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Abstract 

Pakistan being a populated and agricultural country has a problem of massive organic waste 

production and disposal. Due to the large amounts of organic waste, environmental issues are 

becoming pressing. These concerns have increased interest in the environmental-friendly 

synthesis of chemicals and value-added goods from biomass waste. Owing to distinctive 

qualities such as high surface area, customizable surface chemistry, outstanding mechanical 

strength, biodegradability, and renewable nature, nanocellulose (NC) has recently received a lot 

of attention. However, its applications are restricted due to its poor solubility. This work 

produces a green solvent for dissolution ofNC extracted from eucalyptus bark. Nanocellulose 

(NC) was extracted from hardwood of Eucalyptus camaldulensis by a new extraction method 

and confirmed by XRD, FTIR, and SEM analysis. XRD confirmed nanocellulose as 

nanocellulose type I with 71 % degree of crystallinity. Zeta sizer provided that particle size of 

nanocellulose is 172 nm and zeta potential analysis showed the presence of bonded OH groups 

on the surface ofnanocellulose. A newly derivatized ter-butyl Pyridinium chloride ionic liquid 

[C4Py] [Cl](PyIL) was synthesized for NC dissolution and was characterized by NMR, FTIR, 

and UV analysis. The highest value for the refractive index, density and viscosity of PyIL 

evaluated at 20°C is 1.5312, 1.69 gcm-3, and 10.04 Pa. s respectively. In vitro antibacterial 

activity of ionic liquid (IL) anp cellulose dissolve ionic liquid (CIL) was investigated by an agar 

well diffusion assay against pathogenic bacteria (Escherichia coli, Staphylococcus Aureus, 

Klebsiella pneumoniae, and Bacillus subtilis), that causes various diseases, to scrutinize the in 

vitro antibacterial activity of the IL and CIL. 1,1 -diphenyl-2-picrylhydrazyl (DPPH) radical

scavenging effect and FRAP assay were used to scrutinize the antioxidative activities of 

nanocellulose (NC), ter-butyl pyridinium chloride (PyIL), and cellulose dissolved ionic liquid. 

The best activity was shown by CIL giving 59% radical scavenging at ICso of 24.43 ~L against 

DPPH and giving 560 ~LlmL ascorbic acid equivalent per mg of sample. The interaction of 

NC with PyIL was investigated at DFT/B3L YP/6-31G (d, p) level using Gaussian 09 program. 

Frontier molecular orbital analysis and global reactivity parameters were computed for 

determination of stability and reactivity ofNC and PyIL before and after interaction. In the light 

of experimental and theoretical results, it was determined that reactivity, antimicrobial and 

antioxidant properties of NC increase upon dissolution in PyIL. Thus, in this study 

nanocellulose (NC) is not only extracted efficiently from hardwood of Eucalyptus by novel 

method, but the synthesis of green solvent, tertiary butyl pyridinium chloride ionic liquid 

(PyIL), for their dissolution made them more applicable for various applications specially in 

medicine. 
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Chapter 1 Introduction 

Chapter 1 

Introduction 

1.1 Biomass and its Types 

The term "biomass" refers to non-fossilized biological matter present on Earth. For 

example, food crops (starch-rich) and remains (such as rice and maize husks), aquatic plants 

(such as algae), woody plants (such as eucalyptus), garbage, and animal waste. As a renewable 

resource, biomass has been utilized to produce fuels, power, as well as for agricultural and 

industrial purposes. Accordingly, biomass meets 35% of the energy needs of developing 

nations and roughly 10% of the global energy demand. l 

The term "feedstocks" refers to renewable biomass sources that can be utilized either 

directly (fuel) or as a raw material for another type of energy product. As examples of biomass 

feedstocks, include dedicated energy crops, crop wastes, forest wastes, purpose-grown grasses, 

woody energy crops, algae, industrial wastes, sorted municipal solid waste (MSW), urban 

wood waste, and food waste.2 Other biomass feedstocks include municipal waste and wet 

waste. 

