced mechanical and thermal 

properties 

101
 

PVA‒LNP •Toughening of hydrogel matrix 

•Thermal stabilization 

102
 

PVA‒CS •mean tensile strength and percentage 

•elongation of CS‒PVA blends decreases 

with decrease in PVA content 

103
 

PVA‒CS •improvement in hydrophilicity of obtained 

films 

104
 

CS‒LNP • Crosslinking of chitosan by lignin 

phenoxyl radicals 

•Synthesis/production lignin-crosslinked 

hydrogels 

•improvement in tensile strength, storage 

modulus, thermal degradation temperature 

and glass transition temperature of chitosan 

105
 

Lignin decorated CNTs 

‒ PVA  

•Lignin as CNT dispersant  •Enhanced 

breaking stress and modulus 

•Superior antimicrobial properties  

106
 

Lignin‒nanofluid 

containing CNT 

•Lignin as CNT dispersant   

•Viscosity and thermal conductivity 

enhancement with increasing LNPs 

107
 

Lignin ‒PVA‒CS •enhanced mechanical strength  

•better protein absorption 

108
 

Alkali lignin‒ CNT •Lignin as CNT dispersant   
109

 

Kraft lignin‒ CNT •Lignin as CNT dispersant   
110

 

PVA‒ CNT  •Fast water transport 

•Excellent environment tolerance 

•Excellent mechanical reversibility 

111
 

O-carboxymethyl 

chitosan (O-CMCS)‒

PVA‒CNT 

•Rapid self-healing 

•Excellent antibacterial and tensile strength 

•Stable electrical conductivity 

112
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Another study reported by Dhiman and Agnihotri
113

 used PVA‒CS hydrogel for Ag 

nanoparticle immobilization, where PVA was blended to strengthen the poor 

mechanical properties of CS. Additionally, lignin particles have been incorporated in 

PVA and CS to curb the disadvantages of the CS biopolymer. Zhu et al.
114

 

incorporated lignin nanoparticles in carboxymethyl chitosan (CMC) to develop 

sprayable hydrogel. Morales et al.
115

 developed physically crosslinked PVA lignin 

hydrogel with good mechanical and thermal properties. The addition of lignin also 

facilitated swelling of the formulated hydrogel up to 800% with 40‒50% water 

retention. Zhang et al.
116

 formulated PVA‒CS hydrogel and added lignin 

nanoparticles (LNPs) to enhance the mechanical properties of PVA and CS. The 

reported tensile strength for PVA‒CS‒LNP hydrogel was 46.87  MPa. Also, during 

the synthesis of CNT based hydrogel, dispersion of CNTs in hydrophilic PVA and 

chitosan posed a challenge. This particular problem is resolved by using lignin 

particles to disperse CNTs. Literature on CNT based PVA‒CS hydrogel is massive, 

but considering the scope of work, representative literature has been summarized in 

Table 3.1. 

 

 During the formulation of bio-based fire retardants, the main approach is to 

use high char-forming biopolymers. XG and cellulose are two such biopolymers that 

have recently gained attention as new bio-based fire retardants. The development of 

XG and cellulose based hydrogel has its own sets of disadvantages. Similarly to 

chitosan, XG is a non-gelling polymer displaying poor mechanical properties.
117

 

Hence, PVA is added to strengthen the mechanical stability as well as crosslink XG 

polymeric chains through freeze thaw. Zhang et al.
118

 reported preparation of PVA‒

XG hydrogel via freeze thaw process. Presence of PVA strengthens the hydrogel and 
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reduced its compression properties due to strong hydrogen bonding formation. 

Additionally, presence of XG promoted a higher swelling ratio. Similarly, Bernal-

Chávez et al.
119

 reported increment of tensile strength from 9 to 87 kPa on blending 

PVA with XG. Also, presence of PVA imparted flexibility, crystallinity and 

resistance. Physical crosslinking or freeze thaw is an environmentally friendly method 

of crosslinking. However, with the incorporation of higher XG, the hydrogel produced 

lacked the desired properties. Hence, in the case of a higher percent of XG in the 

hydrogel crosslinking was done by using crosslinker. Oxalic acid, borax, and 

aldehydes (formaldehyde and glutaraldehyde) are generally used as crosslinkers. 

Enache et al.
120

 reported dual crosslinking technique, physically crosslink via freeze 

thaw PVA‒XG in presence of nontoxic oxalic acid as a chemical crosslinker. Alupei 

et al.
121

 reported formulation of PVA ‒XG superabsorbent using epichlorohydrin as a 

crosslinker in basic medium. Similarly, in basic medium aldehydes are also used as 

crosslinker. Bhattacharya et al.
122

 report synthesis of glutaraldehyde crosslinked 

PVA‒XG superabsorbents under alkaline conditions. Saadatlou and Pircheraghi
123

 

crosslinked XG using tetra-functional crosslinker borax under alkaline conditions. 

 In addition to biopolymers, particles such as lignin and clay have been utilized 

as fire retardants by enhancing char formation.
124

 Zhang et al.
125

 utilized pristine 

lignin as fire retardant for PU foam. The flame retarding mechanism of lignin/PU 

foam was attributed to the fact that lignin could change the thermal degradation and 

burning behavior of PU foams in the condensed phase (char forming) and the gas 

phase (inert gas dilution) by radical quenching (phenolic groups) and S–N synergism. 

Lui et al.
126

 synthesized functionalized lignin to impart fire retardancy to 

polypropylene wood. Similarly, clay particles have been incorporated to impart fire 

retardancy. Ullah et al.
15

 used kaolin clay based intumescent fire retardant coating for 

TH-3070_166107029



Introduction and Literature Review 

27 

the protection of steel substrate. The weight residue at the end of the thermal analysis 

was estimated to be 49%. Fukushima et al.
127

 established the effectiveness of 

expanded graphite/layered-silicate clay in increment of fire retardancy of poly lactic 

acid. Recent scientific reports have showcased a gradual increase in the formulation 

of halogen and other toxic chemical free bio-based fire retardants. Some recent 

literature is summarized in Table 1.4. 

 

Table 1.4 Literatures on recent development in bio based fire retardants.  

Composition Remark Reference 

Lignin ‒ polybutylene 

succinate (PBS) 

 Reduction in peak heat release and total 

heat release of PBS by 27 and 31% 

 Reduction in weight loss by 33% 

128
 

Polyacrylamide and alginate  low heat transfer through hydrogel 

laminate 

  high heat protection until the hydrogel 

dries 

  dry hydrogel charred  

129
 

Water soluble chitosan, 

sodium alginate and copper 

ions 

 Self-extinguishes within 35s 

 Peak HRR 214.29 J g
–1

 and THR of 

38.49  kJ g
–1

 

 Mass residue obtained 8.7% to 6.1% 

(@650 ºC) 

130
 

Sodium carboxymethyl 

cellulose‒g‒ acrylic acid 

 High heat resistant gel 

 High water absorption (equilibrium 

water absorption in 2‒3 h) 

 Mass residue obtained (TGA) is 27.8% 

131
 

Chitosan-grafted 

poly(acrylic acid-co-

methacrylamide) 

 Good water retention even at higher 

temperature 

 Mass residue obtained 55% to 70% 

@700ºC  

132
 

Xanthan Gum and 

Resorcinol Bis(diphenyl 

phosphate)-Coated Starch 

 Thick layer of char produced 

 Low heat transfer due to the layer of 

char 

11
 

Kaolinite ‒Cellulose  Showcased high strength of 37 MPa, 

and a modulus of 5.8 GPa with 35% 

nano‒kaolinite and 14 wt% cellulose  

133
 

MMT‒CNF‒cellulose  Enhanced gas barrier property 

 Intense charring of polysaccharides 

 Intumescent behaviour observed 

134
 

Expandable graphite flakes‒

cellulose 

 Delay in ignition time 

 Increment in thermal stability of the 

composite 

135
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1.6 Thesis objectives 

This thesis reports our studies in synthesizing composite hydrogels and put 

forth new methods for synthesizing conducting hydrogels and fire retardant hydrogels 

using sustainable sources. The following are the objectives of the thesis: 

1. Investigation of the extractions process and products of Arundo donax 

a) Study the extraction process of lignin and cellulose derived from 

Arundo donax. 

b) Characterization of the extracted products (lignin and cellulose). 

2. Ultrasound assisted lignin decorated MWCNT doped flexible PVA‒Chitosan 

composite hydrogel 

a) Evaluate the process of ultrasonic dispersion of lignin and MWCNT. 

b) Formulation and characterization study of physically crosslinked 

PVA‒CS hydrogel. 

c) Performance evaluation of the developed hydrogel through EIS 

measurement. 

3. Development of NaOH-borax crosslinked PVA-XG-Lignin hydrogel as 

green fire retardant  

a) Synthesise of LNP using nanoprecipitation method  

b) Formulation and characterization study of PVA‒XG‒LNP hydrogel 

coating on cotton fabric. 

c) Performance evaluation of the developed hydrogel fire retardant. 

4. Kaolin embedded cellulose hydrogel as green fire retardant 

a) Formulation and characterization study of Methylene bis acrylamide 

(MBA) crosslinked kaolin embedded cellulose hydrogel. 
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b) Performance evaluation as fire retardant 

1.7 Thesis outline 

 On the basis of the above discussion, the thesis is organized in 6 chapters. A 

brief overview of the chapters is as follows: 

Chapter 1: This chapter extensively discusses the background and fundamentals of 

hydrogels, their properties, and synthesis methods. The various theories related to 

hydrogel and different techniques involved in the characterization of hydrogels are 

also discussed elaborately. Sequentially, a review of the state-of-the-art literature on 

the various materials involved in hydrogel synthesis and the method adopted for 

hydrogel formulation is presented in this chapter. Finally, the broad scope and 

objectives of the present thesis have been outlined. 

Chapter 2: Giant reed or Arundo donax is a perennial grass ubiquitously found in 

north-eastern region of India. This grass is an excellent resource of lignin and 

cellulose. This chapter discusses the compositional analysis of the biomass, pre-

treatment process indulged, and the extraction process of lignin and cellulose. Lignin 

was extracted from the biomass via alkaline treatment (2 M NaOH). The solids 

obtained after lignin removal were bleached via sodium chlorite to obtain bleached 

cellulose. The standard NREL methods were followed to evaluate the compositional 

analysis of the biomass, and check the purity of the extracted products. The details of 

all the methods involved are described and discussed in this chapter. 

Chapter 3: In this chapter, we have reported synthesis of physically crosslinked 

PVA‒CS with LNP-dispersed-CNTs to produce conductive composite hydrogel. The 

thermal stability of hydrogels was characterized by TGA; rheological studies were 

carried out to test their mechanical strength. Post addition of nanoparticles, the CS–
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PVA hydrogel revealed a significant increase in thermal stability. The conductive 

nature of the formulated hydrogels was verified by EIS analysis. 

Chapter 4: This chapter reports synthesis, characterization, and testing of hydrogels 

comprising a biodegradable PVA matrix with two biomaterials additives, viz., 

xanthan gum and lignin nanoparticles (LNP). Nanoprecipitation from 7:3 acetone-

water cosolvent was adopted to produce LNPs. The hydrogel network was achieved 

through crosslinking by borax and NaOH. Different hydrogels synthesized in this 

study with different combinations (or compositions) of the LNPs, borax, and NaOH 

revealed enhanced structural and fire retardant properties.  

Chapter 5: In this chapter, we valorized the cellulose extracted from the waste 

perennial grass, Arundo Donax, to regenerate cellulose composite hydrogel on cotton 

fabric. Herein, we report synthesis of cellulose-kaolin composite hydrogels 

crosslinked using methylene bisacrylamide. The combustion behavior was evaluated 

by performing cone calorimeter test (CCT), limiting oxygen Index (LOI) test, vertical 

flammability test (VFT), and open fire test (OFT).  

Chapter 6: This chapter summarized the findings of all the chapters of the thesis. The 

thesis has presented investigations in formulation of three types of hybrid composite 

hydrogels using biomass derived lignin nanoparticles or cellulose as hydrogel matrix 

for the generation of conductive hydrogels and fire retardant hydrogels. The 

formulated nanoparticles and composite hydrogels were extensively characterized 

using standard characterization techniques (viz. FTIR, FESEM, FETEM, and TGA). 

Further, conductivity of hydrogels was measured through EIS, and Fire retardants 

hydrogels was characterized by performing CCT, Vertical flammability tests (VFT), 
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Open fire test (OFT), and calculating the limiting oxygen index (LOI) of the hydrogel 

samples. 
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CHAPTER 2 

EXTRACTION OF LIGNIN AND CELLULOSE FROM 

Arundo Donax 

 

 

2.1 Introduction 

 Increasing population has increased consumption of raw materials and 

pollution. This situation demands for a low carbon life. Advocating and promoting 

renewable materials to achieve sustainability has become the new goal for both old 

and upcoming new industries and institutions. Lignocellulose biomass has emerged as 

potential renewable material due to availability and abundance in nature. Extensive 

efforts have been undertaken to develop sustainable materials from biomass. Biomass 

can be fractionated into its three major components, namely cellulose, hemicellulose, 

and lignin. Cellulose is a highly crystalline polysaccharide consisting of β-1,4 linked 

D-glucose units linear linkage. Cellulose can be extracted from both plants and 

bacteria. These are mostly found in packed microfibrils held together by 

intermolecular hydrogen bonding and weak van der Wall forces and play an important 

role in keeping the plant cell wall structure stable.
1
 These are mainly used for the 

production of fibers and films. Similar to cellulose, hemicellulose is an integral part of 

plant cell wall, which immensely supports microfibrils cellulose. It is mainly 

composed of several different sugar units, viz. xylose, mannose, galactose, and 

arabinose.
2
 Hemicellulose is mainly utilized for the production of biofuels. Similar to 

cellulose and hemicellulose, lignin is a highly crosslinked complex amorphous 

polysaccharide. It is made of syringyl (S), guaiacyl (G) and p-hydroxyphenyl (H) 
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moieties. This is mostly produced in the paper and pulp industry as a byproduct and 

incinerated to produce energy or discarded. Several research efforts have been going 

on to develop value added products, viz. vanillin from lignin. Recent advances report 

voluminous studies on synthesizing hydrogels from biomass components for various 

applications. Zhang et al.
3
 reutilized bio-waste soybean dreg to develop low cost 

hydrogel adsorbents for removal of waste water remediation. Lin et al.
4
 synthesized 

lignocellulose hydrogel evaporator for continuous production of fresh water from sea 

water. Introduction of lignin improved the hydrophilicity and maintain capillary 

channels in hydrogel and abet vaporization enthalpy of water. These environment 

friendly hydrogels were able to achieve sustainability as well as aid in solving global 

environmental problems.  

 Gaint reed or Arundo donax (AD) is an invasive perennial grass widely 

available in north east India. They belong to Poaceae family of the Arundinae tribe. 

These are segmented nodes and internodes tubular structured
5
 (resembling bamboo) 

which can grow up to 6 m in height. They have long leaves with tapered tip and hairy 

base. Additionally, AD is a fast growing cane which can breed in different soil and 

climatic conditions. These are typically harvested for the production of biofuel, roof 

thatching, and as a source of fiber for printing paper. Its high biomass production 

makes it a great source of renewable material. AD has an interesting composition of 

cellulose, hemicellulose and lignin. Many studies have been reported on fractionation 

of high value products, viz. lignin, cellulose and hemicellulose, from AD. Shatalov 

and Pereira
6
 reported extraction of lignin from AD using alkali method. Another study 

by Seca et al.
7
 extracted lignin from nodes and internodes of AD and compared the 

chemical composition of the extracted lignins. Bessa et al.
8
 extracted microcrystalline 

cellulose via acid hydrolysis from AD and reused the extract as reinforcement of 
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bisphenol A aniline based benzoxazine (BA-a). Shatalov and Pereira
9
 extracted sulfur 

free cellulose from AD after selective removal of hemicellulose by dilute acid 

treatment. Candia et al.
10

 valorized AD by extracting varying degree of cellulose 

fraction to formulate superabsorbent aerogels. Barana et al.
11

 simultaneously 

fractionated lignin, cellulose and hemicellulose using alkaline method and further 

characterized the components. 

This chapter reports the fractionation of cellulose and lignin from AD. Dilute 

acid hydrolysis was opted as the pretreatment process, followed by alkaline treatment 

to isolate lignin from biomass. Finally, the remaining biomass was treated with 

sodium chlorite to further remove the remaining lignin and hemicellulose to obtain 

highly crystalline cellulose. To maximize the utilization of the extracts, 

characterization was performed. 

 

2.2 Experimental 

2.2.1 Collection and processing of biomass 

AD is widely available in Indian Institute of Technology Guwahati campus 

(Figure 2.1). The whole AD stem with leaves was collected, cut into pieces, and 

washed thoroughly to remove soil and unwanted foreign particles. Finally, it was 

dried at 45ºC in a hot air oven. Once dried the stem was fed to jaw crusher, to 

facilitate processing of AD nodes. After the biomass was fully crushed, a grinder was 

used to further reduce its size to pass through a sieve of 1000 μm and stored in an air 

tight container for the extraction process. 
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Figure 2.1 Arundo donax in IIT Guwahati campus 

 

2.2.2 Compositional analysis of AD 

 Proximate were determined according to the standard protocol of NREL.
12

 

Ultimate analysis [C, H, N, S, O] was determined by elemental analysis [Elemental 

Analyzer (Exeter Analytical, CE 440)]. The methods followed to determine proximate 

analysis are mentioned in Table 2.1. The samples were first made free of extractives 

(nonstructural component of biomass viz. waxes, protein, chlorophyll etc.)  by 

following the NREL/TP-510-42619 protocol. Extractive removal is an important step 

to avoid interference of extractive during further processing of samples. The protocol 
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states two step extractive removal processes. Initially, the ethanol soluble extractives 

were removed followed by removal of water soluble extractive. The solvent used for 

extractive removal were dicholomethane, ethanol and water (solvents mentioned in 

order of solvent used during extractive removal).
13

 The extractives were determined 

gravimetrically.  

Ash content, total dissolved solids and moisture content were determined 

using standard NREL protocol (Table 2.1) and were simultaneously performed along 

with extractive determination. To determine total dissolved solids and moisture, the 

sample was mix thoroughly first and weigh an appropriate amount to nearest 0.1mg. 

The measured sample was transferred to pre dried aluminum pan. The weight of the 

sample with the pan was recorded and then placed in an oven at 105± 3ºC for a 

minimum of four hours. At the end of four hours, the pan was removed and cooled in 

a desiccator and weight of the oven dried sample containing pan was recorded. The 

oven dried pan was placed back into the oven at 105 ± 3ºC and dry to constant weight. 

Constant weight is defined as ± 0.1% change in the weight percent solids upon one 

hour of re-heating the sample.   

Table 2.1 Methods followed for proximate analysis 

Analysis  Method 

Extractives NREL/TP-510-42619 

Total dissolved solid, moisture content NREL/TP-510-42621 

Ash content NREL/TP-510-42622 

Structural carbohydrates and lignin NREL/TP-510-42618 

 

2.2.2.1 Estimation of lignin and carbohydrate content 

To estimate the lignin and structural carbohydrate content NREL/TP-510-

42618 procedure was followed. This is a two-step acid hydrolysis process, followed 
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by fractioned biomass for easier quantification of lignin and carbohydrates. Lignin 

fractionates into acid soluble and acid insoluble forms, which can be estimated 

gravimetrically and UV‒Vis spectroscopy, respectively. Structural carbohydrates, 

during hydrolysis, break into their monomeric form, and HPLC is employed to 

quantify the different forms of carbohydrates. 

 Initially we weigh biomass in a tube and add 3 mL (or 4.92 g) of 72% H2SO4. 

The mixture was stirred for 1 min using a glass rod, placed in a water bath maintained 

at 30ºC and incubated for 1 h. The sample was stirred sporadically in 5 to 10 min 

without removing the tubes from water bath. After 1 h the sample was removed from 

the water bath and 86.73 mL of water was added to dilute the sample. The tube was 

sealed and shaken to mix the samples and then autoclaved the sample at 121ºC for 1 

h. Allow the autoclaved sample to cool down at the end of 1 h. 10 mL of the sample 

was drawn into an aliquot for further processing and the remaining autoclaved sample 

was vacuum filtered to separate the filtrate and solids. The filtrate was transferred to a 

sample bottle which can be utilized to determine carbohydrates. The solids were 

washed with hot deionized water and dried at 105±3 ºC for 4 h. The residue that 

remained after drying is acid-insoluble lignin (AIL). Afterward, the residue was 

placed in the muffle furnace at 575±25 ºC for 24±6 h to determine the ash content of 

the residue. 

To obtain the acid soluble lignin (ASL), UV‒Vis absorption of the 10 mL of 

sample drawn in aliquot was performed. The samples were diluted with deionized 

water or sulfuric acid to bring the absorbance to 0.7 to 1.0 (the amount of dilution was 

recorded). The dilution solvent was used as blank (deionized water or sulfuric acid). 

This step was performed within 6h of biomass hydrolysis. 
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To quantify the carbohydrates of biomass HPLC was employed. Prepare a 

series of calibration of D-cellobiose, D(+)glucose, D(+)xylose, D(+)galactose, 

L(+)arabinose and D(+)mannose. Take the 50 mL of filtrate stored in sample bottle 

obtained after vacuum filtration and neutralized it using calcium carbonate. The 

addition of calcium carbonate was stopped after reaching 5 or 6 pH. The samples 

were allowed to settle, and the supernatant was decanted. The pH of the liquid after 

settling was recorded to be ~7. HPLC (mobile phase: HPLC grade water, Flow rate: 

0.6 mL/min, Column temperature: 80–85 °C, was performed on the liquid obtained. 

The amount of glucose quantifies the cellulose content while the remaining 

component (xylose, galactose, arabinose and mannose) quantifies hemicellulose.
14

 

The amount of cellobiase detected is the result of over hydrolysis of the samples and 

indicates that the process must be repeated as some amount of carbohydrates was lost 

during hydrolysis. 

2.2.3 Extraction of lignin and cellulose from Arundo donax 

  

 

Figure 2.2 extraction process of lignin and cellulose 
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The extraction process of lignin and cellulose from Arundo donax is 

schematically represented in Figure 2.2. Prior to extraction process, the biomass was 

pretreated with dilute HCl (0.1 M) for 2 h to remove some part of hemicellulose. 

After 2 h the resultant was vacuum filtered to separate the filtrate and solid. The solid 

obtained was further process with 0.1 M NaOH for 2 h and vacuum filtered. The 

filtrate obtained is acidified with 5 M HCl to precipitate lignin. The precipitate was 

washed with deionized water until neutral. The solid obtained after vacuum filtration 

was further treated with 2 M NaOH for 3 h at 100ºC to remove any remaining 

hemicellulose and lignin in the solid. The solid obtained after 2 M alkaline treatment 

was treated with 2 M sodium chlorite to bleach the solid. This process was repeated 

until white solids or cellulose were obtained. 

 

2.2.4 Characterization techniques 

Crystallinity of cellulose was confirmed by X-ray diffractometer (XRD, 

Rigaku RINT 2500 TTRAX-III) equipped with Cu‒Kα radiation (λ = 1.5406 Å) with 

nickel filter. Scans were recorded in the 2θ range of 10º to 70º. FTIR [Spectrum Two, 

PerkinElmer (USA)] was performed over the wavenumber range of 4000–400 cm
–1

 

was to determine the chemical groups contributing in the structural formation of 

lignin and cellulose. FESEM [Sigma 300, Zeiss (USA)] enables to visualize the 

surface morphology of the extracted lignin and cellulose. The thermal decomposition 

profiles of biomass, lignin and cellulose were determined using TGA [TG 209 F1 

Libra, Netzsch, Germany]. Gel permeation chromatography (GPC) [Agilent, 

G7820A], was employed to estimate the molecular weight of the extracted 

components. Tetrahydrofuran (THF) was used as eluent (injected at 1mL min
–1

 at 

35ºC). 
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2.3 Results and discussion 

2.3.1 Compositional analysis 

Table 2.2 Proximate analysis of biomass 

Characteristic  Value (%) 

Moisture 9±0.05 

Ash content 7±1 

Cellulose 35±0.5 

Hemicellulose 25±2 

Lignin 14±0.35 

Extractives 8.76±1.27 

 

Table 2.3 Ultimate analysis of biomass, lignin and cellulose 

 Biomass Lignin Cellulose 

C (%) 56 55.32 39.78 

H (%) 5.58 6.02 5.92 

N (%) 1.64 0.79 0.04 

S (%) 0.233 0.05 0.03 

O (%) 36.54 37.82 54.23 

 

Lignocellulose biomass consists primarily of polysaccharide cellulose and 

hemicellulose. The third primary component is lignin which is a phenolic polymer. 

Chemical composition of the biomass provides a better quantification of the 

carbohydrate and lignin content, enabling us to design an appropriate plan for the 

extraction and valorization of the extracted components. Also, the extractive content 

of the biomass can be quantified.  

 Extractive was removed from the biomass prior to hydrolysis. Three solvent, 

dichloromethane, ethanol and water, were refluxed in a soxhlet to carefully remove 
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the ethanol soluble and water soluble extractives. Ethanol extractives include waxes 

and chlorophyll whereas water soluble extractives include nonstructural sugars, 

inorganic materials and nitrogenous compounds
15

. The estimated total biomass 

extractives were around 8.76% (Table 2.2)  consisting more water soluble extractives 

(4.12%) than the ethanol soluble extractives (3.26%). 

 Two step hydrolysis processes fractionate the biomass into its major 

component. During the first hydrolysis (72% H2SO4), undertaken at low temperature 

and short interval of time (30 ºC, 0.5 h) provide sufficient condition to solubilize C5 

hemicellulose fraction. Meanwhile, a solid rich in cellulose and lignin is left behind. 

The second hydrolysis step performed at a higher temperature and longer period 

(121ºC, 1 h), fractionates the cellulose and lignin into more detectable monomers 

(sugars, acid soluble lignin and acid insoluble lignin). Table 2.2 represents the result 

of the two step hydrolysis of biomass. The estimated values are 35% cellulose, 25% 

hemicellulose and 14% lignin. Elemental analysis of biomass reveals 56% of carbon, 

36.54% oxygen, 5.58% hydrogen and 1.64% nitrogen and 0.223% sulfur. The results 

of extractive analysis corroborated with those of elemental analysis. 

2.3.2 Extraction of lignin and cellulose 

AD was acid‒alkali treated to extract lignin and cellulose. Size reduced AD 

was pretreated with dilute HCl (0.1M) at 100ºC for 2 h to remove some part of 

hemicellulose. The solids obtained after dilute acid pretreatment was treated with 0.5 

M NaOH at 100ºC for 2 h. This step solubilizes lignin and remaining hemicellulose 

sequentially, resulting in solids rich in cellulose. The filtrate obtained after vacuum 

filtration was allowed to precipitate to obtain lignin particles (Figure 2.3a) under 

acidic conditions (5 M HCl) by reducing the pH of the filtrate from pH 10 to 1. To 

remove traces of lignin and hemicellulose, the solids (from vacuum filtration) were 
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treated with 2 M NaOH at 100ºC for 2 h. To whiten the cellulose fibers the solids 

were treated with 2 M sodium chlorite at 100ºC for 2 h. This process was repeated at 

least two times to obtain bleached cellulose fibers (Figure 2.3b). 

 

  

(a) 

 

(b) 

Figure 2.3 Extracted (a)lignin and (b) cellulose 

 

Table 2.4 Yield and purity of lignin 

 NaOH HCl+NaOH 

Acid soluble lignin (ASL) 45.3±0.3 83.56±0.5 

Acid insoluble lignin (AIL) 1.2±0.1 1.5±0.13 

Ash 1.5±0.12 0.06±0.01 

Purity(%)
a
 45 85 

Yield(%)
b
 15 12 

a purity of lignin was calculated as follows: ASL(wt%) +AIL(wt%)‒Ash(wt%)
16

  

b yield of lignin as follows: extracted lignin/lignin in biomass 

 

Table 2.5 Yield and purity of cellulose 

 1M Sodium 

Chlorite 

2M Sodium 

Chlorite 

Purity (%) 75 90 

Yield (%) 48 55 
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 The Tables 2.4 and 2.5 represent the yield and purity of the extracted lignin 

and cellulose under different extraction conditions. Combination of dilute acid 

pretreatment with alkaline treatment yield lignin of higher purity.
11

 Also, a low 

concentration of NaOH (0.5 M) facilitates extraction of high purity lignin. A higher 

alkali concentration (up to 2 M) resulted in more lignin extraction; however, the 

purity of the lignin extracted was compromised. In the case of cellulose, 2 M sodium 

chlorite yielded higher amount of high purity cellulose. HPLC was performed to 

validate the purity of the extracted cellulose.
17

 To check the purity of the extracted 

cellulose, 3 g of the air dried cellulose sample was placed in 25ml of NaOH solution 

of 17.5 % (w/w).
18

 Leaving the sample to swell for 5 mins, the pulp obtained was 

pressed. After pressing, another 25 ml of NaOH was added, and the sample was 

homogenized and left for 40 min. After 40 min, DI water was added and vacuum 

filtered. The sample was washed with DI water until the sample was neutral. After 

washing with DI water, 100 ml of 10% acetic acid was added to the sample for further 

washing, followed by DI water. The sample obtained after washing was oven dried at 

105‒106 ºC and weigh gravimetrically to estimate α cellulose. The purity of cellulose 

obtained was 90% (Table 2.5). 

 

 

Figure 2.4 XRD of extracted lignin and cellulose 
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2.3.3 XRD to determine crystallinity of cellulose 

 Amorphous nature of lignin was evident by peak at 20º (Figure 2.4). XRD of 

cellulose reveals its crystalline nature with diffraction peaks at 16.3 and 22.6º that 

belong to (1 1 0) and (2 0 0) planes, which are the characteristic peaks of α-cellulose. 

Crystallinity index of cellulose was calculated from XRD using equation 2.1. 

Estimated crystallinity index (CI) was 52%. 

200 110

200

100
I I

CI
I


 

        2.1 

where I200 and I110 represent the intensity at 200 and 110 planes. 

2.3.4 FTIR of lignin and cellulose 

 FTIR analysis was performed to confirm the functional groups in lignin and 

cellulose. Figure 2.5a reveals the presence of hydroxyl groups (peaks at 3500, 3000 

cm
-1

). The sharp peak at 2925 cm
-1

 can be ascribed to C–H bending. C=O stretching 

vibration conjugated to the aromatic ring showed a peak at 1654 cm
-1

. Peaks at 1591 

and 1507 cm
-1

 can be ascribed to C=C aromatic vibration. Peaks from 1206 to 1026 

cm
-1

 are due to C–O stretching vibrations in alcohol hydroxyl group. The peak at 828 

cm
-1

 can be ascribed to C–H out-of-plane in positions 2, 5 and 6 of guaiacyl units. 

Similarly, for cellulose, Figure 2.5b reveals presence of hydroxyl groups (broad peak 

at 3391 cm
-1

). Cellulose is made up of several glucose units and peaks at 2906 and 

1375 cm
-1 

are due to C–H stretching of glucose unit. A small peak at 1061 cm
-1

 can is 

attributed to the ‒C‒O group of secondary alcohols and ethers groups in the cellulose 

chain backbone. Peak at 828 cm
-1

 is due to bending vibration of ‒C‒O bonds in 

cellulose.
19
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(a) 

 

(b) 

Figure 2.5 FTIR spectra of (a) lignin and (b) cellulose 

 

2.3.5 TGA of lignin and cellulose 

 

(a) 

 

(b) 

Figure 2.6 TGA  and DTG of (a) lignin  and (b) cellulose 

  

Performing thermal analysis on extracted components (lignin and cellulose) 

reveals the degradation profile and thermal stability of the material. The analysis was 

performed in the temperature range of 30‒600ºC at 10ºC min
-1

 under nitrogen 

atmosphere. Figure 2.6a and 2.6b represent the TGA and DTG profile of lignin and 

cellulose respectively. Figure 2.6a shows a two-step degradation of lignin. Initial 

weight loss was observed in the temperature range of 30‒150 ºC which is due to 

moisture loss. A major weight loss is observed in the temperature range of 200‒500 
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ºC due to polymer backbone degradation. A small hump is observed at 234ºC due to 

degradation of phenylpropane side chains of lignin.
20

 At the end of the analysis, 40% 

residue was observed. In the case of cellulose (Figure 2.6b), a single step degradation 

was observed between 220 and 480 ºC, mainly due to decomposition of carbon chains 

of cellulose.
21

 At the end of the analysis, very less residue was obtained (~3%). 

2.3.6 Estimation of molecular weight  

 Molecular weight is an integral property of a biomass component that strongly 

influences its interaction and valorization
22

. The molecular weight of the extracted 

lignin and cellulose were determined by GPC and represented in Table 2.5 and 

Figure 2.7. Molecular weight of lignin was estimated by direct dissolution in THF 

and the estimated molecular weight of lignin was around 3357 g mol
-1

. Direct 

dissolution of cellulose in THF is not possible. Hence, nitration of cellulose was 

adopted to produce THF soluble nitrocellulose. H2SO4:HNO3 ratio of 50:50 at 

ambient temperature for 10 min. The nitration reaction was quenched by adding cold 

water. The obtained NC was neutralized with DI water at 100ºC. The cellulose 

structure and its derivative (nitrocellulose) have similar structures, but some hydroxyl 

groups get replaced by nitro groups in C2, C3 and C6 carbons. Thus, nitro groups can 

be joined at these positions giving a compound with the chemical formula 

[C6H7O2(OH)3‒x (ONO2)]n , where x represent the nitro group replacing the hydroxyl 

group. The degree of substitution was calculated using the following equation 2.2.
23

 

The degree of substitution calculated was 1.7. Nitrogen content was calculated from 

the elemental analysis [Elemental analyzer Eurovector EA3100]. The amount of 

nitrogen estimated was 10.99 %. The molecular weight of cellulose was estimated to 

be 353470 g mol
-1

. 
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3.6 %

31.13 %

N
DS

N





         2.2 

 

Table 2.5 Elemental analysis of cellulose and nitrocellulose 

Sample C (wt. %)  H (wt. %) N (wt. %) S (wt. %) O (wt. %) 

Cellulose 39.78 5.92 0.04 0.02 54.26 

Nitrocellulose 36.73 3.09 10.99 0.03 49.16 

 

   

Figure 2.7 Molecular weight distribution of (a) lignin (b) cellulose 

 

Table 2.6 Molecular weight of lignin and cellulose 

Component Mn (g/mol) Mw (g/mol) 

Lignin 1418 3357 

Cellulose 81571 353470 

 

2.3.7 FESEM of lignin and cellulose 

The morphological features of the extracted lignin and cellulose are revealed 

by the FESEM images (Figure 2.8). Figures 2.8a-c shows the irregular sized lignin 
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particles extracted with sizes around 1000 μm. Figures 2.8d-f represents the FESEM 

images of cellulose fibers. The width of the fibers was around 10 to 80 μm.  

 

 

 

(a) 

 

(d) 

 

(b) 

 

(e) 

 

(c) 

 

(f) 

Figure 2.8 FESEM images of (a), (b) and (c) lignin and (d), (e) and (f) cellulose 
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2.4 Conclusions 

  In summary, we have successfully extracted lignin and cellulose from AD. 

Pretreatment and alkaline extraction methods yielded 12% lignin and 55% cellulose. 

Ultimate analysis of extracted components reveals high content of carbon and oxygen 

with smaller contents of nitrogen and sulfur. Additionally, the extracted lignin 

possessed a negligible amount of ash. Various techniques such as FTIR, FESEM, and 

TGA were used to characterize the extracted lignin and cellulose samples to reveal 

their functional groups, morphology, and thermal properties. At the end of the thermal 

analysis, the extracted lignin particles produced 40 wt.% of char, while the residue 

obtained for cellulose was ‒3wt. %. GPC analysis revealed the molecular weights of 

lignin and cellulose as 3357 g mol
‒1

 and 353470 g mol
‒1

, respectively. 
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CHAPTER 3 

ULTRASOUND ASSISTED LIGNIN-DECORATED MWCNT 

DOPED FLEXIBLE PVA‒CHITOSAN COMPOSITE HYDROGEL 

 

 

3.1 Introduction 

 Conductive hydrogels are soft, crosslinked polymer matter with tunable 

physical, chemical, and electrical properties. These are ideal as scaffolds in tissue 

engineering 
1,2

, bioelectronics 
3,4

, electrodes and electrolytes in supercapacitors and 

batteries 
5,6

, and ECG electrodes 
7–9

 owing to their conductivity and biocompatibility. 

Chitosan and PVA, by virtue of their biocompatibility and non-toxicity, have been 

widely used in the synthesis of these hydrogels.
10–12

 Chitosan (CS) is a natural 

polysaccharide; however, it exhibits poor mechanical strength.
13,14

 To overcome this 

shortcoming, PVA is blended with chitosan. PVA is a synthetic, water-soluble 

polymer that acts as the second matrix to CS, imparting mechanical support to the 

weak CS matrix.
11

 Previous studies have shown that the electrical properties of PVA‒

CS hydrogel can be tuned via addition of numerous fillers or additives. Carbonaceous 

additives (CNT 
15

, graphene 
16,17

, carbon black 
18

, activated carbon 
19,20

), liquid metal 

21–23
, and metal (Fe

3+
 
24,25

, Al
3+

 
26

 and ZnO 
27

) have been widely exploited to impart as 

well as modify conductivity according to desired flexibility or stiffness of the polymer 

matrix. However, dispersion of CNT in water is tedious. CNTs tend to aggregate as a 

result of van der Waals forces between their sidewalls. This tube-to-tube contact 

results in the hydrophobic nature of CNTs, which is responsible for their poor 

solubility in water and incompatibility with most solvents. 
28

 As a result, CNTs tend 

to settle down in aqueous solution. These difficulties in manipulating CNTs in 
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aqueous medium limit the development of CNT-based devices or composites of 

interest for new applications. In order to obtain fine dispersion of CNTs in the 

selected solutions, especially water, it is important to break the cohesion of 

aggregated CNTs. This can be achieved by using ultrasound and the usage of different 

additives, such as surfactants (SDS, CTAB, and Triton X-100), organic solvents 

(DMF, acetone), and polymers. Rojas et al. 
29

 optimized ultrasound parameters to 

disperse multi-walled carbon nanotubes (MWCNT). Also, Triton X‒100 (a non-ionic 

surfactant) was added to aid the dispersion of MWCNT in the aqueous medium. This 

technique of ultrasonication of CNTs in presence of surfactant produced debundled, 

unshortened and damage-free CNTs. Jung et al. 
30

 reported surfactant-aided and 

ultrasound-assisted dispersion of supercritical fluid-treated CNTs in aqueous medium. 

Results of Raman spectra validated the undamaging effect of the developed process. 

Bibi et al. 
31

 demonstrated that ultrasonication in very dilute acid could overcome the 

van der Waal forces of interaction between CNTs as well as modify its surfaces to 

obtain a fine dispersion. Jian et al. 
32

 studied the influence of sodium dodecylbenzene 

sulfonate (SDBS), SDS, and ultrasound on CNT dispersion. They reported that 

ultrasonication and surfactant could overcome the surface energy of CNTs and induce 

de-agglomeration. This process could effortlessly disperse small diameter CNTs 

whereas SDS dispersed larger diameter CNTs. Recently, Yuan et al. 
33

 reported 

ultrasound assisted aqueous dispersion of MWCNT. Further, organic solvents 
34

 such 

as acetone 
35

 and THF 
36

 have been used in dispersion of CNT. Bansal et al. 
37

 

reported ultrasound assisted dispersion of CNT in presence of acetone. The acetone-

aided fine dispersion was able to enhance the elastic modulus of the epoxy composite 

by 36% even with a small reinforcement of around 0.25 wt% of CNT. 
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Recently, valorisation of lignin has gained a lot of attention. Its application 

varied from polymer composite formulation, stabilizing pickering emulsion, dye 

absorbents, source of carbon, and as dispersants to name a few. However, 

hydrophobic nature of lignin limits its utilization in aqueous systems. Various 

methods have been employed for the alleviation of this impediment. In this case, as 

well, ultrasound offers a viable solution for dispersion of lignin in aqueous systems. 

In a liquid medium, ultrasound (US) induces nucleation of gas/vapor bubbles. US 

being a longitudinal wave moves through the liquid medium in the form of 

compression and rarefaction cycles. Propagation of ultrasound waves gives rise to 

bulk pressure variation in the liquid medium. This pressure variation gives rise to the 

phenomenon of cavitation, which is nucleation, growth, and transient collapse of 

gas/vapor bubbles. The phenomena of ultrasound wave propagation and cavitation 

induce intense convection in the system, which results in micro-mixing. Moreover, 

the cavitation bubbles also produce radical species on transient collapse, which induce 

chemical reactions in the system.
38

 Prolonged exposure to sonication may lead to 

cleavage of phenyl ether α-O-4 and β-O-4 linkages in lignin macromolecule.
39

 

Simultaneously, radicals produced during cavitation oxidize the aromatic moieties 

(through hydroxylation) and also promote homolytic chain scission of the lignin 

macromolecules.
40–42

 In the presence of additives such as surfactants and organic 

solvents, the time required for sonication can be significantly reduced. 

This work is aimed at developing PVA-CS-MWCNT hydrogels. A peculiar 

feature of our synthesis methodology is that we have obtained the dispersion of 

MWCNT in water with the aid of lignin particles and acetone. The resultant 

dispersion of MWCNT in water was added to an aqueous mixture of PVA and CS. 

The crosslinking between PVA and CS was achieved through freeze-thaw cycles to 

TH-3070_166107029



CHAPTER 3 

72 

obtain composite hydrogels. The resultant hydrogels were characterized by standard 

techniques, viz. FTIR, TGA, FETEM, FESEM. The swelling ability of the hydrogels 

was also extensively evaluated. The conductivity of the hydrogels was measured 

using Electrochemical Impedance Spectroscopy (EIS) measurements. 

 

 

(a) 

 

(b) 

Figure 3.1 (a) Process followed for dispersion and formulation of hydrogels (b) 

Illustrative representation of physical crosslinking of the formulated hydrogel. 

 

3.2 Experimental 

3.2.1 Materials 

PVA (Mw 89,000-98,000, 99+% hydrolyzed) and CS were purchased from 

Sigma Aldrich. MWCNT (outer diameter: 5–20 nm; inner diameter: 2–6 nm; length: 
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1–10 µm) was procured from Reinste Nano Ventures Ltd., India. Acetone (HPLC 

grade) was purchased from Merck. Lignin was extracted from Arundo Donax (AD) by 

alkaline treatment (0.1 M NaOH, 3 h) as previously described in chapter 2.
43,44

 

3.2.2 Aqueous dispersion of MWCNT 

Firstly, 1 g lignin in 45 ml water was sonicated using an ultrasound probe-type 

processor (Sonics and Materials VCX 500, 20 kHz, 200 W) for 3 h to obtain 

homogeneous lignin particle (LP) dispersion (Figure 3.1a). 5 ml acetone was added 

to this aqueous dispersion, followed by 1 h sonication in an ultrasound bath (Jeiotech, 

UC-10, 40 kHz, 300 W). Next, the desired quantity of MWCNT was added to this 

dispersion with further sonication for 1 h in the ultrasound bath. 

3.2.3 Hydrogel formulation 

Solutions of 10% w/v polyvinyl alcohol (PVA) and 2% w/v chitosan (CS) 

were separately prepared. Aqueous PVA solution was prepared by heating a mixture 

of 90 mL water and 10 g PVA powder for 20 min at 120
o
C. Similarly, CS solution 

was prepared by adding 2 g CS in 98 ml of 1% v/v acetic acid solution. The resultant 

solution was centrifuged to remove any suspended undissolve particles. PVA and CS 

solutions were mixed at a volume ratio of 90:10, and this mixture was subjected to 3 

freeze-thaw cycles (20 h freezing at ‒20 ºC, 4 h thaw at room temperature) to obtain 

PVA‒CS hydrogels. Likewise, to prepare hydrogels containing MWCNT, an adequate 

amount of aqueous suspension of lignin and MWCNT (as described in the previous 

section) was added to PVA‒CS solution and subjected to freeze-thaw cycles (Figure 

3.1b). Five hydrogels with varying compositions were synthesized, as listed in Table 

3.1. 
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Table 3.1 Composition of hydrogels  

Composition 
PVA  

(wt. %) 

CS 

(wt. %) 

Lignin 

(wt. %) 

MWCNT 

(wt. %) 

S1 10 2 -- -- 

S2 10 2 1 -- 

S3 10 2 2 -- 

S4 10 2 1 0.5 

S5 10 2 2 1 

 

3.2.4 Investigation of MWCNT dispersion by lignin 

 Particle sizes of LPs were measured by a particle size analyzer [Delsa Nano C, 

Beckman Coulter (Switzerland)]. FTIR of lignin and LPs were performed as 

mentioned in chapter 2. Dispersion of CNT by lignin is confirmed by UV-visible 

spectroscopy (Shimadzu, UV-2600, Japan), FETEM analysis (2100F, Jeol, Japan), 

zeta potential [Delsa Nano C, Beckman Coulter (Switzerland)] and surface tension 

(Kyowa, DY300) measurements. All the measurements for UV-visible analysis were 

performed in a quartz cuvette and dispersant samples were diluted to the same factor. 

3.2.5 Characterization of PVA ‒CS hydrogel 

Structural features of hydrogel were determined by FTIR and FESEM (Sigma 

300, Zeiss, USA). Thermal stability of the freeze dried hydrogels was characterized 

using TGA [TG 209 F1 Libra, Netzsch (Germany)]. The swelling ability of the 

hydrogel was studied by immersing a sample of dimensions 1×1 cm
2
 in distilled water 

followed by oven drying at 50ºC. The swelling ratio was calculated using equation 

3.1. 

100s d

s

W W
SR

W


          (3.1) 
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where, Ws and Wd denote the weight of the swollen hydrogel after time t and the 

weight of the dry gel, respectively. 