• Dedicated energy crops are non-food crops classified into two general categories: 

herbaceous and woody.2 For example, switchgrass, miscanthus, bamboo, sweet 

sorghum, etc. 

• Agricultural crop residues include the stalks and leaves. Examples include com stover 

wheat straw, oat straw, barley straw, sorghum stubble, and rice straw. 

• Forest biomass feedstocks include dead, diseased, poorly formed, and other 

unmerchantable trees known as forest residue and whole tree-biomass. 2 

• Aquatic plant and algal feedstock: These include Eichhornia crassipes, Lemna minor, 

Arundo donax etc. Algal feedstock includes microalgae, macro algae (seaweed) and 

cyanobacteria (blue-green algae). 2 

• Wood processing residues include unused sawdust, bark, branches, and leaves/needles 

produced as a result of wood processing for wood products, paper and pulp. 2 

• Sorted municipal solid waste (MSW) resources comprise a variety of commercial and 

household trash, including yard waste, paper, cardboard, plastics, rubber, textiles and 

food waste. 

1 



Chapter 1 Introduction 

• Wet waste feedstocks include manure slurries from concentrated livestock operations, 

organic wastes from industrial operations, commercial, institutional, and residential 

food wastes, organic-rich biosolids (i.e., treated sewage sludge from municipal 

wastewater), industrial organic wastes, and biogas (the gaseous byproduct of organic 

matter decomposition in the absence of oxygen) obtained from any of the 

aforementioned feedstock streams. 2 

Waste management (WM) is one of the major causes of environmental pollution in 

Pakistan. Inappropriate management of solid waste causes hazards to residents.3 Pakistan being 

a populated and agricultural country have massive organic waste production. The direct 

recycling method, however, has limitations when contaminants such heavy metals and organics 

(volatile organic compounds and polycyclic aromatic hydrocarbons) are present III 

considerable concentrations in waste or residues and when the removal, stabilization, or 

destruction of the pollutant results in emissions. Biomass valorization attracted attention as a 

result of the depletion of natural resources, rising greenhouse gas emissions, and for sustainable 

development in terms of securely utilizing waste and biomass.4 

Biomass valorization is the method of adding value to various plants and residues, such as 

food crops (starch-rich) and residues (such as rice and maize husks), aquatic plants (such as 

algae), woody plants (such as eucalyptus), municipal garbage, and animal waste. 5 It yields 

biomaterials by economically efficient and eco-safe strategies and also have commercial 

operation capability because of the availibity of variety of biomass raw materia1.6 In future, 

higher human density will result in greater chemical (and energy) consumption as well as fewer 

food supplies. In that scenario biomass is expected to provide nearly 38% of world's fuel needs 

and 17% of energy supply. Given this development, lignocellulosic plants are chosen for 

biomass conversion to value added products because they contain many components for the 

creation of plastics, medications, and other compounds for a variety of applications. 7 

1.2 Lignocellulosic Biomass and its Structural Composition 

Lignocellulosic biomass (LB), which is the most abundant source of the most potential 

feedstock and efficient carbon source for the environmentally friendly synthesis of 

biochemicals, and biofuels, contains a variety of naturally occurring plant-based organic 

components.8 Due to its exceptional environmentally favorable features, lignocellulosic 

biomass is a natural source of fibers that can replace petroleum-based products. Agricultural 

wastes and forest leftovers for example, offer a substantial potential for reusing as fuel or a 

2 
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feedstock for the production of high-value commodities without putting pressure on human 

and animal food chains.9 

Wood based and aquatic plant biomass have been shown to be useful in creation of high

value products and bioenergy. However, these biomasses contain lignocellulose, which 

presents a barrier in conversion processes.10 Three major components of lignocellulosic 

biomass are; 11 

• Lignin (an aromatic polymer) 

• Hemi-cellulose (a polymer of xylose, mannose and arabinose etc.) 