The mechanical stability of formulated hydrogels was assessed by 

measurement of rheological properties (Anton Paar MCR 301). Dynamic strain sweep 

in the 0.01 to 100 Hz frequency range was performed to determine the linear 

viscoelastic region (LVR). Subsequently, for a constant strain % (the value of strain 

% taken half of the LVR), the dynamic frequency sweep was also performed. The 

mesh size of freeze dried hydrogels was calculated based on the following equation: 

1/3
' AG N

RT




 
  
         (3.2) 

 

 

Figure 3.2 Experimental configuration for EIS of hydrogel between two SS foil 

pieces 

 

3.2.6 Measurement of conductivity of the formulated hydrogel 

The conductivity of hydrogels was measured in the frequency range of 100 

kHz to 0.01 Hz using the EIS method 
45

 with M204 Potentiostat/Galvanostat 

(Metrohm Autolab). Individual hydrogels were equilibrated in DI water (pH 6). The 

hydrogels were sandwiched between two stainless steel (SS) plates tightly (1.0 cm × 

1.0 cm), and an AC potential of 20 mV was applied (Figure 3.2). Since the gel 

thickness is fixed. The obtained EIS spectra were fit to equivalent circuit models. The 
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model includes inductors (L), resistors (R), constant phase element (CPE), and the 

finite Warburg diffusion impedance (W), which follows the certain impedance 

relationship as shown in equations 3.3‒3.6. Then, the bulk resistance of the hydrogels 

was obtained, and the conductivity of the hydrogels was calculated following equation 

3.7. 

 

LZ i L
         (3.3) 

RZ R
         (3.4) 

1
2

0

1

( )
CPEZ

Y i



        (3.5) 

1
2( )wZ i 




        (3.6) 

l

AR
           (3.7) 

where l (mm) is the thickness of the hydrogel and A (cm
2
) is the contact area of 

hydrogels and stainless steel plates. 

 

3.3 Results and discussion 

3.3.1 MWCNT dispersion by lignin 

US was applied for dispersing as well as for size reduction of lignin particles. 

As previously reported in chapter 2, the initial size of the lignin particles extracted 

from Arundo Donax was 1000 μm (Figure 3.3c), US reduced the size of the lignin 

particles to 10‒50 nm (Figures 3.3a and 3.3d).
43

 Also, LP obtained after 3h 

sonication showed an increased presence of the C=O group, which is attributed to 

condensed aromatic groups. FTIR spectra of lignin and LPs confirmed peaks at 1700 
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and 1654, which are C=O non-conjugate stretching vibrations. Additionally, the 

increased intensity of the peak at 1118 is due to C‒O stretching (Figure 3.3b).
42

 

These LPs, along with US and acetone, aided the dispersion of MWCNT in water. 

The dispersion of lignin, MWCNT is comprehensively characterized by measuring 

the UV absorption spectra, surface tension, zeta potential, and FETEM. 

 

 

(a) 

 

(c) 

 

(b) 

 

(d) 

Figure 3.3 (a) Particle size of lignin particles post sonication. (b) FTIR spectra of 

lignin and lignin particles. FETEM images of lignin particles (c)before sonication and 

(d) post 3h sonication 
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Table 3.2 Zeta potential and surface tension of LP and MWCNT suspension 

Composition Zeta potential (mV) Surface tension (mN m
-1

) 

LP - 46.00 26.83 

2:1 LP:MWCNT - 43.99  30.42 

1:1 LP:MWCNT -41.97 32.30 

LP( acetone free) -38.00 62.05 

 

3.3.1.1 Effect of ultrasound and acetone on MWCNT dispersion 

 This section discusses the dispersion of MWCNT by lignin aided by acetone 

and US. Alkaline lignin is hydrophobic in nature, which tends to agglomerate and 

reduces its reactivity.
46

 Hence, US is used for particle size reduction of lignin as well 

as to enhance its reactivity for improved dispersion of lignin and MWCNT. 

Dispersion of suspension obtained by US and the addition of acetone was confirmed 

by measuring the ϛ potential and surface tension (Table 3.2). For acetone-free LP 

suspension, the ϛ potential measured was higher (‒38 mV) than the suspensions 

containing acetone obtained after US. As mentioned in the previous section 3.1 long 

hours of US results in oxidation of lignin by the radicals generated during US 

process.
47

 Also, the large structure of lignin breaks up into smaller particles. This trait 

encourages improved dispersion of lignin particles, manifested in reduced ϛ potential 

(‒ 46 mV LP suspension aided by acetone and US). However, prolonged US may 

induce crosslinking of the phenolic hydroxyl groups of lignin. Hence, a shorter US 

time is always beneficial. To further aid the dispersion, acetone was added to the LP 

suspension. The dissolution of lignin due to addition of acetone is evident from the 

change of color of the suspension from light brown to dark brown (Figure 3.1a). The 

addition of acetone reduces the surface tension of the suspension due to formation of a 

hydrogen bond between the O atom of acetone and the H atom of water.
48

 Hence, the 
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surface tension of the aqueous lignin suspension after sonication (62.05 mN m
–1

) 

further decreases to 26.83 mN m
–1

 after addition of acetone (Table 3.2). 

3.3.1.2 UV‒vis spectroscopy 

UV‒vis spectroscopy is a common technique for characterizing the dispersion 

of CNT and lignin. Also, any structural changes in lignin induced by sonication can 

be determined from the UV spectra. Lignin consists of different chromophore 

functional groups, which absorb in UV or visible range.
49

 Similarly, disentangled 

individual CNTs are active in UV‒vis region and show characteristic spectra of 

absorption due to 1D van Hoff singularities.
50

 However, bundled (or aggregated) 

CNTs tend to quench the photoluminescence usually detected in the range of 300‒

1200 nm, whereas non-dispersed LP may settle down due to gravity. Hence, uniform 

dispersion of lignin and debundled CNTs show higher UV absorption. Figure 3.4 

represents the absorption spectra of lignin and CNT suspension in acetone and 

acetone free solvent. The spectrum of lignin particle (LP) in acetone shows the 

highest absorption ratio (across entire wavelength range) as compared to acetone free 

solvent and MWCNT dispersed solvents. Acetone is a non‒VOC solvent with a 

similar solubility parameter (Hildebrand and Hansen) for lignin.
51

 Hence, lignin is 

moderately soluble in acetone owing to its high hydrogen bonding capacity.
52

 Figure 

3.4 demonstrates that the suspension of LP dispersed by US alone had a lower 

absorption ratio, whereas the absorption increased with the addition of acetone to the 

suspension. For the suspension consisting of LP-aided MWCNT dispersion, the effect 

of ratio of LP to MWCNT was evident. 2:1 LP:MWCNT suspension performed better 

than the 1:1 LP:MWCNT suspension.
50,53

 These trends in UV absorption spectra 

clearly suggest that dispersion of MWCNT in aqueous solution is promoted by lignin 
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nanoparticles, and this process is also assisted by sonication and the addition of 

acetone. 

 

Figure 3.4 UV absorption of ultrasound assisted LP and LP‒ MWCNT suspension 

with and without addition of acetone. 

 

3.3.1.3 Morphological analysis of dispersion 

Further, FETEM was employed to validate the homogeneous dispersion of the 

suspension and the effect of US and acetone on lignin and MWCNT (Figure 3.5). 

Based on our previous findings, on the application of US alone to disperse lignin 

particles, the particle size obtained was in the range of 10‒50 nm and the particles 

were irregular shaped.
43,54

 These lignin particles were utilized to disperse the 

MWCNT in water (Figures 3.5a, 3.5b, and 3.5c). We observed that the MWCNTs 

were dispersed and the lignin particles adhere to the MWCNT which promoted the 

dispersion of MWCNT (Figures 3.5b and 3.5c). In the case of acetone aided 

dispersion, dissolution of lignin particles was seen cladded to MWCNT (Figures 3.5e 

and 3.5f). It can be said that acetone helped the adhesion of lignin to MWCNT, 

promoting better dispersion of MWCNT. The strong interaction between lignin and 

MWCNT is attributed to the presence of aromatic moieties which allowed π‒π 
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interaction with MWCNT.
55

 Acetone solubilized lignin provides more opportunity for 

lignin to strongly associate with MWCNT and clad onto its surface (Figure 3.5d and 

3.5e). 

 

 

Figure 3.5 US assisted (a-c) LP and MWCNT dispersion in water  (d and e) LP and 

MWCNT dispersion in presence of acetone 

 

3.3.2 Characterization of formulated hydrogels 

3.3.2.1 Physical crosslinking of hydrogel 

Hydrogels were formulated by adopting physical gelation and solidification of 

the PVA via freeze−thaw method. Such a technique produces stable hydrogels that are 

physically crosslinked by the presence of crystalline regions in PVA.
56,57

 FTIR was 

employed to confirm the formation of bonding between the polymers and fillers. 

From Figure 3.6, it can be clearly stated that with the increase in lignin particles and 

MWCNT, the strong broad peak between 3700 and 3000 cm
−1

 reduces to a weak and 

broad peak due to O−H stretching, suggesting an increase in intermolecular bonding 
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of hydrogels. Similarly, two peaks between 2700 and 3000 cm−1 are characteristic 

bands of ‒CH2 and ‒CH vibrational stretching. Also, a significant reduction in peak 

intensity is observed at 1081 cm
−1

 which is a characteristic band of C−O stretching 

due to aliphatic ether and aliphatic alcohol. Hence, we can conclude a strong bond 

formation between lignin dispersed MWCNT and polymers matrix. 

 

 

Figure 3.6 FTIR spectra of formulated hydrogel and schematic representation of the 

network formed in physically crosslinked hydrogels. 

 

3.3.2.2 Investigation of thermal stability of the hydrogels 

TGA was employed to investigate the thermal stability of the formulated 

hydrogel. Figures 3.7a and 3.7b represent the TGA and DTG curves of hydrogels 

consisting of lignin and MWCNT. Three stages of degradation are observed. Initial 

degradation occurred until 200ºC, which can mainly be attributed to physically 

adsorbed water molecules. The second stage of degradation occurs around 300ºC, 

which can be ascribed to dehydration, decomposition, and chain scissioning of PVA, 

CS, and lignin.  Dehydration of hydroxyl groups present in PVA, and the formation of 

volatile organic compounds and conjugated polyenes induce degradation of PVA. 
58
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Chitosan degrades due to deacetylation and decomposition of glycosidic linkages. 
59

  

The third stage of degradation is mainly due to decomposition of remaining thermally 

stable compounds, i.e. polyenes residue of PVA, pyranose ring of CS, and residue 

carbon. Further, from Figure 3.7a, it can be perceived that presence of lignin in 

PVA‒CS has improved the thermal stability of the hydrogel. The addition of 1 wt% of 

lignin shifts the degradation peak from around 290ºC to 300ºC. This can be attributed 

to the pore forming ability of lignin, which delays removal of water molecules and 

residual acetic acid.
60

 Further, lignin and MWCNT possess high thermal stability.
61,62

 

Hence, incorporation of lignin decorated MWCNT in PVA‒CS matrix increased the 

thermal stability of the hydrogels and shift in the % degradation of the hydrogels. 

 

 

(a) 

 

(b) 

Figure 3.7 TGA and DTG curve of (a) S1 (control sample), S2 and S3 (lignin 

particle) hydrogel (b) S4 and S5 hydrogel consisting of MWCNT 

 

Table 3.3 TGA of formulated hydrogels 

Hydrogel 
Stage 

I 

Weight 

loss 

% 

Stage 

II 

Weight 

loss 

% 

Stage III 

Weight 

loss 

% 

Residual 

weight 

% 

@700ºC 

S1 30‒210 10 230‒350 80 360‒450 7 3 

S2 30‒230 9 235‒370 78 365‒450 8 4 

S3 30‒235 9.5 240‒375 50 370‒455 15 15 

S4 30‒240 8 255‒380 65 370‒510 18 10 

S5 30‒247 9.7 256‒380 55 372‒512 17 12 

# Heating rate 10 ºC min
–1
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(a) 

 

(b) 

Figure 3.8 (a) Amplitude sweep at constant 1 Hz frequency, (b) Frequency sweep at 

1% strain.  

 

3.3.2.3 Mechanical stability of hydrogels 

Mechanical strength and viscoelastic behavior of the PVA–CS composite 

hydrogels were evaluated by performing oscillatory rheological measurements, i.e. 

amplitude sweep (Figure 3.8a) and frequency sweep (Figure 3.8b) to calculate G′ 

(storage modulus) and G′′ (loss modulus). For the sol phase of the material, G′′ > G′ 

whereas for the gel phase G′ > G′′. Initially, amplitude sweep test was carried out over 

the wide range of strain (i.e., 0.01–100 %) and constant frequency to determine linear 

viscoelastic region (LVR) of hydrogel samples. Under this region, the kinetics of 

gelation was monitored by recording G′ and G′′ which was achieved by maintaining 

the same experimental conditions while testing the samples. Figure 3.8a shows that 

for the low strain G′ and G  the samples portray linear behavior. For higher strain%, 

G  decreases whereas G′′ increases until cross over. The LVR was observed at 2% 

strain. Additionally, G′ dominated over G′′ throughout the LVR. This suggests that 

physical crosslinking of PVA induces strong interaction with CS as well as with the 

additives (MWCNT and lignin particles), resulting in hydrogel formation. 

Considering the G′ > G′′, the developed hydrogels confirm the viscoelastic solid-like 
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behavior, hence, confirming the formation of gel. Figure 3.8b demonstrates the 

influence of LP on the viscoelasticity of PVA–CS hydrogel. Addition of LP to the 

polymer mixture increased G  (sample S2 and S3) compared to pristine PVA‒CS 

hydrogel (sample S1). The results clearly showcased the increment in G′ with 

increasing the concentration of lignin particles in PVA–CS hydrogel. The superior G′ 

over G′′ throughout the frequency range confirms the formation of gel, post 

incorporation of lignin particles 
63,64

. It is interesting to observe the improvement in 

the modulus of PVA–CS hydrogel by around 200% with 1% and 2% of lignin 

particles. This could be possible because of the strong interactions between PVA–CS 

and lignin particles.
60

 The hydroxyl groups associated with PVA are responsible for 

inter- and intra- molecular hydrogen bonds. Similarly, Figure 3.8b unveils influence 

of MWCNT on the moduli of PVA–CS–lignin hydrogel, and results are shown as a 

function of frequency. Similar dominance of G′ over G′′ was observed over the 

frequency range. In fact, addition of 1 wt% MWCNT increases the G′ of S3 by 

235.45%. Also, any noteworthy degradation in the modulus was not witnessed post 

addition of MWCNT in PVA–CS–lignin hydrogel. This clearly justifies the robust 

gel-like and viscoelastic solid-like behavior of hydrogel. This could be possible 

because of the formation of physical crosslinking junction between lignin particles 

and MWCNT with PVA molecular chains.
63

 MWCNT mostly restricts the movement 

of polymer chains and further acts as filler in PVA–CS hydrogel.
65

 

Favorable mechanical property is of great significance for hydrogels in 

practical applications. The mechanical strength of the composite hydrogel was also 

characterized by measurement of the tensile strength of the dried composites as shown 

in Figures 3.9a and 3.9b, and Table 3.5 which clearly represent the positive influence 

of additives on the hydrogel. Compared to pristine PVA‒CS hydrogel (sample S1), 
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addition of 2 wt% of lignin particles (sample S2) and 1 wt% MWCNT (sample S3) to 

the hydrogels imparts stiffness to the hydrogel. 

 

 

(a) 

 

(b) 

 

Figure 3.9 (a) Stress‒strain curve of composite hydrogel (b) tensile strength with 

respect to the filler content of the hydrogel (c) rectangular shaped cut composite 

hydrogel and the rectangular hydrogel undergoing different physical deformation (d) 

knotting (e) convolving and (f) bending 

 

It is observed that the neat PVA−CS exhibits extremely low tensile strength (0.75 

MPa), which results in elastic behavior of the hydrogels. With the addition of lignin 

particles in the hydrogel matrix, a 93% increase in tensile strength (1.68 MPa) than 

the neat hydrogel is observed. However, elasticity of hydrogel was compromised. 

Similarly, addition of lignin particles dispersed MWCNT results in a 181% increase 

in tensile strength resulting in a much lower elastic value than the pristine PVA−CS 
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hydrogels (sample S1). This trait may be due to the fact that the presence of acetone 

encourages the lignin particles to adhere to MWCNT, which increases the interaction 

between fillers and polymers. Consequently, enhancement of the mechanical 

properties of the hydrogel was observed. 

 

Table 3.4 Parameters calculated from rheological study of composite hydrogel 

Hydrogel Average G′ 

(Pa) 

Average G′′ 

(Pa) 

Mesh size, ξ 

(nm) 

S1 1100 ± 300 70 ± 20 15.52 

S2 1710 ± 421 128 ± 50 13.40 

S3 4198  ± 1644 227 ± 92 9.93 

S4 11170 ± 1640 396 ± 205 7.17 

S5 11757 ± 753 488 ± 369 7.05 

 

Table 3.5 Mechanical properties of composite hydrogels 

Hydrogel Filler content Elongation at 

break 

(%) 

Tensile 

strength (MPa) 

Young’s 

modulus 

×10
-3

(MPa) 

S1 ---- 10 ± 1 0.75 ± 0.07 1.2 ± 0.5 

S2 1% lignin 15 ± 0.5 0.90 ± 0.10 3.7 ± 1.0 

S3 2% lignin 25 ± 0.5 1.68 ± 0.11 3.5 ± 0.7 

S4 1% lignin, 0.5% 

MWCNT 

30 ± 1.2 2.22 ± 0.12 5.4 ± 0.2 

S5 2% lignin, 1% MWCNT 50 ± 1.5 2.56 ± 0.18 5.8 ± 0.5 

 

3.3.2.4 Effect of morphology on swelling ability of hydrogel 

The internal structure and morphology of the freeze dried hydrogels was assessed 

using FESEM micrographs. For this purpose, initially, the hydrogels were fully 

swollen by soaking in water, followed by freeze drying. PVA‒CS hydrogels reveal 

sporadic and non-uniform porous structures (Figures 3.10a and 3.10b). Post addition 

of lignin particles and MWCNT as the filler material, the structure became regular 

and compact (Figure 3.10c‒3.10f). The uniformity and compactness of the hydrogel 
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structure improved proportionately with addition of the filler, as revealed in Figures 

3.10e and 3.10f. This could be due to the enhanced degree of crosslinking between the 

polymers and strong association of lignin and MWCNT with the polymers, which 

imparted a compact and regular porous structure to the hydrogel. 

 

 

Figure 3.10 FESEM images of (a) and (b) S1 hydrogel, (c) and (d) S3 hydrogel and, 

(e) and (f) S5 hydrogels 

 

The degree of crosslinking and internal structure of the hydrogel has an 

enormous impact on the swelling ability of the hydrogels (Figure 3.11). It was 

reported earlier that higher the amount of crosslinking, lower the swelling ability of 

the hydrogels owing to their compact internal structure.
44

 The mesh size calculated 

from the rheology (Table 3.4) corroborates this result. Hence, a well-compact 

structure of hydrogel (S3, S4, and S5) resulted in low swelling ability whereas a 

sporadic porous structure was able to swell much higher (S1 and S2). The swelling 

ability of the hydrogel helps to determine the time required for the hydrogel to reach 
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equilibrium for constant EIS behavior. The formulated hydrogels reached their 

equilibrium after 6 h (Figure 3.11). 

 

 

Figure 3.11 Swelling ratio of formulated hydrogels 

 

3.3.2.5 Impedance measurement of hydrogel 

EIS measurement for hydrogel equilibrated in DI water (pH 6) was recorded 

using the setup shown in Figure 3.12b. Results of EIS measurement are represented 

in the Nyquist plot (Figure 3.12a). The intercept in the horizontal axis of the Nyquist 

plot represents the interface impedance. The EIS spectra (Figure 3.12a) can be fitted 

using the equivalent circuit (Figure 3.12), which was a close fit to the experimental 

spectra obtained. Sequentially, using equation 3.7, the values obtained from the 

equivalent circuit were employed to evaluate the conductivity of the hydrogel sample. 

The calculated parameters, resistance (R), Warburg coefficient (Σ), and conductivity 

(σ), are stated in Table 3.6. The Warburg coefficient reflects the rate of diffusion 

through the hydrogel sample. Table 3.6 summarizes the calculated conductivity of 

hydrogel. Presence of CNT enhanced the conductivity of the hydrogel, as evident 

from the measured values of 2.05 mScm
-1

 and 8.22 mScm
-1

 for 0.5% and 1% 
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MWCNT contents, respectively. An increment of 300% in conductivity was observed 

with a doubling of the MWCNT content of hydrogels. Uniform distribution of 

MWCNT in hydrogel matrix also contributes to a rise in conductivity. Also, we can 

conclude that the lignin particles do not have a negative effect on the MWCNT or its 

conducting nature. 

 

 

 

(a) (b) 

Figure 3.12 (a) Nyquist(‒Z′′ vs. Z′) plots of composite hydrogel. (b) equivalent 

circuit used to fit EIS data. The circuit includes an instrumental inductance (L), the 

bulk gel resistance (R), a CPE for the double layer capacitance, and an infinite 

Warburg element (W). 

 

Table 3.6 Calculated equivalent circuit parameters for composite hydrogel EIS 

spectra. 

Hydrogel Contact Area, 

A ( cm
2
) 

R 

(Ω cm
2
) 

Σ 

 (nΩ cm
2
 S

-1/2
) 

σ 

(mS cm
-1

) 

S4 1 2.47 937 2.05 

S5 1 6.60 217 8.22 
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3.4 Conclusions 

 This study focuses on formulation of conductive PVA‒CS hydrogels using 

ultrasonic assisted dispersion of MWCNT with lignin and acetone as additives. 

Dispersion of lignin and MWCNT was validated by UV‒vis absorption spectra and 

zeta potential. Additionally, FETEM images confirmed that the presence of acetone 

assisted LP to adhere onto the surface of MWCNT, which facilitated easier dispersion 

of MWCNT. Presence of acetone also reduced the surface tension of the suspension, 

which further enhanced the dispersing ability of MWCNT with surface-attached LP in 

just 1 h of sonication. The mechanical properties of the hydrogel improved in 

presence of acetone. The elastic moduli (G′) of 0.5 and 1% MWCNT hydrogel 

samples were 11170 ± 1640 Pa and 11757 ± 753 Pa, respectively, which was an order 

of magnitude higher than G′ of PVA‒CS hydrogel (1100 ± 300 Pa). Similarly, tensile 

strength also increased from 0.72 to 2.56 MPa. Finally, the conductivity of hydrogels 

with 1% MWCNT was determined as 8.22 mS cm
-1

. These conductive hydrogels have 

potential applications as flexible electrodes and electrolytes for supercapacitors, ECG 

electrodes, and flexible sensors. 
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CHAPTER 4 

DEVELOPMENT OF NaOH-BORAX CROSSLINKED 

PVA-XANTHAN GUM-LIGNIN HYDROGEL 

AS GREEN FIRE RETARDANT COATING 

 

 

4.1 Introduction 

 A significant increase in forest fires and fire related accidents in residential 

areas and industrial sectors is a serious concern; hence, developing efficient fire 

resisting materials is becoming a pressing necessity. Conventionally, flame retardants 

(mostly halogens based) are added to flammable materials to improve their fire 

resistance. However, such compounds unveil serious health hazards and adverse 

environmental effects. Recent advances report the development of fire suppressant 

and fire retardant hydrogels, which can be coated over material surfaces such as fire 

resistant suits.
1,2

 The hydrogels are hydrophilic, biodegradable, and biocompatible 

materials capable of retaining enormous quantities of water in their crosslinked 

polymer network.
3
 When applied as coatings or sprayed on the surface of a substance, 

the hydrogels act as fire-suppressant and help in preventing the spread of fire.
4
 Water 

is an effective fire extinguisher as it absorbs large amount of heat due to its high latent 

heat of vaporization and high specific heat.
5,6

 Upon exposure to fire, gradual 

evaporation of entrapped water from the polymer network of hydrogel absorbs heat 

and delays the process of burning or spreading fire.
1
 Further, a protective layer is 

formed on the surface post combustion, which prevents further burning. A significant 

amount of literature has been published on synthesis of different kinds of fire 

retardant hydrogels in the past several years.
7,8

 We give herein a brief review of some 
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of the recent studies. Qin et al. 
5
 reported a sodium polyacrylate and sorbitan 

monooleate superabsorbent hydrogel composite for suppression of self-heating and 

combustion of coal. Similarly, Li et al. 
9
 developed expeditiously high water 

absorbing sodium carboxymethyl cellulose hydrogel for fire control in coal mines. 