• Cellulose (a polymer of glucose) 

p.Coumaryi lcohol p-Hydroxy~nyI 
(H) 

Conlferyt alcohol Gua acyt(G) 

Sinapyl alcohol 
(b) 

Syl nsv1(S) 

Figure 1.1: Chemical structure of (a) lignin and (b) its monolignols.u 
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Lignin is a naturally occurring macromolecule that contains a cross-linked polyphenol. The 

side chains of the intricate polymer structure contain a number of terminal aldehyde groups, 

phenolic hydroxyl groups, and methoxy groups. The three monolignols that are frequently 

present in lignin are p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol.12 Figure 1.1 

depicts chemical structure of lignin and its monolignols. 13 

L • I 

PI nt ,(('II , .H 

Figure1.2: Major components oflignocellulosic biomass (LB)}S 

The amount of lignin in dry lignocellulosic biomass ranges from 10 to 25 percent by 

weight.14 Figure 1.2 illustrates how lignin serves as a sealant in plant cell walls to keep 

cellulose and hemicellulose together. 15 Lignin gives plant cell walls their stiffness, compressive 

strength, resistance to decay, and water impermeability through the binding function it 

performs.16 Recent research focuses mostly on depolymerizing lignin and isolating it from the 

lignocellulosic biomass in order to produce biofuels and compounds from natural resources. 

Additionally, lignin-based carbon materials which are attractively developed-are used for 

catalysis, energy storage, and pollutant removal.17 

Figure 1.3: Structure ofhemicellulose.2o 

Hemicellulose is second major constituent ofLB and is polymer based on sugars. Glucose 

and a number of other water-soluble sugars created during photosynthesis make up 

hemicelluloses. 18 Hemicelluloses have a lower degree of polymerization because their 

4 
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molecules are shorter than those of cellulose. The heteropolymer known as hemicellulose is 

made up of pentoses and hexoses as well as other types of monomers in short, linear, and 

branching chains.19 Figure 1.3 shows a xylopyranose backbone, with side branches of 

glucuronic acid (1 ~ 2) and arabino furanose (1 ~ 3), makes up the structure of hemicellulose 

(xy lans). 20 

Hemicellulose III lignocellulosic biomass, accounts for 20-35% of the totalY 

Glucomannans and xylans are the two most prevalent forms of hemicellulose. While 

glucomannans are usually found in softwood, xylans are frequently found in hardwood.21-22 

Through hydrogen bonds and Vander Waal interactions, hemicellulose is linked to the 

cellulose fibrils. In addition, lignin and hemicellulose cross-link in structure of lignocellulosic 

biomass.21 Incorporating hemicellulose alongside lignin and cellulose generates an additional 

strength to the plant cell wall. 22 In mild conditions, hemicellulose's oligomers or monomers 

can be hydrolyzed by an acid, an alkali, or an enzyme to yield valuable chemicals that can be 

used in the food, cosmetic, mining, and other sectors.23 

Middle-

Macl'o ftblil (assembly of 
micl'Oflblils ) 

Micl'oftbl'll (with cl,stlllllne 
and amol'Phous regions) 

f Wf- Nt 0 

OR 1 Moi.tulRrsh .. ,ture o,,,nulose 

.. »~~-di~o~TOB 0 ..... . OR T -OBO· OR 

til R 

Figure 1.4: Macroscopic to microscopic structure of cellulose in wood.26 

Cellulose makes up about 35-50 % oflignocellulosic biomass as the principal component.14 

Pectin is another non-common component present in lignocellulosic biomass. Despite being 

present in small amounts in cell walls, pectin has been found to affect the establishment of 

5 
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secondary walls. Pectin provides porosity and accelerates intake, while cellulose increases 

water uptake and hydrophilicity. 24-25 Macroscopic to microscopic structure of cellulose with 

its crystalline and amorphous regions in woody biomass is illustrated in Figure 1.4.26 

1.3 Cellulose 

Cellulose was discovered by Anselme Payen, a French agricultural scientist in 1833. Payen 

removed various tissues from plant cell wall, leaving behind a substance with the chemical 

formula C6HIOOS. The residue was found to be a significant constituent of the plant cell wall 

and a molecular isomer of starch, but it had different characteristics from starch. Diastase 

enzyme had no effect on the residue unlike starch, although acid hydrolysis produced glucose. 