This hydrogel possessed excellent salt tolerance in addition to high water retention at 

ambient and elevated temperatures. The gel mixed with coal samples formed a 

colloidal structure on the coal surface, which acted as a barrier between the surface 

and the atmospheric oxygen, and provided excellent resistance to fire. Further, fire 

susceptible fabrics (cotton, polyester) can be impregnated with water soluble polymer 

(chitosan, alginate) to bestow flame retardancy.
10

 Further, polyacrylamide‒alginate 

hydrogel, when sewn as laminates in firefighting clothes, provided thermal protection 

to the skin by acting as a barrier.
11

 

 Polyvinyl alcohol (PVA) is a biodegradable and easily tunable hydrophilic 

polymer. It possesses sturdy mechanical properties even in the swollen state, and 

hence, widely employed in biomedical, electronics, adhesive, and bio-remediation 

applications. However, PVA is substantially flammable when dehydrated and has low 

water retention capacity, which limits its usage as a fire retardant. Studies show that 

blending PVA with low flammable biopolymer and additives enhances its 

performance. A self-healing fire retardant coating on fabric was produced via 

amalgamation of water soluble chitosan (WC), PVA, acrylic acid, and Cu
2+

.
12

 It was 

observed that increasing the WC content and incorporation of Cu
2+

 substantially 

enhanced the thermal properties of the fabric. The gels also show a self-extinguishing 

nature. Ye et al. 
13

 and Yan et al. 
14

 crosslinked PVA with carrageenan and agarose, 

respectively, via hydrogen bonding to form an interpenetrating network hydrogel. 

Carrageenan is a biopolymer possessing flame retardant property that increases the 
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LOI value from 23% (pure PVA) to 30% (composite hydrogel). Similarly, Agarose, a 

naturally occurring algae gel, is a self-flame retardant that ensures a low heat release 

rate (HRR) and total heat release (THR) of the composites. In another study, Liu et al. 

added two biopolymers, viz. calcium alginate, and expandable graphite (intumescent 

additive) to the PVA matrix to increase its flame retardancy.
15

 Calcium alginate with 

LOI of 48% promotes fire retardancy along with expandable graphite and formed a 

protective layer that inhibited further burning of the composite hydrogel. Yu et al. 
2
 

formulated a triple network hydrogel that could be laminated on cotton fabric to 

prevent combustion of the highly flammable cotton cloth. The interpenetrating 

network mainly comprises PVA, sodium alginate, and thermosensitive poly (N-

isopropylacrylamide) as the second and third networks, respectively. The hydrogel 

unveiled excellent swelling‒deswelling performance, antibacterial activity, and flame 

retardancy. Banerjee et al. 
16

 customized PVA‒MMT hydrogel actuators that could 

endure fire environments for an extended period of time. 

 Xanthan gum (XG) and lignin are two naturally occurring biopolymers 

possessing self‒flame retardant property.
17,18

 XG is an anionic polymer and widely 

used as a food thickening agent and suspension stabilizer due to its non-toxic nature. 

It is a rich source of carbon, thermally stable, and compatible with PVA.
19,20

 Xue et 

al.
1
 reported XG and starch based flame resisting hydrogel cream. This hydrogel 

comprised of resorcinol bis(diphenyl phosphate) (RDP) and produced a thick layer of 

char, which consequently prevented the chicken skin underneath from burning. After 

combustion, this hydrogel could provide three times more protection than 

conventional hydrogels. Similarly, lignin is a naturally occurring biopolymer mainly 

comprised of aromatic moieties. Lignin is known for its fire retardant nature due to 

char formation and high thermal stability. Its backbone constitutes coniferyl alcohol, 
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sinapyl alcohol, and ρ-coumaryl alcohol.
21

 Mandlekar et al.
22

 employed kraft lignin 

and lignosulphonate lignin as charring agents for polyamide 11. Shukla et al. 
23

 

treated cotton cloth with 30 w/v % sodium lignin sulphonate to produce samples with 

28.5% LOI and self-extinguishing behavior. Recently, Yang et al. 
24

 grafted 

phosphorus/nitrogen on lignin (TP-g-L) as a charring agent for PLA composites. A 5 

wt% of TP-g-L satisfied industrial standards of UL94 V0 rating for flame retardancy 

as a result of balanced charring nature of the additive. However, it has been observed 

that incorporation of nano lignin delivered better thermal stability than pristine 

lignin.
25

 Lignin nanoparticles also offer easier chemical modification and tunable 

morphological structure.
26,27

 In summary, the previous literature clearly demonstrates 

the potential of biomaterials xanthan gum and lignin nanoparticles as additives to fire 

retardant hydrogels. 

 Herein, we report the synthesis of PVA composites with two biomaterials, viz. 

XG and lignin nanoparticles (LNP), to develop novel fire retardant hydrogels with 

enhanced properties. The blend of PVA, XG, and LNP was chemically crosslinked 

via NaOH (N)-borax (B) to form stable hydrogels. The nature of crosslinking and 

stability of the hydrogels were characterized by evaluating the swelling ratio, water 

retention ability and finally calculating the network parameters. The formulated 

hydrogel composites were utilized as green (or environment-friendly) coating on 

cotton cloths to bestow fire retardancy. These coatings can be utilized in manufacture 

of fire resistant suits for the firemen. The kinetic analysis of thermal decomposition 

(using TGA) of the nanocomposites was done using the Kissinger-Akahira-Sunose 

(KAS) isoconversional method. The fire retardant nature of the synthesized hydrogels 

was assessed using vertical flammability test (UL94), TGA, limiting oxygen index 

(LOI) and cone calorimeter test (CCT). 

TH-3070_166107029



NaOH-borax crosslinked PVA-Xanthan gum-Lignin hydrogel as green fire retardant coating 

105 

 

 

 

 

Figure 4.1 Schematic representation of hydrogel synthesis and hydrogel coating on 

cotton cloth 
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4.2 Experimental 

4.2.1 Materials 

 Lignin was extracted from local weed, Arundo donax (also known as Giant 

reeds) plant as described in chapter 2 section 2.2.3.
28

 PVA (Mw 89,000-98,000, 99+% 

hydrolyzed) was purchased from Sigma-Aldrich (India) and XG was purchased from 

Himedia. Sodium hydroxide (≥ 99.0 %), di-sodium tetraborate (also known as borax) 

(≥ 98.0 %), and acetone (≥ 99.8 %) were purchased from Merck Specialities (India). 

Cotton cloths were procured from the local market. 

4.2.2 Synthesis of lignin nanoparticles 

 The lignin nanoparticles were synthesized via nanoprecipitation method 
29

. 

Initially, 1 g of air-dried lignin powder was added to 10 ml of 70% acetone followed 

by sonication for 30 min at 40 kHz [UC-10, Lab Companion (South Korea)]. After 

dissolution of lignin, the solution was added to 200 ml deionized water, followed by 

sonication for another 30 min. Acetone was removed from the resultant stable lignin 

nanoparticle suspension (LNP) and concentrated in a rotary evaporator [R300, Buchi 

(Switzerland)] in vacuo at 50–55ºC. 

4.2.3 Synthesis of PBXN, PBXNL hydrogel and hydrogel coated cotton cloth 

 To begin with, NaOH solution of required concentration and PVA were mixed 

obtain a solution with PVA concentration of 5 w/v%. The resultant mixture was 

stirred at 120°C for 20 min. Next, XG powder (3 w/v%) was added to PVA solution, 

followed by stirring at 50°C for 24 h until a uniformly mixed opaque solution (PXN) 

was obtained. The presence of NaOH transforms the ‒OH groups of PVA and XG 

into alcoholates (‒ONa). This solution was poured into a petri dish. The borax 

solution was prepared by adding the desired quantity of borax powder to deionized 
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water. Borax dissociates in water as borate ion, 4( )B OH   and boric acid, 3( )B OH  

(eqs. 1 and 2).  

2 4 7 2 4 37 2 ( ) 2 ( )Na B O H O NaB OH B OH      4.1

 

4 42 ( ) 2 ( ) 2NaB OH B OH Na         4.2 

The borax solution was poured over the PXN solution in a petri dish. The alcoholates 

of PVA and XG rapidly engage with 4( )B OH   ions to form PBXN hydrogel that was 

subjected to three consecutive freeze thaw cycles (‒20ºC, 20 h freeze, and 4 h thaw). 

This procedure is schematically represented in Figure 4.1a. 

 Similarly, to obtain PBXNL hydrogels, PVA (5% w/v) was added to NaOH 

solution, and the mixture was heated at 120°C for 20 min. Next, required amount of 

XG was added with continued stirring at 50°C for 24 h until uniformly mixed opaque 

PXN solution was obtained. After cooling the PXN solution, the desired quantity of 

LNP suspension (in v/v %) was added with stirring for 30 min. The hydration layer of 

LNP engages with NaOH to form alcoholates. This solution was poured into a petri 

dish. Further, borax solution of required concentration was poured over the solution in 

a petri dish for the crosslinking of the alcoholates and 4( )B OH 
to obtain PBXNL 

hydrogel, followed by three consecutive freeze thaw cycles (‒20ºC, 20 h freeze, and 4 

h thaw). The compositions of various hydrogels synthesized in this study are shown in 

Table 4.1. These compositions were finalized after numerous preliminary 

experiments with different combinations of the PVA, XG, LNPs, and borax solutions 

on the basis of previous literature in the area of PVA-based fire retardant composites. 

 To achieve hydrogel coating on a piece of cotton cloth, the latter was dipped 

in PXN/PXNL solution and placed in a petri dish. The borax solution was poured on 

the sample until it was completely submerged. The cloth was removed after 1 h and 
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subjected to 3 consecutive freeze-thaw cycles to obtain hydrogel coated cotton cloth 

samples. All the hydrogels were washed several times with deionised water to remove 

the unreacted borax and NaOH. All experiments for synthesis of hydrogels were 

repeated 3× to assess the reproducibility of the results. 

 

Table 4.1 Compositions of the hydrogels 

Sample PVA 

(w/v %) 

XG 

(w/v %) 

Borax 

(w/v %) 

NaOH 

(w/v %) 

LNPs 

(v/v %) 

PX3 5 3 ‒ ‒ ‒ 

PX3B0.4 5 3 0.4 ‒ ‒ 

PX3B0.4N0.4 5 3 0.4 0.4 ‒ 

PX3B0.4N0.8 5 3 0.4 0.8 ‒ 

PX3B0.4N2 5 3 0.4 2 ‒ 

PX3B0.4N2L5 5 3 0.4 2 5 

PX3B0.4N2L20 5 3 0.4 2 20 

 

4.2.4 Characterization of lignin nanoparticles and hydrogels 

 The functional groups of the lignin nanoparticles (LNPs) and molecular 

structure of hydrogel samples were characterized using an FTIR spectrophotometer 

[Spectrum Two, PerkinElmer (USA)] over the wavenumber range of 4000–400 cm
–1

 

and X-ray photoelectron spectroscopy (XPS) [PHI 5000 Versa Probe III, ULVAC]. 

Thermograms of dried hydrogel samples, as well as the lignin samples, were obtained 

using a thermogravimetric analyzer as described in chapter 2 and chapter 3 to 

investigate the thermal stability and properties of the samples. A crucible was filled 

with 8–11 mg sample and heated from 25 ºC to 600 ºC in three linear heating rates, 

viz. 5, 10, and 20 ºC min
–1

 under a nitrogen atmosphere (20 ml min
-1

). KAS 

isoconversional method was used to obtain kinetic parameters of thermal conversion. 
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The particle size distribution of the LNPs was determined by using the dynamic light 

scattering as described in chapter 3. The zeta potential of the LNPs was evaluated by 

using a zeta potentiometer as described in chapter 3. The LNP suspension was 

sonicated for 15 min and then injected into the flow cell of the zeta potentiometer 

using a syringe. The electrophoretic mobility of LNP was used to determine the zeta 

potential. The structural and surface morphological analysis of the LNPs and freeze-

dried hydrogel samples were carried out using field-emission scanning electron 

microscopy (FE-SEM) [Sigma 300, Zeiss (USA)] and field-emission transmission 

electron microscopy (FE-TEM) [2100F, Jeol (Japan)]. An energy-dispersive X-ray 

(EDX) [Sigma, Zeiss (USA)] analysis was conducted to determine the elemental 

composition of LNPs sample. 

4.2.4.1 Swelling and water retention test  

The formulated hydrogels were washed thoroughly, dried in oven and cut in 

the size (1 cm x 1 cm, thickness 0.1 ± 0.1 cm). The thicknesses of the cut samples 

were measured with Mitutoyo digimatic micrometer. The weight gained by the 

hydrogel due to absorption of water was measured gravimetrically. The initial weights 

of the samples were measured and referred to as Wd. The samples were immersed in 

20 ml of DI water. After 1 h, the samples were taken out and after soaking off the 

excess water with the help of tissue; the weights of the hydrogels were measured and 

were denoted as Ws. The samples were reimmersed in DI water and the process was 

continued after an interval of 2 h for the next 24 h. The swelling ratio (SR) was 

calculated according to equation 4.3. 

100s d

s

W W
SR

W


          4.3 

where, Ws and Wd
 
denote

 
the weight of the swollen hydrogel after time t and the 
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weight of the dry gel, respectively. 

Similarly, water retention ability of the freshly prepared composite hydrogels (1 cm × 

1 cm) was determined gravimetrically at an interval of 1 h for 24 h in an ambient 

atmosphere (25±2⁰C, humidity 45±10 %) according to equation 4.4 

1 i d

i

W W
WR

W


           4.4 

Where Wi is the weight of hydrogel at swollen state (at specified time ) kept for 

dehydration in ambient atmosphere and Wd is the weight of the dehydrated hydrogel. 

4.2.4.2 Rheological properties of the hydrogel samples 

The rheological properties of hydrogel samples were determined using a 

rheometer [MCR 301, Anton Paar (Austria)]. A 50 mm diameter parallel plate 

geometry was used, keeping the gap setting at 1 mm. Oscillation shear experiments 

were used to investigate the viscoelastic characteristics of hydrogel over a wide range 

of strain and frequency. The linear viscoelastic region (LVR) was initially determined 

with the amplitude sweep test at a constant frequency (1 Hz) and varying strain of 

0.01–100 %. Furthermore, the frequency sweep test was performed over the range of 

0.01–100 Hz at constant strain (depending on the LVR). 

 Determination of network parameters of a hydrogel is important to understand 

the performance and optimize the hydrogel for coveted applications. Parameters such 

as crosslinking density, molecular weight between the crosslinks, and mesh size give 

an insight into the structure of the hydrogel network. However, these parameters are 

extensively influenced by the composition as well as the method of preparation of the 

hydrogels. For calculating the network structure parameters, rheological 

measurements (elastic modulus,G  and viscous modulus,G ) and swelling tests were 

employed. Based on rubber elasticity theory (RET) for homogeneous Gaussian chains 
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network parameter, the average molecular weight between crosslinks ( cM ), the 

crosslinking density (Ve) and mesh size (ξ) were determined as described in chapter 1. 

29,30
 

2/3 1/3

2 2' ( ) ( )r m

c

G A RT V V
M




       4.5

 

e

c

V
M




         4.6 

1/3
' AG N

RT




 
  
          4.7 

 

where, ρ is the density of dry hydrogel and is calculated using equation (7), R is the 

universal gas constant, and T is the temperature. A is the pre-factor which is equal to 1 

for the affine network model and 
2

1


  for the phantom network model. The 

constrained junction theory depicts that the phantom network model is followed by 

the real network, and number of branches originating from crosslinking site (φ) is 3 

29,31,32
. 

w

S t
 


          4.8 

where, w denotes the weight of the hydrogel, S is the cross sectional area and t is the 

average thickness of the hydrogels. 

 

V2m is the polymer volume fraction of crosslinked polymer in equilibrium with 

swollen gel and V2r is the polymer volume fraction after crosslinking but before 

swelling. These parameters are determined as: 
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2

1 1
1 1

m wV Z





  
    

  
       4.9 

2

1
1

1
1r

w

V

m





 
 
  

              4.10

 

where, ρ is the density of dry hydrogel, ρw is the density of water, m is the weight of 

the dry hydrogel, and Z is the weight of the hydrogel at equilibrium. 

4.2.4.3 Experiments for determination of flammability and flame retardancy 

Cone calorimeter test (CCT) and Limiting Oxygen Index (LOI) test were 

performed at Heat and Flame Testing Laboratory, Center of Excellence – Composites 

at Ahmedabad Textile Industry's Research Association (ATIRA), Gujarat. 

Limiting Oxygen Index (LOI, as per ASTM D2863 standard) was determined 

using Paramagnetic Oxygen Analyzer. LOI represents the minimum oxygen required 

to ignite the sample with dimensions (100 x 10 x 1 mm
3
) in the test atmosphere. 

Cone calorimeter test (CCT, as per ASTM E1354 standard) was performed 

using FTT dual cone calorimeter to record the combustion properties of 100 mm x 

100 mm dried hydrogel samples under a heat flux of 25 kW m
–2

. This fire testing 

method is based on the principle that the amount of heat released during sample 

burning is directly related to the amount of oxygen consumed during combustion. 

Hence, the amount of heat generated is analogous to the fire growth rate. The total 

heat release rate (THR) can be determined from the test heat release rate (HRR). 

 Flammability of the hydrogel coated cotton fabric was investigated by open 

fire test  and vertical burning (UL94). Sample size for vertical burning test was 100 

mm × 2 mm × 0.1 mm, whereas 100 mm × 100 mm × 2 mm sample size was 

maintained for the open fire test. For vertical flammability test, the hydrogel coated 
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fabrics were kept at 40
o
C for 2 h and burned for 10 s from the bottom in an 

environment at 25±2ºC and humidity 55% using a butane burner (1300⁰C) while 

maintaining a flame height of 4 cm. After 10 s of burning the flame was removed and 

the samples were allowed to burn on its own. After the sample self-extinguishes, it 

was again burned for 10 s. The char length of the samples was noted at the end of the 

second time of burning. 

 

4.3 Results and discussion 

4.3.1 Characterization of lignin nanoparticles 

 Acetone is a nontoxic solvent with high hydrogen bonding capacity and easily 

solubilizes the lignin. Further, acetone has its solubility parameter, δ closest to that of 

lignin.
33

 However, acetone concentration below 60% induces larger precipitation of 

lignin. 70% acetone was found to be optimum with the smallest amount of insoluble 

lignin particles. It was reported that the LNP produced via acetone fraction form a 

core-shell structure.
34

 The hydrophobic aromatic moieties constitute the core and the 

hydrophilic groups of the lignin constitute the shell structure.
35,36

 This results in a 

layer of hydration around the LNP particles making the LNPs more hydrophilic than 

the pristine lignin.
34

 LNP produced via acetone fractionation had structural groups 

similar to that of pristine lignin. The FTIR analysis was carried out to affirm the 

functional groups in pristine lignin and LNPs. The FTIR spectra are shown in Figure 

4.2a. The results of FTIR analysis given in Table 4.2 confirm presence of aliphatic, 

aromatic, and phenolic compounds in LNPs. The nanoparticles show a reduction in 

the peak intensities, plausibly as a consequence of lignin molecule fractionation.
33

 

Consequently, the number of aliphatic groups in the lignin reduce with the generation 

of more active sites for interactions with XG and PVA. Further XPS analysis was 
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performed, to investigate the chemical state alteration of raw lignin during LNP 

formation. XPS total survey spectrum shows presence of C1s and O1s core level. 

Figures 4.2b and 4.2c show the core level spectra of C1s and O1s with the fitted data 

of LNPs.
37,38

 The spectrum clearly shows presence of C‒C, C‒O‒C, C‒OH, and C=O 

bonds at 284.8, 286.3 and 288 eV (Figure 4.2b) and aromatic‒OH (A‒OH) and C=O 

at 531.5 and 533 eV (Figure 4.2c), respectively. The C/O ratios based on XPS of 

pristine lignin and LNPs were 3.12 and 3.05 (Table A1.1, Appendix 1). The result of 

XPS analyses was in confirmation with FTIR spectra of the pristine lignin and LNPs. 

This essentially shows that during the process of nanoparticles formation no 

significant changes occurred in the chemical state of lignin and the carbon content of 

the pristine lignin remained well preserved in LNPs. The whole idea of LNP addition 

to the hydrogel is to enhance the char formation alongside xanthan gum that provides 

flame retardancy. Therefore, it is necessary that the chemical state of lignin remains 

unchanged after LNP formation process. The method used in the present study 

achieved this objective as seen from the C/O ratios of pristine lignin and LNP 

evaluated from XPS. It needs to mention that the previous studies on lignin 

nanoparticle synthesis have reported significant changes in the chemical state of 

lignin after nanoparticle formation. Myint et al. 
37

 have reported  rise in C/O ratio of 

lignin from 2.5 to 3.1 during nanoparticle formation due to extraction of aromatic 

hydrocarbons by DMF during dissolution process. Zhang et al.
39

 have reported 

reduction in carbon content after nanoparticle formation (using acetone‒water  

mixture as solvent) along with higher distribution of O atoms on the surface of lignin 

nanoparticles. 
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Table 4.2 Functional groups recognized in pristine lignin and LNP. 

Wavenumber (cm
–1

) Inference 

3459 OH stretching in aromatic and aliphatic hydroxyl groups 

3010 CH stretching in aromatic compounds 

2845 CH stretching in aliphatic and aromatic carbon 

1740 C=O stretching in aliphatic ester 

1508 C‒C stretching of aromatic skeletal 

1461,1423 
aromatic ring vibrations of phenyl-propane (C9) skeleton 

combined with C–H in-plane deformation 

1366 aliphatic C–H stretch in CH3, O‒H bending 

1215 CO stretching alkyl aryl ester 

1122 CO stretching in secondary alcohol 

1032 CO stretching in vinyl ether 

 

 

 

 

Figure 4.2 (a) XPS total survey spectra, (b) and (c) XPS spectra of  C 1s and O 1s of 

LNPs. (d) and (e) XPS spectra of  C 1s and O 1s of pristine lignin 
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Figure 4.3 (a) FTIR spectrum of pristine lignin and LNPs, (b) Particle size 

distribution of lignin, (c) TGA of pristine lignin and LNP, (d) and (e) FE-TEM  and 

(f) FE-SEM images of LNP 

 

 Figure 4.3d and 4.3e shows the FE-TEM micrographs of LNP. The shape of 

the particles was distinctly spherical, and ranged between 50–200 nm (Figure 4.3b). 

Figure A1.1a (Appendix 1) shows the FE-SEM morphology of pristine lignin. The 

size was observed to be much larger, with no definite shape or boundary. The EDX 

result confirmed high carbon and oxygen content in the lignin particles (Figure 

A1.1b, Appendix 1), possibly due to the presence of aromatic, aliphatic, and phenolic 

compounds (as also revealed in FTIR analysis). The zeta potential of the LNP 

suspension was –42 mV, which implied formation of the stable suspension and their 

anionic nature.
34

 A well-defined core-shell nanostructure of the LNP was observed 

from the FE-TEM analysis (Figure 4.3d). An amphiphilic structure is commonly used 

to represent lignin. The aliphatic hydroxyl and phenolic functional groups are mainly 

associated with the hydrophilic part of lignin (shell part of the LNP structure), 

whereas aromatic functional groups are associated with the hydrophobic part of lignin 
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(core section of LNP structure).
40

 The strong π–π interactions among the abundant 

aromatic rings on lignin macromolecules drove the self-assembly of lignin to form 

LNPs. The LNPs thus produced possess a distinctive core-shell nanostructure.
41

 

 The thermogravimetric (TG) and derivative thermogravimetric (DTG) curves 

of the pristine lignin and LNPs under a nitrogen atmosphere are shown in Figure 

4.3c. The initial degradation of 4 % in the range of 30 – 106 ºC is mainly due to the 

moisture loss in the samples. In the second stage of degradation, ~17 and 15% loss 

were noticed in lignin and LNPs, respectively, over the temperature range of 212 – 

283 ºC. This is attributed to the development of low molecular weight products as a 

result of propanoid side-chain cleavage.
27

 Further, in the final stage of degradation 

(over the range of 280 – 380 ºC), ~40 and 37% losses were observed in lignin and 

LNPs, respectively. This loss could be attributed to the breakdown of the lignin chain, 

merging and reorganization of aromatic components of lignin, and ultimately char 

formation. The residues obtained at the end of experiments were ~42 wt% and ~46 

wt% for pristine lignin and LNPs, respectively. 

4.3.2 Structural characterization of the developed hydrogel 

 Figure 4.4a shows the FTIR spectrum of mixture of XG solution with the 

PVA solution and borax. As these polymer solutions were mixed, diffusion of PVA (a 

flexible polymer) into XG (a complex structured polymer) is expected. This damages 

the prevailing weak bonds and develops new association bonds, and reorganizes the 

complete macromolecular systems.
42

 As both XG and PVA have significant number 

of hydroxyl groups, it is obvious to see an absorption band at 3449 cm
–1

 for –OH 

group.
20

 The hydroxyl groups of XG and PVA may develop hydrogen bonds among 

them. Further, freeze thawing process strengthens the interaction among –OH group 

of PVA and XG. The peaks in the range of 1815 – 1630 cm
–1

 signify the stretching 

TH-3070_166107029



CHAPTER 4 

118 

vibration C=O. The peaks ranging from 1645 – 1638 cm
−1

 are attributed to high PVA 

concentration. Furthermore, an absorption band at 1088 cm
–1

 arises due to XG 

concentration. The interactions among the primary and secondary ‒OH groups in 

PVA and XG, lead to the formation of a 3-D network. 

 The FTIR spectrum of PX3 mixed with 0.4 w/v% borax solution revealed an 

alteration in the intensity of the –OH band (i.e. 3294 cm
–1

, refer to Figure 4.4a). The 

minor shift and enlargement of the absorption band with respect to PX3 indicated the 

interaction of borax with PVA and XG.
43

 The peaks at 1420 – 1340 cm
–1

 correspond 

to asymmetric stretching relaxation of B‒O‒B. This signifies crosslinking of polymer 

chains with the borate ions amid the development of tetrahedral complexes.
44

 Further, 

the absorption at 833 and 661 cm
–1

 corresponds to B–O stretching and B–O–B 

associations within borate linkages, respectively.
45

 Figure 4.4b displays the FTIR 

spectrum of hydrogel PX3B0.4 with various NaOH concentrations. The peaks at 3440 

and 3232 cm
–1

 are ascribed to the –OH band stretching. A clear decrease in the width 

of peaks for wavenumber range 3695 to 2750 cm
–1

 can be observed, which affirms the 

interaction of NaOH with the PX3B0.4. A small peak at 2946 and 2840 cm
–1

 is 

possibly due to the deformation of the –CH group.
46

 The shift in the peak at 1640 cm
–

1
 is attributed to the C=O stretching in –COOH moiety in the polymer matrix.

47
 The 

band at 1406 cm
–1

 signifies the breakdown of alkyl derivatives in PX hydrogel and 

further bending of the –OH group due to the interaction of NaOH with the polymer 

matrix.
47

 Moreover, the absorption bands at 1221 and 1085 cm
–1

 correspond to the C–

O–C linkage and C–O stretching in the polymer matrix. Figure 4.4c displays the 

FTIR spectrum of PX3B0.4N2L5 and PX3B0.4N2L20 hydrogels. The peaks at 3450 

and 3332 cm
–1

, which are relatively wider as compared to PX3B0.4 hydrogels are 

ascribed to –OH stretching. This can be due to the presence of LNPs in the system. 
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(a) 

 

(b) 

 

(c) 

Figure 4.4 FTIR spectra of (a) PX3 and PX3B0.4 (b) PX3B0.4N0.4, PX3B0.4N0.8 

and PX3B0.4N2 (c) PXB0.4N2L hydrogels 

 

The distinct peaks from 1610 to 1490 cm
–1

 in PX3B0.4N2L5 and PX3B0.4N2L20 

hydrogels are attributed to the aromatic ring and skeleton (Figure 4.4c). This also 

validates the cross-linking of LNPs and the PX3B0.4N2 network 
47

. The bands from 

1098 – 1026 cm
–1

 corresponds to the tensile vibration of the –OH group in the lignin. 

Based on Figure 4.4c, it is confirmed that the hydroxyl groups of the PX3B0.4N2 

matrix and the aromatic hydroxyl group of lignin formed strong hydrogen bonds, 

which eventually promoted the development of a stable PX3B0.4N2L5 and 

PX3B0.4N2L20 hydrogels. 
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4.3.3 Rheological properties 

4.3.3.1 Effect of xanthan gum 

 The viscoelastic behavior of the synthesized hydrogels was examined using 

oscillation shear tests. Initially, an amplitude sweep test was conducted in the strain 

range of 0.01 – 100 % and a constant frequency of 1 Hz to determine LVR of 

hydrogel samples. Under this region, further frequency sweep was performed without 

damaging the structure of the hydrogels. Figure A1.2 (Appendix 1) shows that the G′ 

dominated over G′′ throughout the complete strain range. Also, the increase in the 

elastic moduli of the PX hydrogel samples with XG concentration can be noticed in 

Figure A1.2 (Appendix 1). This suggests the physical cross-linking of PVA and XG. 

Considering G > G, the developed hydrogels confirm viscoelastic solid-like 

behavior. Further, a frequency sweep test was performed over 0.01 – 100 Hz at 

constant strain of 1 % (determined using LVR) to verify viscoelastic behavior of 

hydrogel. Figure 4.5a demonstrates the viscoelasticity of PX3 hydrogel. The trends in 

Figure 4.5a clearly depict the superiority of G over G over the entire frequency 

range that confirms dominating elastic nature of the hydrogel. PVA comprises of 

flexible chains while XG has rigid chain and complex helical structure. XG swells in 

water and increases the viscosity of the solution. The increment in the viscoelasticity 

with XG concentration is possibly due to the diffusion of XG in PVA’s flexible 

chains. As noted earlier, both XG and PVA have ample hydroxyl groups, and the 

freeze-thaw process promotes inter- and intra-molecular interactions. These 

interactions are mostly hydrogen bonding between hydroxyl (–OH) and acetate 

(CH3COO
–
) groups of PVA and –OH and carboxylate (i.e., HCOO

–
) groups of XG. 

Therefore, a network of hydrogen bonds connects the aforesaid functional groups to 

yield a composite structure with closely associated components. Borax dissociates 
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into borate ion, 4( )B OH   and boric acid 3( )B OH  (as per equation 4.1 and 4.2) in 

water. 

 

 

Figure 4.5 Frequency sweep of (a) PX and PXB, (b) PXBN, (c) PXBNL hydrogels 

 

4( )B OH 
 complexes through monodiol and diol-diol interactions with hydroxyl 

groups of PVA and XG imparting viscoelasticity to the system, as depicted in Figure 

4.1c. Strain sweep demonstrates that the structure of PX3B0.4 remains unchanged till 

1% strain even after applying shear (refer to Figure A1.2 in Appendix 1). Similar to 

the strain sweep, frequency sweep shows the viscoelastic behavior of the PX3B0.4 

hydrogel, which was governed by a gel-like or elastic behavior. 
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4.3.3.2 Effect of borax and NaOH 

 As expected, an enhancement in the elastic moduli of hydrogels was observed 

with increasing concentrations of NaOH. Figure 4.5b shows the influence of borax 

and NaOH on moduli of the PX3B0.4 hydrogel samples. 3( )B OH  produced during 

dissociation of borax in water (as per equation 4.1 and 4.2) may stick to the polymer 

chains that do not participate in crosslinking in the system.
47

 Hence, to resolve this 

setback, PVA and XG are prepared in basified water (refer Figure 4.1c). Generally, 

addition of PVA and XG to basified water induces partial deprotonation of PVA, XG 

and LNP, which sequentially alters the OH groups to ONa (alcoholates).
48

 This 

particular phenomenon facilitates bond formation of 4( )B OH 
 with the polymers and 

LNPs. 4( )B OH 
 interacts with ‒O‒Na to form O‒B‒O, losing Na

 ion in the process. 

This association of 4( )B OH 
with alcoholates established chemical bonding between 

PVA, XG, LNP and resulted in rapid gelation to form a constructive hydrogel 

network, as depicted in Figure 4.1c. The aforesaid phenomenon occurs when 

appropriate borax, XG and NaOH concentration is included in the PVA solution.
19

 

Hence, increment in the elastic moduli of hydrogel is observed with increasing 

concentrations of XG and NaOH (Figure 4.5c). A noteworthy improvement in the 

moduli can be confirmed with the inclusion of higher concentration of borax, which 

generates larger quantities of 4( )B OH 
 that interact with the alcoholates to establish 

greater crosslinking. Dominance of  over confirms the viscoelastic solid-like or 

gel-like characteristics of hydrogels. This could be ascribed to the strong molecular 

interactions of hydroxyl groups (which are expected to be in excess) with acetate and 

carboxylate functional groups. Figures 4.5b and 4.5c confirm increase in the elastic 

modulus with NaOH concentration. However, a slight decline in elastic modulus was 

G G
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observed for PX3B0.4N hydrogel (Figure 4.5c). Even though the inclusion of NaOH 

facilitated the formation of strong viscoelastic solid-like hydrogel, presence of 

excessive xanthan gum could hamper this facet as a result of slight degradation and 

uncoiling of XG helical structure in presence of NaOH. 

4.3.3.3 Effect of LNPs 

 Figure 4.5c illustrates the viscoelasticity of the PX3B0.4N2 samples after 

addition of LNP. Incorporation of LNP imparts greater viscoelasticity to the hydrogel 

matrix. It is evident from Figure 4.5c that PX3B0.4N2L5 shows noteworthy 

improvement in the moduli of PXBN hydrogel with incorporation of LNPs. This may 

be due to hydration layer around LNP interacting with Na
+
 ions to form alcoholates. 

Sequentially, these alcoholates interact with 4( )B OH 
 to form a strong inter and intra 

molecular O-B-O linkage with PVA and/or XG.
49

 However, addition of 20% v/v of 

LNP causes slight decrement in the elastic moduli of PXBN hydrogels. This can be 

due to aggregation of excess LNPs in the hydrogel matrix, which hinders the 

association of polymers and LNPs. 

4.3.4 Network parameter 

 The network parameters, viz. average molecular weight ( cM ), effective 

crosslink density (Ve), mesh size (ξ), shear modulus of the formulated hydrogels and 

swelling ability of the hydrogels were either measured experimentally or calculated. 

These network parameters are listed in Table 4.3 and Table A1.2 (Appendix 1). 

These depict the water absorption and swelling ability of the hydrogels. The trends in 

these parameters clearly demonstrate the influence of the concentrations of polymers 

(PVA and XG), NaOH, Borax and LNPs. A dehydrated hydrogel absorbs and swells 

when it comes in contact with water. Water absorption ability of the hydrogels was 
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measured in terms of its swelling ratio. All hydrogels swell rapidly for initial 1 h and 

attain equilibrium as shown in Figure 4.6a. This can be attributed to the 

hydrophilicity of the polymers. The water retention ability of the hydrogels is shown 

in Figure 4.6b. PX3B0.4N0.8 hydrogel absorbed 96‒97% of water and was able to 

retain it for longer duration of period. This can be attributed to the appropriated 

degree of crosslinking where the network wasn’t too loosely linked to easily 

evaporate the bound water nor too tightly packed to be not able to absorb water. The 

samples with higher amount of water absorption capacity were able to retain water for 

longer duration of time. 

Table 4.3 Network parameters calculated from rheological measurement 

Composition G' (Pa) cM  

(kg mol
-1

) 

Ve 

(kmol m
-3

) 
ξ (nm) 

PX3 3338.57 70.54 53205.08 10.72 

PX3B0.4 1659.05 125.18 10774.07 13.53 

PX3B0.4N0.4 2643.33 110.31 20581.09 11.58 

PX3B0.4N0.8 3150.00 94.99 14762.12 10.93 

PX3B0.4N2 4926.90 88.40 22246.05 9.41 

PX3B0.4N2L5 33095.24 4.34 2301647.95 4.99 

PX3B0.4N2L20 23428.57 12.04 870350.12 5.60 

 

 

(a) 

 

(b) 

Figure 4.6 (a) Swelling ratios and (b) water retention ability of the formulated 

hydrogels  
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Further, the porous structure (shown in Figure 4.7) and large mesh size of the 

hydrogel facilitates water absorption. To calculate V2m (polymer volume fraction in 

swollen hydrogel), the weight of the swollen hydrogel at equilibrium was determined 

(equation 4.7, refer Table A1.2 Appendix 1). It was observed that the increment in 

crosslinking density reduced the mesh size of the hydrogel and turned the structure of 

the hydrogels more compact. This hinders water molecule penetration in the network. 

Presence of 3 w/v % XG in PX3 hydrogel provides large number of hydroxyl and 

carbonyl groups to interact with hydroxyl group of PVA. Further, freeze thawing 

process established a rigid hydrogel network through hydrogen bonding and ice 

crystals formation. This rigid hydrogel network results in high elastic modulus, while 

simultaneously reducing the cM  and pore size due to the increasing crosslinking 

density (Ve) of the hydrogels. Incorporation of lower concentration of borax (0.4 

w/v%) in PX3 system leads to weak physical crosslinking between PVA and XG via 

mono-diol and diol-diol complexation. Hence, distance between the crosslinking sites 

increases leading to reduction in crosslinking density. Sequentially, reduction in 

elastic modulus and rise in pore sizes of hydrogel is observed. Further, crosslinking of 

basified PVA and XG with borax instantaneously establishes covalent bonding 

between PVA, XG and boron atoms. This results in mechanically strong hydrogel 

structure with higher elastic modulus (G’) and crosslinking density, and smaller cM  

and pore size as shown in Figures 4.7a and 4.7b. Similarly, presence of 5% v/v of 

LNPs further crosslinked the PX3B0.4N2 network resulting in higher elastic modulus 

and smaller pore structures (refer to Figures 4.7c and 4.7d). These results deduced 

from the calculation of the network parameters determined the ability of the hydrogels 

to absorb and swell in water. The basis of fire retardancy in these hydrogels is its 

ability to absorbs and retain water. The more amount of water absorbed longer the 
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hydrogel will take for to ignite. Consequently, these parameters aid in evaluating the 

performance of the hydrogel as a flame retardant. 

 

 

Figure 4.7 FESEM images of (a‒b) PX3B0.4N2 (c‒d) PX3B0.4N2L5 hydrogels. The 

PX3B0.4N2L5 hydrogels have smaller pore size due to greater degree of cross-linking 

among PVA, XG and LNPs. 

 

4.3.5 Thermal analysis of hydrogels 

 The results of thermogravimetric analysis of various hydrogels synthesized in 

this study are summarized in Table 4.4. Figure 4.8a shows the TGA and DTG curves 

(representing thermal stability) of PX3 and PX3B0.4 hydrogels under a nitrogen 

atmosphere. The thermal degradation of the PX3 hydrogels can be distinguished in 

three steps. The initial degradation was below 178 ºC, which could be attributed to the 

moisture removal from the hydrogel.
50

 The secondary degradation was observed from 

214 to 366 ºC. This could be related to dehydration of the main chain of PVA, as well 
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as the disruption of the side chain and unfolding of the main chain of XG.
51,52

 The 

amount of char formed at the end of the analysis (i.e. 600 ºC) was 17.09 wt.% for 

PX3. A similar thermal degradation trend was observed for the PX3B0.4 hydrogels. 

However, the shifts in the degradation temperatures, reduction in the weight loss 

during the second degradation step, and increment in the residue of samples at 600 ºC 

were observed, as depicted in Table 4.4. This could be attributed to the interaction of 

borax with PVA and XG via development of excess hydroxyl bonds. 

 

Table 4.4 Summary of thermogravimetric analysis (TGA) results 

Sample 

Primary 

degradation 
Secondary degradation Final degradation 

Residue at 

600ºC 

(wt. %) 

Weight loss 

(%) 

Temperature 

range (ºC) 

Weight 

loss 

(%) 

Temperature 

range (ºC) 

Weight 

loss 

(%) 

PX3 8.15 214–366 58.64 400–487 9.50 17.09 

PX3B0.4 7.07 235–350 49.38 370–486 21.06 17.35 

PX3B0.4N0.4 16.92 203-306 41.95 344-509 13.75 24.49 

PX3B0.4N0.8 19.76 206-298 37.85 341-506 12.54 27.00 

PX3B0.4N2 27.82 192-294 28.58 353-503 8.15 32.76 

PXBNL5 26.62 195-302 31.25 366-494 8.099 31.16 
 

PXBNL20 27.33 201-285 27.91 356-503 8.02 34.61 

#heating rate 10
o
C 

 

 Figure 4.8b shows the thermal degradation of PX3 hydrogels with different 

borax‒NaOH concentrations. Sodium ions dehydrate the polymer matrix, and thus, 

the presence of NaOH in the hydrogel facilitates rapid char formation.
50

 An increase 

in the weight loss (16 ‒ 28%) of PXBN hydrogels can be observed during first stage 

of degradation. Furthermore, around 28 –41% weight loss was recorded during the 

secondary degradation. Figure 4.8b depicts NaOH induced deprotonation of PVA and 
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XG that shifts the degradation temperature resulting in quick ignition, and formation 

of high carbon content structures and aromatic char.
50

 This is favorable in flame 

retardant materials. Similar results were observed in case of hydrogels consisting of 

LNPs, as shown in Figure 4.8c. The residues obtained for PBXNL5 and PBXNL20 

were 31 and 34 wt% respectively. 

 

 

Figure 4.8 TGA and DTG curves of (a) PX3 and PX3B0.4, (b) PX3B0.4N0.4, 

PX3B0.4N0.8 and PX3B0.4N2, and (c) PX3B0.4N2L5 and PX3B0.4N2L20 

hydrogels 

 

4.3.6 Thermal kinetics analysis 

 In the previous section, thermal degradation behavior of the formulated 

hydrogels was discussed. The nature of complexity in hydrogel degradation, due to 

innumerable reactions and parameters enmeshed, compels one to gain a broader 
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insight into the degradation behavior of the hydrogel. Hence, the TGA data of the 

hydrogels was analyzed using isoconversional models to determine Ea, the kinetic 

parameter of activation energy, which signifies the thermal stability (or resistance to 

combustion) of the material. The thermograms of different hydrogels were obtained at 

three different heating rates (5, 10, and 20 ºC min
-1
) in the temperature range of 30 ‒ 

600 ºC, as shown in Figure A1.3, Appendix 1. The thermal conversion data was 

analyzed using KAS method (eq. 11) 
53,54

 The KAS method is an integral 

isoconversional method for the determination of kinetic parameters of thermal 

conversion of biomass. The governing equation of KAS method is given below, and 

at any constant value of α, the activation energy can be calculated from the slope of 

the plot of 
2

ln
T

 
 
 

versus
1

T
.
55

. 

2

, ,

ln ln
( )

i

i a i

EAR

T E g RT



 





   
     

  

      (4.12) 

where, is the heating rate (K min
-1

), T is the temperature (K), A is the pre-

exponential factor, R is the molar gas constant (8.314 J mol
-1

K
-1
), and α is the degree 

of conversion. 

 Figures 4.9a and 4.9b and Figures A1.4a and A1.4b (in Appendix 1) depict 

representative plots of  2ln T
 

versus 1/T for the hydrogels PXB0.4N2, 

PXB0.4N2L20, PX3B0.4, and PX3B0.4N2L5, respectively. Figure 4.9c shows the 

fitting of equation 4.12 to the thermal conversion data (TGA analysis) of the 

hydrogels PXB0.4, PX3B0.4N2, PX3B0.4N2L5 and PX3B0.4N2L20 in the 

conversion range of 0.1 to 0.7, respectively. The complete results of the analysis are 

given in Table 4.5. Based on the variation of Ea with conversion, the degradation 

process can be classified into three stages. Stage I (α = 0 to 0.2) signifies the initial 
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degradation due to moisture loss and consequently Ea (shown in Table 4.4) is very 

low. In Stage II (α = 0.2 to 0.5), a steady rise in the value of Ea is observed. This is 

mainly due to substantial degradation of PVA, XG and borax linkage accompanied by 

incineration of polymer backbone. In stage III (α = 0.5 to 0.7), Ea of PBXNL20 is 

markedly higher than other hydrogels, viz. 70% and 85% higher than PX3B0.4N2 and 

PXBNL5, respectively, as seen in Table 4.5. The marked rise in Ea for the hydrogel 

PXBLN20 (as compared to hydrogels without LNPs) clearly indicates the influence of 

lignin on enhancing the thermal stability of hydrogels, which is possibly a 

consequence of char layer formation on the outer surface of hydrogels, which protects 

the inner layers from oxidation. 