Iodine causes starch to become blue, but Payen's newly discovered carbohydrate did not.27 In 

1839, it was named as cellulose.28 

Hermann Staudinger claimed that long chains of repeating monomers were covalently 

bonded in cellulose and other natural polymers when he first coined the word "macromolecule" 

in the 1920s.29 It wasn't until the late 1920s that methylation studies revealed that the 2,3, and 

6 positioned carbons in cellulose were occupied by hydroxyl groups as sown in Figure 1.5. 

These results revealed that the 1 and 4 carbon positions in cellulose served as links connecting 

the glucose. 30 The ultimate evidence that cellulose was a linear macromolecule was provided 

in 1932 when methylated end groups were recovered from the hydrolysis bypro ducts of 

methylated cellulose.31 

A linear glucose homopolymer having a (1-4) glycosidic structure and the D configuration 

connections were revealed to be the fundamental component of cellulose as shown in Figure 

1.5. It was discovered that glucose units were connected by their hydroxyl groups at carbon 1 

and carbon 4 through dehydration, which demonstrates that the ~ (1-4) glycosidic link holds 

the units of the cellulose molecular chain together. 3o 

Anhydrous Glucose Units (AGUs), the smallest monomers in the polymer chain, repeat as 

cellobiose units. The cellulose chain has an AGU with three hydroxyl groups.31 Through the 

hydrogen bonding, these OH-groups are in charge of the cellulose's chemical and physical 

behavior in addition to its supramolecular structure.32 The two ends of cellulose chain are 

chemically different from one another. At one end, anomeric carbon (carbonyl carbon in open 

structure of glucose) atoms of the D-glucopyranose unit are linked together in a glycosidic 

linkage, but at other end anomeric carbon is free. The hemiacetal function (RHC(OH)OR) 

equilibrium results in production of a small amount of aldehyde, which confers reducing 

6 



Chapter 1 Introduction 

properties at free end of the chain, making cellulose chemically polar .30 However, the OH 

group at C4 end of cellulose chain is alcoholic hydroxyl, making it non-reducing.33 

Non-reducing end group 

~----~~~------~ r , 
Anhydroglucose unit 

~----~~------~ r \ 
Reducing end-group 

OH ~----~~------~ r \ OH 
OH 

OH 
HO-~ 

HO----'-~ 

n OH 

Repeating cellubiosic unit 

Figure 1.5: Molecular structure of cellulose depicting the repeating anhydrous glucose 

unit (AGU) and P (1-4) glycosidic bond. 

The origin of cellulose has a significant impact on its molecular weight.32 Degree of 

polymerization (DP) of cellulose (which is a measure of the size of the chain molecule) is 

frequently employed to describe its linearity. Estimated plant cellulose polymerization degrees 

range from 15300 for capsules to 305 for rayon fibres in technical cellulose products.34 In order 

to maintain cohesion between cellulose molecules, a long intra- and intermolecular hydrogen 

bonding network is the basis of organization from a anhydro glucopyranose unit, or AGU, to 

the micro and the macro fibrils .33 It is thought that the assembling of the linear polymer 

molecules into sheet like structure is made possible by intermolecular hydrogen bonding, whilst 

intramolecular hydrogen bonds are thought to provide chain stiffness.35In cellulose lower order 

amorphous areas and high order crystalline areas coexist, making it a semi-crystalline polymer, 

as shown in Figure 1.4 .26,36 The cellulose is commonly found to be crystalline between 40% 

and 60% depending upon the source and pretreatment technique of a cellulose.37 

1.3.1 Interactions in Cellulose 

Because of the complexity of the biopolymeric network, its partially crystalline structure, 

and the numerous non-covalent interactions between molecules, chemical processing of 

cellulose is relatively difficult. Ordinary aqueous and organic solvents do not cause cellulose 

to melt or make it soluble due to hydrogen bonding network in it.38 

Different crystalline structures of cellulose are classified based on hydrogen bonding 

patterns present within. The C-6 hydroxyl group1s rotational shape plays vital role in the 
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hydrogen bonding network. Different allomorphs of cellulose are produced as a result of the 

vast orientation range of the hydrogen bonding networks in cellulose and glucose molecules. 