 

 

Figure 4.9 Kinetic fitting of thermograms using KAS model for (a) PX3B0.4N2 (b) 

PXBNL20; variation of activation energy (Ea) as a function of conversion (α). 
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4.3.7 Combustion studies of hydrogel coated cotton cloth 

 The LOI and flammability tests were carried out to evaluate the flame 

retardant characteristics of PX3 hydrogel in association with borax, NaOH, and LNPs 

(Figure 4.10). The pure cotton cloth is highly flammable and also has a high flame 

velocity. Hence, it burns completely within seconds of the flammability test (Figure 

4.10a). In addition, the LOI of pure cotton cloth is reported to be 20%.
55

 Coating the 

cotton cloth with PX hydrogel hinder the process of ignition until the hydrogel dries 

up. Figure 4.10b-d shows that hydrogel coated samples do not ignite during the first 

10 s due to hindrance offered by water present in the hydrogel (as previously 

indicated by swelling test results, Figure 4.6a). While igniting the samples for the 

second time (10 s) it was observed that the samples burn and self-extinguish leaving 

behind a layer of char. Table 4.6 reports the vertical flammability test results of 

various hydrogels. It was observed that presence of XG induced char formation, for 

example 3% w/v of XG resulted in 1.9 mm length of char. Incorporation of borax 

(0.4% w/v) further delayed the ignition process and produced a char length of 1 mm.  

 

 

 

Table 4.5 Results of activation energy calculated by KAS model for the formulated hydrogels  

 

PX3B0.4 PX3B0.4N2 PX3B0.4N2L5 PX3B0.4N2L20 

Ea R
2
 Ea R

2
 Ea R

2
 Ea R

2
 

0.1 25.573 0.94 27.769 0.99 33.368 0.99 43.087 0.95 

0.2 56.754 0.98 85.564 0.95 86.618 0.91 121.859 0.99 

0.3 85.795 0.99 106.971 0.98 125.669 0.99 138.242 0.99 

0.4 91.911 0.98 108.204 0.98 141.545 0.99 153.611 0.90 

0.5 106.02 0.97 130.193 0.98 164.597 0.99 179.603 0.99 

0.6 109.406 0.97 223.85 0.99 164.597 0.99 327.7 0.99 

0.7 118.951 0.98 265.568 0.96 286.527 0.98 493.811 0.95 

conversion %, Ea = activation energy kJ mol
-1 
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 0 s 2 s 4 s 6 s 8 s  

(a) 

     

 

 0 s 10 s 12 s 20 s 22 s  

(b) 

      
(c) 

      
(d) 

      
(e) 

      
 

Figure 4.10 Photos showing the process of burning during UL94 (a) cotton cloth 

(b)PX3B0.4 (c) PX3B0.4N2 (d) PX3B0.4N2L5 (e) PX3B0.4N2L20 

 

Similar results were obtained for hydrogels with lower concentration of LNP (5% 

v/v). However, higher incorporation of LNP induces rapid burning of the sample and 

formation of char layer. The sample self-extinguishes and the layer of char forms a 
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protective layer that prevents further burning of the sample. The length of char layer 

was 1.75 mm after 20 s burning. The LOI values of the hydrogels were as follows: 

PX3B0.4 = 29.75%, PX3B0.4N2 = 36.11% and PX3B0.4N2L20 = 39.39%. The LOI 

value of PX3B0.4N2L20 hydrogel is significantly higher than other PVA based 

hydrogels reported in the literature. Ye et al. 
13

 have reported PVA‒Carrageenan 

hydrogels with LOI of 30%. Liu et al. 
15

 have reported LOI in the range of 36‒37 % 

for PVA composites with calcium alginate and expandable graphite (30, 40 and 50 

wt%). Yu et al. 
2
 have synthesized PVA/ Poly(N-isopropylacrylamide)/ sodium 

alginate hydrogels with LOI of 29%. The LOI values for the hydrogels synthesized in 

this study show the same trend as the activation energy (kJ mol
-1

) and the residues 

(wt%) after TGA analysis, viz. PX3B0.4 = 118.951 kJ mol
‒1

 and residue 17.35 wt%., 

PX3B0.4N2 = 265.568 kJ mol
‒1

 and residue 32.76 wt%, and PX3B0.4N2L20 = 

493.811 kJ mol
‒1

 and residue 34.61 wt%. These results essentially show that 

incorporation of LNP in the PXBN hydrogels leads to significant improvement in the 

fire retardancy behavior of the hydrogel. 

 

 

(a) 

 

(b) 

Figure 4.11 Cone calorimeter test (CCT) result of PX3B0.4, PX3B0.4N2 and 

PX3B0.4N2L20 hydrogel coated cotton cloth samples (a)Heat release rate (HRR) and 

(b) Total heat release(THR) 
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Table 4.6 Vertical flammability test results of PX hydrogel composites 

Material 
Sample 

length (mm) 

Total time 

(s) 

char length 

(mm) 
Burning characteristics 

PX3 127 20 1.9 No dripping, no swelling 

PX3B0.4N2 127 20 1 No dripping, no swelling 

PX3B0.4N2L5 127 20 1 No dripping, no swelling 

PX3B0.4N2L20 127 20 1.75 No dripping, no swelling, 

rapidly burns with formation 

of protective layer of char 

 

Similarly, the cone calorimeter tests (CCT) revealed the amount of heat 

released by test samples on administering 25 kW m
–2

 heat flux. The nature of heat 

release, viz. heat release rate (HRR) and total heat release (THR), is calculated by the 

amount of oxygen consumed during the experiment (Figures 4.11a and 4.11b). A 

single peak right after ignition is observed in HRR curve (Figure 4.11a), which 

clearly shows that oxygen consumption is higher during the initial phase of the 

ignition.
56

 Further, a single peak may also signify the layer of char produced that 

prohibits the flame from further burning the surface, and hence, no development of 

new peaks is observed after 100 s of sample ignition. Additionally, both the HRR and 

THR decreased with the addition of NaOH into chemically crosslinked hydrogel 

system and LNPs. The trends in HRR curves concur with those of THR curves. The 

peak heat release rates were 201.3, 161.3 and 90.3 kW m
–2

, and the total heat released 

was 3.86, 3.03 and 1.56 MJ m
–2 

for PX3B0.4, PX3B0.4N2 and PX3B0.4N2L20 

samples, respectively (Table 4.7). The HRR and THR values observed for 

PX3B0.4N2L20 were much lower than the reported values of other flame retardant 

coating. Zhao et. al 
4
 reported peak HRR 269 .44 kW m

–2 
and THR value of 10.25 MJ 

m
–2

 for PVA ‒15wt% phytic acid hydrogel coated on wood samples. Kundu et al. 
57

 

reported peak HRR of 206 kW m
–2

 for chitosan and alginate based nanocoating for 
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polyamide 66 fabric. Lin et al. 
58

 have synthesized PVA‒ammonium polyphosphate 

composite doped with montmorillonite (MMT) clay, which drastically decreased the 

HRR from 576 to 156 kW m
–2

 with 15% MMT loading. Lui et al 
59

 have reported 

halogen free PVA‒triphenyl phosphate (TPP) composite with peak HRR of 299 kW 

m
–2

. 

 

Table 4.7 Results of cone calorimeter tests for hydrogel samples 

Sample PHRR (kW m
–2

) THR (MJ m
–2

) 

PX3B0.4 201.3±12 3.86±2 

PX3B0.4N2 161.3±17 3.03±3 

PX3B0.4N2L20 90.3 ±10 1.56±4 

 

4.4 Conclusions 

 This study has reported the synthesis, characterization, and testing of 

hydrogels comprising a biodegradable PVA matrix with two biomaterials additives, 

viz. xanthan gum and lignin nanoparticles. Different hydrogels synthesized in this 

study with combinations of the components, viz. PX3, PX3B0.4N2, PX3B0.4N2L5 

and PX3B0.4N2L20, revealed enhanced structural and fire retardant properties. 

PX3B0.4N2 hydrogel showed better rheological properties as compared to PX3B0.4 

hydrogels, which confirms a stronger gelation network induced in presence of NaOH. 

Addition of lignin nanoparticles facilitated tuning of the viscoelastic properties of the 

hydrogels. Higher concentration of lignin (20% v/v) imparted viscous nature to the 

hydrogel whereas a lower concentration of lignin (5% v/v) imparts elasticity to the 

hydrogels. These traits allowed the hydrogels to accommodate around 96% of water 

in their network structure. Sequentially, the water retention ability of the hydrogels 

also improved. However, a more compact structure of PXB0.4N2L20 resulted in low 

water absorption and retention. Additionally, presence of lignin nanoparticles 
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improved the char formation of the hydrogels, which helped in enhancing fire 

retardancy. The hydrogel coated cotton cloth demonstrated delayed burning process. 

LOI for cotton cloth improved from 20% to 39% after coating of PX3B0.4N2L20 

hydrogel. The thermal degradation temperature of the formulated hydrogels was 

around 280 to 300 ºC, which is higher than the actual operating temperature (85º to 

285 ºC) measured during the fire operations. The LOI, vertical burning, TGA, and 

kinetic analysis results were in accordance with the CCT’s HRR and THR curves. 

Thus, the present study has demonstrated the potential of eco-friendly PVA-based 

hydrogels as effective fire retardant coatings. 
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KAOLIN EMBEDDED CELLULOSE HYDROGEL WITH TUNABLE 

PROPERTIES AS GREEN FIRE RETARDANT 

 

 

5.1 Introduction 

 Every year, devastating wildfires and fire accidents in residential and 

industrial sectors leave a trail of destruction worldwide, resulting in enormous loss of 

life and extensive property damage. In addition, firefighters frequently sustain severe 

burns and wounds during rescue operations
1
. Therefore, extensive research has been 

focused on developing sustainable fireproof building materials and coatings. 

Considerable research efforts are also dedicated to the development of efficient 

firefighting gears, such as fire-resistant suits and blankets
2–5

). The conventional flame 

retardant coatings contain halogenated compounds, viz. polybromodiphenylether, 

tetrabromobisphenol A, tetrabromophthalic anhydride, and hexabromocyclododecane 

6
. As a result, these flame retardants are highly toxic, spread environmental 

contamination, and cause adverse health issues to animals and humans. Recent 

research in fire retardant synthesis focuses on the use of halogen-free, green (bio-

based), and sustainable materials. Hydrogels have emerged as modern, efficient 

coating materials with superior fire retardancy properties
7–9

). Hydrogels can absorb 

and retain much water in their crosslinked network
10,11

. This water essentially acts as 

in situ extinguisher during fire breakouts and reduces the surface temperature, which 

impedes the spread of fire. Also, a protective char layer is formed on the hydrogel 

surface after combustion, shielding the inner layers of hydrogel from further 
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burning
12
. In a recent study, PNIPAAm‒sodium alginate‒PVA-based triple network 

hydrogel lamination was developed to improve the fire resistance of cotton fabrics
13

. 

The thermal degradation temperature of these hydrogels was above 300°C, which is 

much higher than the actual operating temperatures during firefighting operations. 

Another study reported that xylan and sodium carboxymethylcellulose-based 

temperature-sensitive hydrogels effectively suppressed the spontaneous combustion 

of coal
14

. The viscosity of these gels increases with the temperature rise, forming a 

robust protective layer covering the coal particles and effectively isolating the coal 

from oxygen. Similarly, Poly acrylic acid‒sodium alginate‒tannic acid-based self-

adhesive hydrogel was prepared to prevent the spontaneous combustion of coal
15

. 

Polyacrylic–polydopamine dual crosslinked hydrogel coating was also developed for 

fireproofing polyurethane foam
16

. This hydrogel was mechanically tough, possessed 

the self-quenching ability, exhibited delayed ignition, and reduced the heat release 

rate (HRR) and total smoke production (TSP). Another study developed a tough 

gelatin‒montmorillonite (MMT) hydrogel as a fire retardant for hot work on oil 

pipelines
17

.  

In recent years, cellulose-based hydrogels have been investigated for applications in 

biomedical fields such as drug delivery, tissue engineering, wound healing, and other 

healthcare and hygienic products. These hydrogels are biodegradable, non-toxic, and 

highly biocompatible. Cellulose can also be applied in fire retardant hydrogels as it 

forms char after combustion in the solid phase. At low temperatures, cellulose initially 

degrades to form anhydrocellulose, and with the temperature rise, the rest of the 

cellulose gradually converts to tar and finally forms char. This char layer creates a 

barrier that hinders heat transfer and insulates the surface underneath, slowing down 

the pyrolysis process
18

. Fire retardancy of hydrogels can be enhanced by 
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incorporating various fillers, such as clays bentonite
19

, kaolin
20

, and MMT
21–23

, 

silica
24

, potassium carbonate
25

, carbon nanotubes and graphene oxide. Also, cellulose 

can be blended with various biopolymers to perform as a fire retardant efficiently. 

Another study employed layer-by-layer chitosan and sodium hexametaphosphate 

nanocoating assembly to impart fame retardancy to cellulosic gel beads
26

. An 

amalgamation of nanocoating and cellulosic gel produced sufficient char, which 

extensively inhibited fire. In another study, a self-extinguishing phosphorus-modified 

methylcellulose and silica hybrid hydrogels as a fire retardant was prepared
27

. These 

hydrogels exhibited shorter extinguishing times than water and raw methylcellulose 

concoctions. 

Hydrogels formulated from cellulose display excellent mechanical properties. 

However, the synthesis of cellulose-based hydrogels has certain bottlenecks. 

Cellulose comprises abundant hydroxyl groups along its rigid backbone, leading to 

extensive aggregation and poor solubility in water and other commonly used solvents. 

Hence, finding a suitable solvent for dissolution and further processing is difficult. 

The most widely used solvents are NaOH‒urea
2829

, LiOH‒urea
30
, NaOH‒thiourea

30
, 

and ionic liquids
31

. After dissolution, the regeneration of cellulose hydrogel requires a 

physical or chemical crosslinking process. The most commonly used physical mode 

of crosslinking is freeze-thaw
32

, photocrosslinking
33

, and radiation-induced 

crosslinking
34

. Conventionally used chemical crosslinkers are citric acid
35

, 

glutaraldehyde
36

, and epichlorohydrin
37

. Most of the aforementioned crosslinking 

methods are arduous, expensive, and time-consuming. Moreover, certain chemical 

crosslinkers are hazardous. Hence, developing a simple and efficient cross-linking 

method is always desired. Methylenebisacrylamide (MBA) has been effectively 

utilized in regeneration of cellulose from precooled alkali‒urea solvent. Geng (2018) 
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reported a simple route for developing transparent and high swelling cellulose 

hydrogel using MBA
38

. Similarly, another study demonstrated the formulation of 

MBA-induced chemically crosslinked cellulose hydrogel in cold LiOH‒urea 

solvent
39

. MBA induces crosslinking via basic Michael addition reaction amid double 

bond of the crosslinker and hydroxyl groups of cellulose.  

This study reports a simple route for regenerating cellulose hydrogel on cotton fabric 

from a precooled NaOH‒urea solvent. We have adopted a dual crosslinking method 

for hydrogel synthesis. The initial crosslinking was achieved via MBA-induced 

Michael addition reaction, and the secondary crosslinking was achieved by thermal 

treatment. Kaolin was infused in the hydrogel matrix. The hydrogels have been 

characterized for physical and chemical properties. In addition, the influence of kaolin 

and MBA on these properties has been examined. Finally, the flame retardant 

characteristics of the hydrogels have been determined using limiting oxygen index 

(LOI), cone calorimeter test (CCT), vertical flammability test (VFT), and open fire 

test (OFT). Herein, we envisaged converting low-cost and green materials (kaolin and 

cellulose) into high-performing fire retardants. Kaolin, being clay, inherently 

possesses high thermal resistance. Hence, incorporating kaolin amplifies the fire 

retardancy of the cellulose hydrogel, which is mainly attributed to char formation. The 

cellulose hydrogels tend to swell and retain water in their matrix. We contemplate that 

the synergistic effect of encapsulated water in the hydrogel matrix and kaolin would 

delay the ignition of the flammable material. It is also contemplated that the hydrogel 

would produce a protective char layer upon ignition, further preventing the underlying 

material from the ignition. Thus, our methodology of adding clay particles (kaolin) in 

biopolymer hydrogel introduces a conceptual framework for producing high-

performance green fire retardant coatings. 
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5.2 Experimental section 

5.2.1 Synthesis of cellulose-kaolin hydrogel 

 Cellulose (α cellulose content of 95%, DP 502, described in Figure 2.7 

chapter 2 and Table A2.1, Appendix 2) was extracted from perennial grass, Arundo 

donax
40

. The cellulose extraction procedure is described in chapter 2. NaOH pellets 

were purchased from Emplura. Urea and sodium chlorite was procured from Himedia, 

and methylene bisacrylamide and kaolin was purchased from Sigma Aldrich. 

Cellulose was added to precooled (‒20 °C) NaOH/urea solution (13:7 ratio). The 

resulting solution was kept at ‒20 °C to dissolve the cellulose and obtain 3% w/v 

cellulose solutions. The required amount of kaolin was added to this solution, 

followed by stirring for 6 h at 80 °C to obtain a kaolin cellulose solution. Kaolin 

quantity in solution was varied as 0.5, 1, and 2% w/v. Lastly, MBA was added, and 

the solution was stirred for 6 h. The resultant solution (CMK) was poured into a petri 

dish and left for 24 h in an ambient atmosphere (temperature = 25±2 °C, relative 

humidity = 45‒55%) for crosslinking. The sample obtained after 24 h was heated at 

60 °C in a hot air oven for 1 h to obtain CMK hydrogel. The cellulose to MBA weight 

ratios (C:M) were maintained at 1:1 and 1:2, respectively. The obtained hydrogels 

were soaked in distilled water to remove the unreacted components. The compositions 

of the hydrogels formulated using the above procedure is listed in Table 5.1. 

For preparing hydrogel-coated cotton fabric, cotton cloth was dipped in CMK 

solution and left in ambient conditions for 24 h (temperature = 25±2 °C, humidity = 

55 %) for crosslinking and further dried at 60 °C for 1 h (Figure 5.1). Finally, the 

samples were washed with DI water (pH 6) to remove all the unreacted components 

(Figure A2.1, Appendix 2). The various compositions of the formulated hydrogels 

are represented in Table 1. All analyses of the hydrogel samples were performed in 
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triplicate. 

 

Figure 5.1 Synthesis process of kaolin cellulose hydrogel coating on cotton fabric 

 

Table 5.1 Composition of formulated hydrogels  

Sample Cellulose (C) : MBA (M) Kaolin (K, w/v %) 

CM1 1:1 - 

CM2 1:2 - 

CM1K0.5 1:1 0.5 

CM2K0.5 1:2 0.5 

CM1K1 1:1 1 

CM2K1 1:2 1 

CM1K2 1:1 2 

CM2K2 1:2 2 

 

 

5.2.2 Structural characterization and adhesion strength of composite hydrogels 

 To gain insights into the interactions between various components of the 

hydrogels XRD, FTIR, and FE-SEM analyses were performed. X-ray diffraction (XRD) 

patterns of kaolin and cellulose kaolin composite were obtained using Rigaku (RINT 2500 
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TTRAX-III) diffractometer equipped with Cu‒Kα radiation (λ = 1.5406 Å) with nickel filter. 

Scans were recorded in the 2θ range of 10° to 80°. Molecular interactions of the formulated 

hydrogels were characterized by Fourier Transform Infrared (FTIR) spectroscopy [Spectrum 

Two, PerkinElmer (USA)] over the wavenumber range of 4000–400 cm
–1

. The structural and 

surface morphological analysis of freeze-dried hydrogel samples were carried out using Field-

Emission Transmission Electron Microscope (FE-TEM) [2100F, JEOL (Japan)]. The 

adhesion strength between the hydrogel and cotton fabric was evaluated by performing a lap 

shear adhesion test according to ASTM D3163 using a universal testing machine (UTM) 

[Z005TNProline, ZwickRoell]. The hydrogels were coated on cotton fabrics (100 mm × 20 

mm) and bonded together maintaining a coating thickness of 0.7‒0.8 mm, and dried in the 

ambient atmosphere (25±2ºC, humidity 55%). The test sample was placed in the grips of the 

UTM and pulled apart at the rate of 5mm/min.The adhesion strength was calculated as 

follows 
41,42

: 

maxmax

o

Fimum force applied
Adhesive strength

overlap area l w
 


   (5.1) 

where, Fmax is the maximum force required for detachment of the joined hydrogel coated 

fabric, lo is the length and w is the width of the of the bonded section of the fabrics sample. 

Rheological studies 

 The crosslinking of hydrogel samples was confirmed by measuring the 

rheological properties (elastic modulus,G  and viscous modulus,G ) via rheometer 

(MCR 301, Anton Paar). A 50 mm diameter parallel plate geometry was used, 

keeping the gap setting at 1 mm. Oscillation shear experiments were used to 

investigate the viscoelastic characteristics of hydrogel over a wide range of strain and 

frequency. Amplitude sweep test at a constant frequency (1 Hz) and varying strain of 

0.01–100 % was performed to determine the linear viscoelastic region (LVR). 

Furthermore, the frequency sweep test was performed over the range of 0.01–100 Hz 

at constant strain (depending on the LVR). 
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5.2.3 Swelling and water retention studies 

 The formulated hydrogels were washed thoroughly, dried in an oven, and cut 

into appropriate sizes (1 cm x 1 cm, thickness 0.1 ± 0.1 cm). The thicknesses of the cut 

samples were measured with Mitutoyo digimatic micrometer. The weight gained by the 

hydrogel due to absorption of water was measured gravimetrically. The initial weights of the 

samples were measured and referred to as Wd. The samples were immersed in 20 ml of DI 

water. After 1 h, the samples were taken out, and after soaking off the excess water with the 

help of tissue; the weights of the hydrogels were measured and denoted as Ws. The samples 

were re-immersed in DI water and the process was continued after an interval of 2 h for the 

next 24 h. The swelling ratio (SR) and water content (WC) were calculated as: 

100s d

d

W W
SR

W


          (5.2) 

100s d

s

W W
WC

W


           (5.3) 

where, Ws = weight of the swollen hydrogel (at specified time t) and Wd = weight of dry gel. 

Similarly, the water retention ability of the freshly prepared composite hydrogels (1 

cm × 1 cm) was determined gravimetrically at an interval of 1 h for 24 h in an ambient 

atmosphere (25±2 °C, humidity 45±10 %) as: 

1 i d

i

W W
WR

W


           (5.4) 

Where Wi is the weight of hydrogel at swollen state (at a specified time ) kept for dehydration 

in the ambient atmosphere and Wd is the weight of the dehydrated hydrogel. 

Network parameters  

 The physical yardsticks that represent the properties of hydrogels are network 

parameters, viz. average molecular weight between crosslinks ( cM ), crosslinking density 

(Ve), and mesh size (ξ). These parameters were determined using rheological measurements 

(elastic modulus,G  and viscous modulus,G ) and swelling tests. Based on rubber elasticity 
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theory (RET) for homogeneous Gaussian chains network parameters, these can be calculated 

using the following equations: 
43,44

 

2

1 1
1 1
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Various notations are: ρw = density of water, m = weight of the dry hydrogel, Z = weight of 

the hydrogel at equilibrium, V2m = polymer volume fraction of crosslinked polymer in 

equilibrium with swollen gel, V2r = polymer volume fraction after crosslinking but before 

swelling, ρ = density of dry hydrogel, R = universal gas constant, T = temperature, NA = 

Avogadro number, t = thickness of the sample, A = pre-factor (with value as 1 for the affine 

network model and 
2

1


  for the phantom network model, where φ = number of branches 

originating from crosslinking site). As per constrained junction theory, the phantom network 

model is followed by the real network and value of φ = 3 
44–46

. 

 

5.2.4 Performance evaluation of hydrogels in flame retardancy 

The thermal stability of the hydrogels (and also the influence of additives viz. 
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MBA and Kaolin) and its efficacy in flame retardancy can be assessed using thermal 

analysis tests. The following tests were employed for evaluation of the thermal 

properties of the hydrogels: Thermogravimetry analysis (TGA), Limiting Oxygen 

Index (LOI), Cone Calorimeter Test (CCT), vertical burning test and open fire. These 

tests also indicate the flammability of the hydrogels. 

Thermogravimetric analyzer [TG 209 F1 Libra, Netzsch, Germany] was 

employed to obtain the thermograms of dried hydrogel samples. KAS isoconversional 

method was used to obtain kinetic parameters of thermal conversion (or 

decomposition) of the hydrogels as described in chapter 4 section 4.2.4. In a typical 

experiment, a crucible was filled with 8–11 mg sample and heated from 30 ºC to 600 

ºC in three linear heating rates, viz. 5, 10, and 20 ºC min
–1

 in nitrogen atmosphere (20 

ml min
-1

). 

LOI, CCT were performed as described in chapter 4 section 4.2.4.3. 

Additionally, open fire test (OFT) was performed to check the efficacy of the 

hydrogel coated samples in dehydrated and hydrated conditions. The sample size, 100 

mm × 100 mm × 2 mm was maintained for the OFT. Here, two samples of the hydrogel 

coated cotton cloth, one in hydrated (or native) condition and another in dehydrated 

form (i.e., after drying the hydrogel coated cotton cloth in an oven at 40⁰C for 2 h) 

were ignited using butane torch flame (1300⁰C) for 20 s. The flame length was 

maintained at 4 cm. The flammability tests were recorded in a digital camera. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 5.2 (a) XRD diffraction pattern of kaolin, cellulose and kaolin cellulose 

composite, (b), (c) and (d) FETEM of cellulose kaolin composite 

 

5.3 Results and discussion 

5.3.1 Structural characterization of cellulose, kaolin and composite hydrogel 

 Figure 5.2a presents the XRD patterns of kaolin, cellulose, and cellulose‒

kaolin composite. The diffraction peak at 16.3 and 22.6° belongs to (1 1 0) and (2 0 0) which 

are the characteristic peak of α cellulose. The diffraction peaks at 12, 21.24, and 37.12° 

belong to the crystalline plane (0 0 1), (1 0 0), and (0 0 3) for cellulose‒kaolin composite, 

respectively. The XRD pattern of cellulose‒kaolin composite is similar to the raw kaolin, 

which clearly shows the well-preserved nature of kaolin in the composite. FE-TEM 

micrographs give an idea regarding the dispersion of kaolin in cellulose matrix. Figures 5.2b-
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d show well-dispersed hexagonal-shaped kaolin in the cellulose matrix, which essentially is a 

visual authentication to the XRD results. 

  

 

(a) 
 

(b) 

 

Figure 5.3 FTIR spectrum of CM hydrogels. (a) cellulose:MBA ratios of 1:1 and 1:2, 

respectively, and (b) CMK hydrogel (cellulose:MBA ratio 1:1) with 0.5,1 and 2 w/v% 

kaolin. (c) Proposed mechanism of MBA crosslinking cellulose fragments with kaolin 

infused.   

 

FTIR spectra of raw cellulose, MBA and kaolin are shown in Figure A2.2 (Appendix 

2), which illustrate the characteristic peaks of various components. For raw kaolin, 

peaks at 3696 and 3621 cm
-1

 are due to ‒OH vibration bonded to Al octahedral atom 

on the surface or on the inter layer silicate. Peak at 1632 cm
-1

 represents the ‒OH 

vibration trapped in crystal lattice, and 1024 cm
-1

 denotes the Si‒O vibration. The 

peaks at 3587 and 3242 cm
-1

 in cellulose FTIR spectrum are due to the ‒OH 
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stretching. Peak at 1688 cm
-1

 is attributed to C=O stretching and 1322 cm
-1

 represents 

the C‒H bending. Similarly, for crude MBA, peak at 3487 cm
-1

 represents ‒OH 

vibration, 3206 cm
-1

 belongs to N-H stretching, 1675 cm
-1

 represent C=O stretching 

and 1624 cm
-1

 denotes the C=C stretching. 

Figure 5.3a shows the FTIR spectra of cellulose hydrogel with cellulose to 

MBA ratios of 1:1 and 1:2, respectively. It could be seen that characteristic peak of 

MBA at 3206 cm
-1

 (due to N‒H stretching) and peaks at 1650 cm
-1

(due to ‒C=O 

stretching) intensify with increasing the concentration of MBA in the hydrogel 

composites. However, the peaks at 1618 cm
-1 

(due to C=C stretching) was observed to 

be diminished which indicates cellulose-MBA interaction via C=C. The stretching 

due to C=C disappears, which shows that the double bond has been consumed during 

the crosslinking process. Hence, a hypothetical mechanism can be conjectured from 

the FTIR analysis. The alkaline conditions (NaOH) initially deprotonate the hydroxyl 

group of the glucose group of the cellulose. This nucleophile (Michael donor) in turn 

reacts with MBA (Michael acceptor). This charge delocalization and break the π bond 

in MBA leaving the oxygen with a negative charge and a double bond which later on 

acquire a proton from water molecules. Hence, we proposed Michael addition 

reaction for the successful crosslinking of the composite hydrogel. Similarly, for 1:1 

cellulose: MBA hydrogels with 0.5, 1 and, 2 % w/v of kaolin (Figure 5.3b), the 

characteristic peaks of kaolin at 3692 and 3621 cm
-1

 disappears. These findings 

clearly show the successful crosslinking between the constituents, and hence, the 

formation of hydrogel. Similar results have been observed for hydrogels with 

cellulose: MBA (C:M) ratio of 1:2 with different kaolin concentration (refer 

Appendix 2, Figure A2.2b). The proposed mechanism of MBA crosslinked cellulose 

hydrogel is shown in Figure 5.3c. 
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(a) 

 

(b) 

 

(c) 

Figure 5.4. (a) Schematic illustration of the lap shear test sample. (b) Adhesion 

strength curve and (c) adhesion strengths of the hydrogels coated on cotton fabric.  

 

Adhesion strength between the hydrogel and cotton fabric was assessed by the lap 

shear adhesion test (Figure 4a). The test results are represented in Figures 5.4b and 5.4c. As 

shown in Figure 5.4b, it can be observed that coating the pregel onto the fabric allows the 

solution to wet the fabric and crosslink (under ambient conditions) to form hydrogel. 

Consequently, the resulting hydrogel strongly adheres to the fabric. The sample with a higher 

proportion of MBA (1:2) results in superior adhesion compared to the lower proportion of 

MBA. The noted adhesive strengths were 20.8 and 33.5 kPa for CM1 and CM2, respectively. 

The deleterious effect of kaolin can be observed in Figures 4b and 4c, with a lower proportion 

of MBA the amount of crosslinking achieved was inadequate to induce strong adhesion. The 

adhesive strengths observed were 17.6, 16.4, and 16.8 kPa for CM1K0.5, CM1K1, and 
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CM2K2, respectively. However, increasing the MBA content could surmount the deleterious 

effect of kaolin. The adhesive strengths for CM2K0.5, CM2K1, and CM2K2 were 43.5, 38, 

and 35.5 kPa, respectively (Figure 5.4c). 

5.3.2 Swelling and water retention study 

Swelling and water retention study for synthesized hydrogels was performed 

in an ambient atmosphere (25±2ºC) and humidity 55%. It was observed that all the 

hydrogels absorbed water and reached equilibrium within an hour of their submersion 

in water. MBA crosslinking via addition reaction consumed the ‒OH group of 

cellulose, and hence, prevented aggregation of cellulose when immersed in water.
38

  

Figure 5.5a clearly shows the effect of MBA on the degree of swelling of the 

hydrogels. The degree of swelling for hydrogel with equal proportion of MBA to 

cellulose (1:1) was higher than hydrogels formulated with 1:2 cellulose to MBA. 

Relatively smaller swelling for hydrogels with 1:2 cellulose to MBA ratio is attributed 

to greater degree of crosslinking in presence of higher amount of MBA. Figures 5.5b 

and 5c demonstrate the swelling ratios for hydrogel samples synthesized with varying 

kaolin concentrations (0.5, 1 and 2% w/v). It could be seen that the swelling ratio 

reduces with increasing kaolin concentration for cellulose to MBA ratio of 1:1, 

whereas the swelling is relatively independent of kaolin concentration for cellulose to 

MBA ratio of 1:2. This is attributed to greater degree of crosslinking in presence of 

higher quantities of MBA. Comparison of the hydrogels formulated with and without 

kaolin (Figures 5.5a, 5.5b and 5.5c) shows that presence of kaolin reduced the water 

absorption ability of the hydrogel.  
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(a) 

 

(d) 

 

(b) 

 

(e) 

 

(c) 

 

(f) 

Figure 5.5 Swelling kinetics and water retention ability of (a) and (d) cellulose 

hydrogels for C: M ratio 1:1 and 1:2, (b) and (e) cellulose kaolin hydrogel at 1:1 C:M 

ratio, and lastly (c) and (f) cellulose kaolin hydrogel at 1:1 C:M ratio 1:2with 0.5, 1 

and, 2 w/v% kaolin. 

 

Low amount (0.5% w/v) of kaolin in the hydrogel allowed the crosslinking 

agent to establish more bonding with cellulose. Also, low water absorption behaviour 

of kaolin (which is hydrophobic in nature) compelled the hydrogels to lower its water 
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absorption performance. Hence, higher dosage of kaolin in the hydrogel resulted in 

low swelling of the hydrogels. 

Water retention performances of the hydrogels are shown in Figures 5.5d, 

5.5e and 5.5f. During 24 h of experiments, the highest amount of swelling attained by 

C:M 1:1 ratio unveil highest amount of water retention aptitude (Figure 5.5d). As 

already discussed, kaolin absorbs lesser quantities of water, and thus, significant 

quantities of water remain in free form and evaporate easily.
47

 Hence, increment of 

kaolin incorporation in the hydrogels lowers the water retention ability. In the case of 

hydrogel with low amount of MBA, low crosslinking density (in addition to presence 

of kaolin) induces low amount of water retention. the crosslinking density improves 

with addition of MBA, which facilitates the water retention of the hydrogels (Figure 

5.5e and 5.5f),
48

 

5.3.3 Influence of MBA and kaolin on crosslinking of the hydrogel 

Measurement of the hydrogels moduli provides an idea of its crosslinking and 

quantifies the degree of crosslinking. Results of the rheological studies, variation of 

storage modulus and loss modulus with increasing frequency is shown in Figure 4 and 

variation in strain % is shown in Figure A2.3 (Appendix 2). The linear viscoelastic 

region (LVR) was calculated to be 1 strain% from amplitude sweep (Figure A2.3, 

Appendix 2). All the hydrogel samples showed higher elastic moduli (
'G ), suggesting 

successful crosslinking of the system. The samples projected elastic like behaviour 

with increasing frequency. Hence, the samples were mechanically stable and were not 

influenced by the increasing frequency (Figure 5.6a, 5.6b and 5.6c). The strong 

influence of MBA and kaolin was seen in all the frequency sweep of the hydrogel. As 

previously discussed in section 5.3.1 (Figure 5.2a), MBA induced crosslinking (via 

addition reaction) of cellulose fragments and enhancement in its elastic moduli is 
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observed (Figure 5.6a). 

 

 

(a) 

 

(b) 

 

(c) 

Figure 5.6 Frequency sweep of cellulose hydrogel with (a) different concentration of 

MBA (1:1 and 1: 2 with respect to cellulose) and kaolin (0.5, 1 and 2% w/v) with (c) 

1:1 cellulose:MBA (d) 1:2 cellulose:MBA 

 

Further, increasing the MBA ratio (with respect to cellulose) from 1:1 to 1:2 

induces more crosslinking of the cellulose and hence, increment in the moduli of the 

hydrogel is observed. This increment of moduli (Table 5.2) confirms the successful 

crosslinking of the cellulose hydrogels. However, for CM1K0.5, CM1K1 and CM1K2 

hydrogel, kaolin inclusion deteriorates the cellulose MBA bonding, which can be 

clearly observed from lower elastic moduli of the hydrogel systems in Figure 5.6b 

and Table 5.2. Also, addition of MBA at equal ratio of cellulose (1:1) was not enough 
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to properly bind and crosslink the cellulose fragments and kaolin particles. Hence, 

lesser degree of crosslinking was achieved. However, increment in MBA ratio (1:2 

with respect to cellulose) induced more crosslinking and improvement in elastic 

moduli was seen (Figure 5.6c). 

 

Table 5.2 Elastic moduli, 
'G  and loss moduli, 

"G values of formulated hydrogels 

Sample 'G  (Pa) 
"G  (Pa) 

CM1 28.76 ± 3.5 4.10 ± 2.0 

CM1K0.5 23.38 ± 2.8 2.34 ± 2.2 

CM1K1 16.40 ± 2.4 4.33 ± 5.0 

CM1K2 11.17 ± 1.7 1.92 ± 3.0 

CM2 89.16 ± 10.8 5.33 ± 3.0 

CM2K0.5 72.49 ± 8.8 3.27 ± 1.5 

CM2K1 53.77 ± 8.0 1.12 ± 2.6 

CM2K2 35.90 ± 5.67 1.74 ± 3.1 

5.3.4 Investigation of the internal structure of the hydrogel 

 Table 5.3 Evaluated mesh size (ξ), molecular weight across crosslinks, cM  

and crosslinking density, Ve 

Composition 
Average G' 

(Pa) 

cM  

(kg mol
-1

) 

Ve 

(kmol m
-3

) 

ξ 

(nm) 

CM1 28.76 ± 3.5 142.17±6.1 1336.44±102 52.30±4.5 

CM1K0.5 23.38 ± 2.8 612.65±106 816.12±50 56.03±6.2 

CM1K1 16.40 ± 2.4 701.25±99 548.47±30 63.06±6.8 

CM1K2 11.17 ± 1.7 1061.73±121 444.27±15 71.67±7.0 

CM2 89.16 ± 10.8 164.29±7 5072.27±200 35.87±1.0 

CM2K0.5 72.49 ± 8.8 236.53±10 3523.14±175 38.43±1.5 

CM2K1 53.77 ± 8.0 300.71±50 2720.79±130 42.45±2.2 

CM2K2 35.90 ± 5.67 607.21±78 1197.73±100 48.57±3.3 
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Evaluations of network parameters provide insights to the internal structure of 

the hydrogels and help us reasonably justify the trends obtained in swelling test and 

rheological measurements. To evaluate the network parameters, average molecular 

weight ( cM ), effective crosslink density (Ve), and mesh size (ξ) of the hydrogels, 

elastic modulus (from rheological experiment, Table 5.2), thickness, and cross 

sectional area of the formulated hydrogels were first measured. Similarly, swelling 

ability and density of the hydrogel were calculated and network parameters were 

evaluated (Table 5.3 and Table A2.3, Appendix 2). 

From Table 5.3 and Table A2.3 (Appendix 2) the influence of crosslinker 

(MBA) and filler, kaolin on the internal structure of the hydrogels is clearly observed. 

MBA induces crosslinking, and hence, the molecular weight between crosslinks 

increased 142.17 kg mol
-1

 to 164.29 kg mol
-1

(elastic moduli increment) and mesh size 

decreased from 52.30 to 35.87 nm respectively. However, hindrance in cellulose 

fragments linkage due to kaolin incorporation is vividly observed in hydrogel 

containing kaolin. cM  for hydrogel with 1:1 cellulose:MBA ratio increased from 

612.65 kg mol
-1

 (for kaolin 0.5% w/v) to 1061.73 kg mol
-1

 (for kaolin 2% w/v), while 

the mesh size increased from 56 nm (for kaolin 0.5% w/v) to 71 nm (for kaolin 2% 

w/v), respectively. Similarly, for hydrogel with 1:2 cellulose:MBA ratio, cM  and 

mesh size was observed to be 607.21 kg mol
-1

 and 48.57 nm. On contrary to mesh 

size and cM  , the increment in molecular weight between crosslinks reduce the 

crosslinking density (Ve) and vice versa. Ve for pristine hydrogels calculated as 

1336.44kmol m
-3 

(CM1) and 5072.27 kmol m
-3

 (CM2). For hydrogels containing 

kaolin, the value of Ve decreased from 816.12 to 444.27 kmol m
-3

 in case of 1:1 ratio 

of cellulose:MBA, and 3523.14 to 1197.73 kmol m
-3

 in case of 1:2 cellulose: MBA 
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ratio. These results are satisfactorily advocated by the swelling ability of the 

hydrogels (Figure 5.5). In Figure 5.5a decrement in swelling ratio of CM2 hydrogels 

(higher MBA ratio than cellulose) which can be ascribed to higher crosslinking and 

decreased mesh size. However, kaolin incorporation (0.5, 1 and 2 w/v %) disrupt 

crosslinking and network formation in hydrogels to some extent. Sequentially the 

network formed was loosely packed with increased hydrogel mesh size. Despite 

increased in mesh size swelling was observed to be less owing to kaolin’s property of 

low swelling in water 
49

 (Figure 5.5b and 5.5c).  

5.3.5 Flammability and thermal stability of the hydrogel 

5.3.5.1 Thermogravimetric (TGA) analysis 

Thermograms shown in Figure 5.7 clearly depict the state (or form) of the 

additives (MBA and kaolin), and the influence of kaolin on the thermal properties of 

the hydrogel. Thermogram for MBA, cellulose and kaolin (Figure A2.4, Appendix 2) 

illustrates multiple step degradation for MBA, and single step degradation for 

cellulose and kaolin. The initial loss of mass up to 100ºC was ascribed to moisture. 

For MBA, second stage of degradation occurred from 150 ‒ 250 ºC, followed by third 

stage (300 ‒ 370 ºC) and fourth stage at 370 ‒ 450 ºC.
38

 The degradation temperature 

range for cellulose was 250 ‒ 350 ºC,
50

 while kaolin degraded at 445 ºC and above.
47

 

Figure 5.7 and Table A2.2 (Appendix 2) clearly show the two step degradation 

behaviour of the composite hydrogel. The initial weight loss can be ascribed to 

moisture loss. The second stage of degradation can be due to degradation of the 

chemical crosslinking of the hydrogels. This also confirms the successful crosslinking 

of the hydrogels. Figure 5.7a illustrates the effect on degree of crosslinking on the 

thermal stability of the hydrogels. With increment of MBA proportion, lesser amount 

of degradation is observed. However, the amount of residue obtained at the end of 
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experiments (600 ºC) was less compared to the hydrogel with lesser amount of MBA. 

This clearly shows that the presence of MBA induces crosslinking of the hydrogels 

but do not participate in char formation. 

 

 

(a) 

 

(b) 

 

(c) 

Figure 5.7 (a) TGA and DTG curves of cellulose hydrogel at 1:1 and 1:2 cellulose to 

MBA ratios, (b) TGA and DTG curves of hydrogels with 0.5,1 and 2% w/v kaolin at 

1:1 C:M ratio, and (c) 1:2 cellulose MBA ratio 

 

 For hydrogels comprising kaolin (Figure 5.7b and 5.7c) clearly states the 

fervent influence of kaolin in imparting thermal stability to the hydrogels. The amount 

of weight loss observed decreased with kaolin incorporation, 0.5 w/v % (CM1K0.5) 

kaolin incorporation loosed 80% of its initial weight whereas 2w/v% (CM1K2) kaolin 

showcased weight loss of 52%. Similar results have been observed in case of hydrogel 

sample with higher ratios of MBA (CM2K0.5~40.43% and CM2K2~20.96% weight 
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loss respectively). The hydrogels comprising 2% w/v of kaolin exhibits the highest 

residue retention 52.37% for CM1K2 and 63.65% for CM2K2 respectively. (Table 

A2.2, Appendix 2). 

 

5.3.5.2 Arrhenius kinetic analysis 

For ameliorate understanding of the influence of all the physical parameters 

(crosslinking density, mesh size, swelling and water retention ability) on degradation 

behaviour of the hydrogels, determination of the activation energy of the hydrogels is 

necessary. Based on the swelling, water retention and thermal degradation behaviour 

discussed extensively in previous sections (5.3.2, 5.3.3, 5.3.4 and 5.3.5.1), 

cellulose:MBA of 1:2 was chosen to perform the kinetic analysis. 

Thermal conversion data obtained from TGA was analyzed using KAS 

isoconversional method to determine the activation energy, Ea. The governing 

equation of KAS method is given in equation 5.3. 

2

, ,
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EAR

T E g RT
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Notations: = heating rate (K min
-1

), T = temperature (K), A = pre-exponential factor 

(s
-1

), R = molar gas constant (8.314 J mol
-1

K
-1

). At any constant value of α (the degree 

of conversion), the activation energy can be calculated from the slope of the plot of 

2
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T

 
 
 

versus 
1

T
.
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 Figures 5.8a and 5.8b represents the thermograms of the 

CM2K1 and CM2K2 hydrogels at heating rate 5, 10 and 20 ºC/s. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure 5.8 Thermograms of hydrogel CM2K1 (a) and CM2K2 (b) at HR 5,10 and 20 

ºC. Arehenius plot of CM2K1 (c) and CM2K1 (d) and the Activition energy 

calculation using KAS method (e) 

 

 The thermal conversion data (TGA analysis) of the hydrogels CM2K1 and 

CM2K2 was obtained in the conversion range of 0.1 to 0.7, respectively. Figures 8c 

and 8d depict the representative plots of  2ln T
 
versus 1/T fitting of equation 9 to 
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the thermal conversion data obtained from Figures 8a and 8b. The complete results of 

the analysis are given in Table 5.4. 