The four different types of cellulose allomorphs are generally referred to as cellulose types I, 

II, III, and IV. 39 

• Cellulose type I is common allomorph of cellulose, also called native cellulose, which 

contains the parallel packing of a hydrogen-bonded network. 40 

• Cellulose type II forms when cellulose type I undergoes chemical regeneration by 

swelling in an acidic or alkaline solution or by simply dissolving in a solvent. 

Mercerization is the process by which cellulose I is treated with the right amount of 

alkali to produce cellulose II as well. These chemical regenerations result in the 

formation of different antiparallel hydrogen-bond network packing configurations in 

cellulose type II. 41 

• Cellulose type III forms on thermal treatment of Cellulose type I and type II after 

treatment with ammonia. 

• While cellulose type IV is created by heating cellulose III to 260 degrees Celsius in 

glycerol as shown in Figure 1.6.42 

Tbe-I'l1lnl C 
Cellulose 1111 tl't'atl1le-nt' ellulose IV. Tb(,I'mal C II I II 

Cellulose IV· t f i · e U ose - 1"(,;\ m('n 

Parallel Chain Arrangement Anti-Parallel Chain Arrangement 

Figure 1.6: Interconversion of different allomorphs of cellulose.42 
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The elaborative hydrogen bonding network in cellulose type I is shown in Figure 1.7. 

Native cellulose contains intramolecular hydrogen bonds between C-3 hydroxyl and 0-5 

oxygen as well as C-6 hydroxyl and 0-2 oxygen. Stabilization through hydrogen bonding is 

made easier by the shape of ~ (1-4) glycosidic linkage and the configuration of the hydroxyl 

groups nearby. This explains why cellulose is a stiff polymer and prevents the AGU from freely 

rotating.4o A hydrogen bond between two molecules of cellulose is created by the main C-6 

hydroxyl and the 0-2 oxygen on a parallel cellulose chain.43 All types based on their nature of 

hydrogen network have different chemical properties and shapes.44 
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Figure 1.7: Molecular model of cellulose type I exhibiting the parallel chain conformation 

1.4 Nanocellulose (NC) and its Sources 

A cellulose material is considered to be nanocellulose (NC) if at least one of its dimensions 

is between 1 and 100 nanometers in size. Typical lignocellulosic biomass contains cellulose 

fibers that range in size from 3mm tol00 mm in diameter and Imm to 4 mm in length.45 45 

Nanocellulose is becoming a more desirable research topic than cellulose due to advancements 

in the rapidly developing science of nanotechnology. The fundamental benefit ofnanocellulose 

is that it can be produced uniformly, with improved physicochemical, mechanical, and 

crystallinity properties, by simply shrinking cellulose fibres. 46 
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Generally, nanocellulose extracted from cellulose is derived from sources including 

tunicates, microorganisms, soft wood, agricultural waste, and hardwood, etc.47 All sources of 

cellulose have the same chemical make-up, however depending on the hydrogen bonds that 

exist within, the structure of the material may differ slightly. 48 The diameter and crystallinity 

of the cellulose obtained from plant species are approximately 13-22 f..Lm and 44-65%, 

respectively .49 Whereas bacterial cellulose is the term for cellulose produced by bacteria. These 

are naturally occurring nanoscale fibrils with a crystallinity (degree of structural order) of about 

90% and a diameter of between 10 and 100 nm.50 

Nanocellulose has numerous sources, including grasses (bamboo, bagasse, etc.), algae, 

bacteria, bit fibres Gute, kenaf, flax, hemp, ramie, coir, etc.), fungi, wood (softwood and 

hardwood), seed fibres (coir, cotton, etc.), aquatic animals (tunicates), and the invertebrates. 47 

Wood is the utmost popular source of cellulose, which also contains lignin, hemicellulose, and 

a relatively small number of inorganic salts and extracts. 51 

Recent research focuses on the manufacture of cellulose nanofiber (CNF) and cellulose 

nanocrystal (CNC) from grasses, water plants, wood pulp, and annual plants. These materials 

are significant potential sources of cellulose that have the necessary characteristics to produce 

nanocellulose.8 Investigators have proposed employing agricultural crops (bunches, wheat, 

pineapple, rice, and sugarcane) and crops (sisal, hemp, kenaf, and flax) together to extract NC. 