 

Table 5.4 Results of activation energy calculated by KAS model 

 

 
CM2K1 CM2K2 

Ea R
2
 Ea R

2
 

0.1 23. 0.98 69. 0.99 

0.2 30. 0.99 73. 0.95 

0.3 38. 0.99 146. 0.88 

0.4 89. 0.99 166. 0.99 

0.5 101. 0.99 167. 0.99 

0.6 113. 0.85 180. 0.99 

0.7 161. 0.98 216. 0.99 

conversion %, Ea = activation energy kJ mol
-1 

 

Based on the variation of Ea with conversion, the degradation process can be 

classified into two stages. Stage I (α = 0 to 0.2) signifies the initial degradation due to 

moisture loss and consequently Ea (shown in Table 5.4) is very low. In Stage II (α = 

0.2 to 0.7), a steady rise in the value of Ea is observed. This is mainly due to 

substantial degradation of cellulose and MBA chemical linkage accompanied by 

incineration of cellulose backbones and kaolin. The rise in Ea for the kaolin (1 and 2% 

w/v) containing hydrogel evidently indicates the influence of kaolin on enhancing the 

thermal stability of hydrogels. This is possibly attributed to synergism between  

char layer formation due to combustion of cellulose in hydrogel with high thermal 

stability of kaolin. This synergism leads to delay in combustion of the hydrogel 

surface, and the char formed thereby protects the inner layers from oxidation. 
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5.3.5.3  Combustion studies of cotton cloth coated with hydrogel 

 

(a) 

 

(b) 

 

Figure 5.9 Heat release rate(HRR) (a) and total heat release (THR) (b) of CM2K1 

and CM2K2 cellulose hydrogel 

 

Table 5.5 CCT results of the composite hydrogel 

Composition Time to ignition (s) PHRR (kW m
–2

) THR (MJ m
–2

) 

CM2K1 23.33 ± 2.49 46 ± 5 1.3 ± 3 

CM2K2 19.67 ± 1.7 26.60 ± 2 0.9 ± 2 

  

Flammability of the hydrogels coated cotton cloth was investigated thoroughly 

by performing cone calorimeter test (CCT), limiting oxygen index (LOI) test, vertical 

flammability test (VFT), and open flame test (OFT). Results of CCT are shown in 

Figure 5.9 and Table 5.5. On administering 25 kW m
–2

 of heat flux, the amount of 

heat released by the hydrogels are presented in terms of heat release rate (HRR) and 

total heat release rate (THR). These values are calculated based on the amount of 

oxygen consumed during CCT. The amount of heat released calculated for sample 

CM2K1 (peak HRR 46 kW m
–2

) was higher than CM2K2 (peak HRR 25 kW m
–2

).  
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(a) 

     

 

 0 s 10 s 12 s 20 s 22 s  

(b) 

      

(c) 

      

Figure 5.10 Photos showing the process of burning during UL94 (a) cotton cloth (b) CM2K1 

(c) CM2K2 

 

Similarly, THR of CM2K1 and CM12K2 was calculated to be 1.3 and 0.9 MJ 

m
–2

. These values are much lower than other hydrogel composite. Xiao et al. 
52

 

developed sodium alginate based hydrogel coating on wood possessing HRR of 113 

kW m
–2

 and THR of 29.3 MJ m
–2

. Jena et al.
22

 reported HRR = 544 kW m
–2

 and THR 

= 59 MJ m
–2

 for guar gum graft poly butyl acrylate with 10% MMT content. The 

results of HRR and THR clearly showcased the influence of kaolin in the hydrogel. 

The high thermally stable kaolin encourage slow burning of the hydrogels and surge 

the time to burn the sample. Hence, the sample with 2 w/v% of kaolin (CM2K2) took 

longer time to burn. Further, 100s of CCT experiment revealed single peak (Figure 

5.9) that ascertain the formation of stable layer of char after the samples burns which 

prohibit further burning of the samples. Results of VFT and OFT are shown in Figure 
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5.10 and Figure 5.11, respectively. Butane torch with flame length 4 cm was used to 

carry out the test on 10 cm x 1 cm (VFT samples) and 10 cm x 10 cm (OFT samples) 

for 20 s in ambient atmosphere (25±2ºC) with humidity 55%. The hydrogel coating 

was 0.2 mm for both VFT and OFT. Untreated cotton cloth is extremely combustible 

with high burning velocity (Figure 5.10a and 5.11a) and hence, when ignited burns 

completely within fraction of seconds. 

Cotton cloth samples coated with hydrogel when ignited delayed the process 

of burning. After igniting for 20s and removing the butane torch, it was observed that 

the samples self extinguishes leaving behind a layer of char. The length of char 

obtained for CM2K1 was more than CM2K2 (Figure 5.10b and 5.10c). In case of 

open fire test (OFT), the one of the test samples were fully hydrated and the other 

dehydrated to investigate the efficacy of the formulated hydrogel. Post 20s ignition, 

on comparing the front and the back side of the hydrogel coated samples clearly give 

us a visual perspective of the hydrogel coating performance. The hydrogel coating 

formed a layer of char which not only prevented the fire from spreading but also 

protected the underneath material from combustion. The amount of kaolin has a huge 

impact on the hydrogel usage as flame retardant. The sample CM2K2 (Figures 5.10c, 

5.11b and 5.11c), although it wasn’t able to retain much water (7% after 24h, Figure 

5.5f), presence of high amount of kaolin prevented the spread of fire in the sample. 

Additionally, presence of kaolin improved the LOI of cotton cloth from 20% to 

32.14% (CM2K1) and 34.37% (CM2K2). 
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Figure 5.11 Digital images of open fire test of (A) untreated cotton cloth, (B) 

hydrated hydrogel coated cotton cloth  and, (c) dehydrated hydrogel coating on cotton 

cloth 

 

5.4 Conclusions 

Herein, we have valorised the cellulose extracted from the waste perennial grass, 

Arundo Donax, to regenerate cellulose hydrogel on cotton fabric. The hydrogels 

synthesized could easily absorb and retained ample amount of water for 24 h (96%, 

for CM2 and 55% for CM2K2 hydrogels). The hydrogels synthesized exhibited fast 

TH-3070_166107029



CHAPTER 5 

174 

swelling and reached equilibrium with an hour of immersion. The TGA tests revealed 

63 wt% char production after complete thermal conversion of hydrogel. Thus, the 

synergistic effect of water content of hydrogel matrix, the char formation and thermal 

resistance of kaolin effectively retards the ignition of flame propagation of the surface 

over which the hydrogel is applied. Additional tests also corroborated this result, viz. 

the hydrogels possessed low heat release rate, 26.60 kJ m
–2

 and the ignition time 

calculated for CM2K2 was 19.67s. The LOI of cotton cloth increased from 20% to 

34.37% after hydrogel coating. This study has essentially demonstrated synthesis of 

an effective fire retardant hydrogel from sustainable materials, viz. cellulose and 

kaolin, for application on cotton fabrics as coating. 
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6.1 Summary of the major outcomes 

This thesis has presented investigations in the formulation of three types of 

hybrid composite hydrogels using biomass derived lignin nanoparticles and cellulose 

as hydrogel matrix. These hydrogels have potential applications as conductive 

hydrogels and fire retardant hydrogels. The extracted components, formulated 

nanoparticles, and composite hydrogels were extensively characterized using standard 

characterization techniques (viz. FTIR, FESEM, FETEM, and TGA). Further, the 

conductivity of hydrogels was measured through EIS. Fire retardant hydrogels were 

characterized by performing CCT, Vertical flammability tests (VFT), Open fire test 

(OFT), and calculating the limiting oxygen index (LOI) of the hydrogel samples. The 

major outcome of this thesis research can be summarized as follows:  

 In Chapter 2, we successfully extracted lignin and cellulose from Arundo 

Donax and the extracts were of high purity. The biomass was pretreated with 

dilute (0.5M) HCl and then treated with alkali to extract lignin and cellulose 

from biomass. The pretreatment process reveals the extraction of higher purity 

lignin (~85%) than the sole alkaline method (~45%). The extracted 

components were of low sulfur and nitrogen content (confirmed by elemental 

analysis). Further, the extracted lignin and cellulose were characterized by 

FTIR, FESEM, TGA, and GPC was performed for estimation of molecular 

weights. FTIR confirmed the presence of chemical groups which corroborate 
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with the literature. FESEM images presented irregular shapes of lignin 

particles whereas fibers of cellulose with ~ 80 μm widths were confirmed. 

TGA confirmed that the residue obtained at the end of the thermal analysis 

was more (~40 wt.%) in the case of lignin than cellulose (~3 wt. %). The 

molecular weight was estimated to be Mw  3357 g mol
-1

 and 353470 g mol
-1

, 

respectively. The biomass-extracted components were further blended with 

other biopolymers (viz. xanthan gum and chitosan) and synthetic polymer, 

PVA to formulate hydrogel composites which are elaborately discussed in the 

succeeding chapters. 

 Chapter 3 reports the synthesis of physically crosslinked PVA‒CS hydrogel 

doped with ultrasound-aided LNP-dispersed-CNTs. Initially, the microsized 

lignin particles (~1000 μm, MW 3357 g mol
‒1

) were reduced to 10‒50 nm via 

sonication (250 W, 3 h). 1 wt. % CNTs were added to the resulting solution 

and further sonicated for 1 h. To aid the dispersion by reducing the surface 

tension, acetone (10 ml) was added to make the total volume of 50 ml. Lastly, 

LNP-dispersed-CNTs were blended with PVA‒CS and freeze-thawed (‒20 ⁰C 

freeze and 4 h thaw) for 3 consecutive cycles to obtain PVA‒CS hybrid 

conductive hydrogels. Further, the thermal stability of hydrogels was 

characterized by TGA; rheological studies were carried out to test its 

mechanical stability. Post addition of nanoparticles, the CS–PVA hydrogel 

revealed a significant increase in thermal stability. Performing EIS analysis 

verified conductive nature of the formulated hydrogels. Sonication of lignin 

particles reduced the lignin particles to nano-sized (LNP). These particles (1wt 

%) aided by further sonication were utilized to disperse 1wt% of MCNTs in 

water. Further, the resultant solution was introduced to PVA ‒CS solution to 
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obtain conductive hydrogel. 

 In Chapter 4, we formulated acetone‒water co-solvent produced LNPs doped 

PVA‒xanthan gum based hydrogel which was crosslinked by borax in basified 

medium. The hydrogels were characterized using FTIR, FESEM, and 

thermogravimetric analysis. The nature of crosslinking and stability of the 

hydrogels was characterized by evaluating the swelling ratio, water retention 

ability and finally calculating the network parameters. Different hydrogels 

synthesized in this study with different combinations (or compositions) of the 

components, viz. PX3, PX3B0.4N2, PX3B0.4N2L5, and PX3B0.4N2L20 

revealed enhanced structural and fire retardant properties. PX3B0.4N2 

hydrogel showed better rheological properties as compared to PX3B0.4 

hydrogels, which confirms a stronger gelation network induced in presence of 

NaOH. Addition of lignin nanoparticles facilitated the tuning of the 

viscoelastic properties of the hydrogels. Higher concentrations of lignin (20% 

v/v) imparted viscous nature to the hydrogel. These traits allowed the 

hydrogels to accommodate around 96% of water in their network structure. 

Sequentially, the water retention ability of the hydrogels also improved. 

However, a more compact structure of PXB0.4N2L20 resulted in low water 

absorption and retention. Among different hydrogels, the best combination of 

properties was achieved for hydrogel PX3B0.4N2L20, viz. elastic modulus 

(G′) = 23428.57 Pa (indicating strong elastic network), crosslinking density = 

870350.12 kmol m
-3

 and mesh size of 5.60 nm.  Additionally, the presence of 

lignin nanoparticles improved the char formation of the hydrogels (34.61 wt% 

for PX3B0.4N2L20), which helped in enhancing fire retardancy. The hydrogel 

coated cotton cloth demonstrated a delayed burning process. LOI for cotton 
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cloth improved from 20% to 39% after coating of PX3B0.4N2L20 hydrogel. 

The thermal degradation temperature of the formulated hydrogels was around 

280 to 300 ºC, which is higher than the actual operating temperature (85º to 

285 ºC) measured during the fire operations. Kinetic analysis of TGA data 

yielded the highest activation energy of 493.8 kJ mol
-1

 for hydrogel, which 

corroborated the LOI test results. The cone calorimeter tests of 

PX3B0.4N2L20 hydrogel also revealed the least peak heat release rate of 90.3 

±10 kW m
–2

 and the least total heat release rate of 1.56 ± 4 MJ m
–2

. The LOI, 

vertical burning, TGA, and kinetic analysis results were in accordance with 

the CCT’s HRR and THR curves. Thus, the present study has demonstrated 

the potential of eco-friendly PVA-based hydrogels as effective fire retardant 

coatings. 

 Chapter 5 demonstrates the synthesis of cellulose kaolin based hydrogel which 

was crosslinked by MBA. The hydrogels synthesized could easily absorb and 

retain an ample amount of water for 24 h (96%, for CM2 and 55% for CM2K2 

hydrogels). Hence, the swelling ability of the hydrogels varied inversely with 

kaolin addition. The hydrogels synthesized exhibited fast swelling and reached 

equilibrium within an hour of immersion. The combustion behavior was 

evaluated by performing cone calorimeter test (CCT), limiting oxygen Index 

(LOI) test, vertical flammability test (VFT), and open fire test (OFT). 

Hydrogels with 2% w/v kaolin revealed the lowest heat release rate (HRR) of 

26.60 kJ m
‒2

, total heat release rate (THR) of 0.9 MJ m
‒2,

 and the highest 

ignition time of 19.67s. LOI of cotton fabric surged from 20% to 34.6%. 

Kinetic analysis using the isoconversional model yielded the highest activation 

energy of 216 kJ mol
-1

 for 2% w/v kaolin hydrogel, which is in concurrence 
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with LOI test. VFT and OFT tests validated the delay in burning process and 

the formation of char layers which protected the underlying layer of cotton 

from burning. In summary, cellulose-based hydrogels synthesized in this study 

are effective green fire retardant coatings for flammable materials. The TGA 

tests revealed 63 wt% char production after the complete thermal conversion 

of the hydrogel. Thus, the synergistic effect of water content of hydrogel 

matrix, the char formation, and the thermal resistance of kaolin effectively 

retards the ignition and flame propagation of the surface over which the 

hydrogel is applied. This study has essentially demonstrated the synthesis of 

an effective fire retardant hydrogel from sustainable materials, viz. cellulose, 

and kaolin, for application on cotton fabrics as a coating. 

 

6.2 Scope for future research 

 This thesis has focused on formulating sustainable biocomposite hydrogels for 

application as conducting hydrogels and fire retardants. The current studies can be 

further investigated in the following new directions: 

1. The idea of valorization of waste biomass used in this work can be further 

expanded. Extraction of lignin, cellulose, and hemicellulose from a single 

biomass may not produce an adequate amount of extracted components and a 

large amount of biomass is required for extraction purposes. Blends of 

different biomass waste can be gathered and their components extracted. 

Lastly, the extracted components can be valorized to formulate hydrogels. 

2.  In the case of formulating conductive hydrogels, increasing the conductivity 

is the main focus. MXene is the new material utilized to develop high-

conducting hydrogels. However, a major drawback of exfoliating MXene is a 
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concern. Ultrasound can be utilized to obtain exfoliated MXene to produce 

highly conducting PVA‒CS hydrogels. 

3. Lignin is a high char producing component of biomass which is extensively 

utilized in the current work to produce lignin based fire retardants. Phosphorus 

and nitrogen are two functionalities that have been explored in flame retardant 

applications. Therefore, lignin can be modified with phosphorus and nitrogen 

to produce fire retardants. 

4. Cellulose is highly flammable and in this work, we have transformed cellulose 

into cellulose hydrogel to remediate its flammability. Incorporating clay 

particles (kaolin) further improved the fire retardancy of cellulose. Besides 

kaolin, other clay particles like bentonite and montmorillonite can be 

incorporated to formulate hydrogel fire retardants. 

5. Hemicellulose is a high char forming agent like lignin. These can be extracted 

from biomass and valorized in formulating high char forming fire retarding 

hydrogels 

6. Bio based polymers and compounds such as alginate, protein, tannins, casein, 

and lipids can be further investigated to formulate fire retardant hydrogels. 
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Appendix 1 

 

 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure A1.1 (a) FESEM  and b) EDX micrographs of pristine lignin c) FESEM and 

d)EDX of LNPs 

 

 

Table A1.1. Elemental composition analysis of pristine lignin and LNPs calculated by 

XPS 

Sample Elementary composition  

(Atomic %)  

C/O 

 

C O 

Pristine lignin 75.74 24.23 3.12 

LNPs 75.32 24.68 3.05 
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(a) 

 

(b) 

 

Figure A1.2 Amplitude sweep (a) PX3 and PX3B0.4hydrogels (b) PX3B0.4N0.4, 

PX3B0.4N0.8 and PX3B0.4N2 hydrogels 
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Table A1.2 Network parameters 

Composition 
m  

(g) 

S 

 (cm
-2

) 

t  

(mm) 

ρ  

(g cm
-3

) 

ρw 

 (g cm
-

3
) 

w  

(g) 

G'  

(Pa) 
V2m V2r 

(V2m)

1/3
 

(V2r)
2/

3
 

cM  

(kg/mol) 

Ve  

(kmol m
-3

) 

ξ 

(nm) 

PX3 0.14±0.2 1±0.1 
0.13±0.

1 
2.73±2 1 

0.61±0.

2 

3338.57± 

100 
0.36±0.1 

0.06±

0.5 

0.71±

0.2 

0.15±

0.3 
70.54±2 

38737.69±

20 

10.72

±0.2 

PX3B0.4 0.13±0.1 1±0.1 
0.11±0.

1 
12.26±1 1 

0.44±0.

1 
1659.05± 200 0.06±0.3 

0.01±

0.3 

0.39±

0.1 

0.05±

0.2 
125.18±5 

97970.17±

10 

13.54

±0.1 

PX3B0.4N0.4 
0.14±0.1

2 

1±0.1

4 

0.12±0.

1 

11.67±0.

5 
1 

0.67±0.

2 
2643.34± 150 0.15±0.4 

0.01±

0.1 

0.53±

0.6 

0.06±

0.2 
110.31±3 

105766.45

±50 

11.59

±0.14 

PX3B0.4N0.8 0.14±0.2 1±0.2 
0.12±0.

1 

11.67±0.

8 
1 

0.69±0.

2 
3150.00± 50 0.16±0.2 

0.01±

0.9 

0.54±

0.4 

0.06±

0.1 
94.99±2 

122824.32

±15 

10.93

±0.2 

PX3B0.4N2 0.13±0.2 
1±0.1

8 

0.11±0.

1 
11.82±1 1 

0.94±0.

2 
4926.90± 200 0.57±0.1 

0.01±

0.2 

0.83±

0.2 

0.05±

0.8 
88.40±1 

133689.37

±30 

9.42±

0.25 

PX3B0.4N2L

5 
0.12±0.1 1±0.1 

0.12±0.

1 
10.00±2 1 

0.23±0.

1 

33095.24± 

125 
0.03±0.5 

0.01±

0.1 

0.31±

0.1 

0.06±

0.6 
4.34±0.9 

2301647.9

5±20 

4.99±

0.1 

PBXN2L20 0.11±0.2 1±0.3 
0.11±0.

2 

10.48±0.

1 
1 

0.78±0.

2 
23428.57± 70 0.25±0.1 

0.01±

0.1 

0.63±

0.2 

0.05±

0.1 
12.04±4 

870350.12

±10 

5.60±

0.13 

m - dry hydrogel weight, S - cross sectional area, t – average thickness of the hydrogel film, ρ - dry gel density, ρw - density of water, w - weight of the swollen hydrogel, G' – elastic 

modulus, V2m, - volume fraction of polymer at swollen state, V2r - volume fraction of polymer before swelling, cM - molecular weight between crosslink, Ve crosslnk density, ξ - 

mesh size 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure A1.3 Thermograms of (a) PX3B0.4, (b) PX3B0.4N2, (c) PX3B0.4N2L5 and 

(d) PX3B0.4N2L20 at heating rate 5, 10 and 20 ºC 

 

 

 

(a) 

 

(b) 

Figure A1.4 Kinetic fitting of thermograms  using KAS model for (a) PX3B0.4 (b) 

PX3B0.4N2L5  
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(a) 

 

(b) 

 

(c) 

Figure A2.1  Formulated cellulose hydrogel (a) CM1 (b) CM2 and (c) CM2K2 

 

Table A2.1 Number-average (Mn) and weight-average (MW) molecular weight, 

degree of polymerization (DP), polydispersity index (PDI) and crystalinity index (CI) 

of cellulose 

Sample Mn  

(g/mol) 

DPn Mw 

(g/mol) 

DPw PDI CI  

% 

Cellulose 81571 503 353470 2182 4.3 52 

 

 

 

(a) 

 

(b) 

Figure A2.2 FTIR spectrum of cellulose, (a)  MBA and kaolin and (b) CMK 

hydrogels with C:M ratio 1:2.  
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(a) 

 

(b) 

 

(c) 

Figure A2.3 Amplitude sweep of cellulose hydrogel with varying MBA ratio (1:1 and 

1:2 with respect to cellulose) and kaolin concentration (0.5, 1 and 2 w/v %)  
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Figure A2.4 TGA curve of kaolin, cellulose and MBA 

 

 

Table A2.2 Degradation range of cellulose kaolin hydrogel from TGA  

Sample Primary degradation Secondary degradation Residue 

at 

600ºC 

(wt. %) 

Temperature range (ºC) Weight 

loss (%) 

Temperature range (ºC) Weight loss 

(%) 

CM1K0.5 30‒178 7.1 180‒371 80.66 36.86 

CM2K0.5 30‒179 5.15 179‒364 40.43 41.32 

CM1K1 30‒137 17.52 138‒341 30.54 39.36 

CM2K1 30‒137 15.81 219‒334 25.53 45.93 

CM1K2 30‒130 16.31 130‒340 20.96 52.37 

CM2K2 30‒225 12.01 225‒362 15.44 63.65 
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Table A2.3 Network parameters 

Composition 
m 

(mg) 

S 

(cm2) 

t 

(mm) 

ρ 

(g cm–3) 

ρw 

(g 

cm–

3) 

w 

(g) 

G' 

Pa 
V2m V2r (V2m)1/3 (V2r)

2/3 
Mc 

(kg mol–1) 

Ve 

(kmol m–3) 

ξ 

(nm) 

CM1 1±0.2 1 0.10±0.02 0.19±0.02 1 0.04±0.001 28.76± 3.5 0.18±0.01 0.01±0.01 0.56±0.01 0.05±0.01 142.17±6.1 1336.44±102 52.30±4.5 

CM1K0.5 6±2.8 1 0.12±0.01 0.50±0.01 1 0.17±0.003 23.38± 2.8 0.29±0.01 0.01±0.01 0.66±0.01 0.05±0.01 612.65±106 816.12±50 56.03±6.2 

CM1K1 5±1.4 1 0.13±0.01 0.38±0.02 1 0.13±0.002 16.41± 2.4 0.29±0.01 0.01±0.01 0.66±0.01 0.05±0.01 701.25±99 548.47±30 63.06±6.8 

CM1K2 5±1.2 1 0.11±0.02 0.47±0.02 1 0.14±0.004 11.18± 1.7 0.25±0.01 0.01±0.01 0.63±0.01 0.05±0.01 1061.73±121 444.27±15 71.67±7.0 

CM2 10±2.2 1 0.12±0.02 0.83±0.03 1 0.06±0.001 89.16± 10.8 0.07±0.01 0.01±0.01 0.41±0.01 0.05±0.01 164.29±7 5072.27±200 35.87±1.0 

CM2K0.5 10±2.0 1 0.12±0.02 0.83±0.03 1 0.09±0.001 72.49± 8.8 0.11±0.01 0.01±0.01 0.48±0.01 0.05±0.01 236.53±10 3523.14±175 38.43±1.5 

CM2K1 9±2.4 1 0.11±0.01 0.82±0.02 1 0.10±0.001 53.77± 8.0 0.11±0.01 0.01±0.01 0.48±0.01 0.05±0.01 300.71±50 2720.79±130 42.45±2.2 

CM2K2 8±1.5 1 0.11±0.01 0.73±0.01 1 0.32±0.005 35.91± 5.7 0.40±0.01 0.01±0.01 0.74±0.01 0.05±0.01 607.21±78 1197.73±100 48.57±3.3 

m – dry hydrogel weight, S – cross sectional area, t – average thickness of the hydrogel film, ρ – dry gel density, ρw – density of water, w – weight of the swollen hydrogel, G' – 

elastic modulus, V2m – volume fraction of polymer at swollen state, V2r – volume fraction of polymer before swelling, Mc – molecular eight between crosslink, Ve –crosslink density, 

ξ – mesh size 
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