In addition to these smaller sources, cellulose can also be taken from fungi , bacteria, algae, and 

marine creatures such as tunicates.52 

1.5 Types of Nanocellulose 

Extraction of nanocellulose (NC) from organic waste is the best way of waste treatment 

due to its energy sustainability and high-value added products can be obtained.46 Three main 

kinds of nanocellulose are typically mentioned when discussing cellulose nanostructured 

materials as shown in Figure 1.8.53 

• Cellulose nanofibers (CNFs) 

• Cellulose nanocrystals (CNCs) 

• Bacterial nanocellulose (BNC) 
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Although all forms of cellulose share a similar chemical makeup, variations in source types 

and extraction techniques result in variations in morphology, particle size, crystallinity, and 

other featuresY 

Cellulose Nanofibers (CNFs) are also known as nanofibrillated cellulose, cellulose 

nanofibril, or nanofibrillar cellulose. They have a long, flexible structure and are made of 

entangled nanocellulose that may be removed mechanically from cellulose fibrils.55 CNFs have 

fibril shapes having diameter 1nm to 100 nm and length 500-2000 nm.56 By chemical make

up, they are entirely composed of cellulose and have both crystalline and amorphous sections. 

They are often extracted from wood pulp via TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl)

mediated oxidation method.57-58 

Cellulose nanocrystals (CNCs), often referred to as nanocrystalline cellulose or cellulose 

nano-whiskers, are typically recovered from cellulose fibrils by acid hydrolysis. 39 These have 

a 2-20 nm diameter and a length of 100-500 nm, resembling a small rod or a whisker. 

Additionally, CNCs have a chemical makeup that is 100% cellulose, with the highest 

crystallinity found in these locations (between 54 and 88%).56 Acid hydrolyzes and dissolves 

the amorphous components, leaving the crystalline components intact.45 High crystallinity and 

a short-rod-like form are both characteristics of nanocrystalline cellulose. Nanofibrillated 

cellulose has a higher aspect ratio (length to diameter), a larger surface area, and a greater 

number of hydroxyl groups for surface modification than nanocrystalline cellulose. 59 

Cellulose Nanocrytals 
(CNCs 

Amorphous regions 

Crystalline regions I Meclumical 
treatments 

F Cellulose Nanofibrik 
(~) 

Figure 1.8 Types ofnanocellulose.53 
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Bacterial nanocellulose is shaped like a ribbon and ranges in size from 20 to 100 nm, with 

a length of several micrometres. 15 The extracellular byproduct of bacterial fermentation 

produced by numerous species of the genera Rhizobium, Agrobacterium, Gluconacetobacter, 

and Sarcina is bacterial nanocellulose.46 The fundamental benefit of bacterial nanocellulose is 

that, unlike cellulose from plant sources, it is not connected to other undesirable polymers. 53 

The source, processing conditions during isolation, and any pre- or post-treatments affect the 

kind of nanocellulose, its size, shape, and other features .47 

Vande Ven and associates have recently reported on hairy cellulose nanocrystalloid 

(IICNC).60 Chemical treatment was used to extract HCNC from cellulose chains rather than 

acid hydrolysis and the mechanical extraction. As a result, the crystalline areas are maintained 

while the amorphous parts are solubilized, much like when nanocrystalline cellulose was 

extracted using traditional techniques. It is important to remember that HCNC has some 

cellulose chains that can split and protrude from the crystal's two ends.61 Because of this, 

similar to nanocrystalline cellulose, HCNC is highly crystallin and generally possesses rod-like 

shapes. However, it also includes elements that are both crystalline and amorphous, like 

nanofibrillated cellulose. Based on its protruded tails, which are impacted by diverse chemical 

processes, HCNC has a variety of derivatives. 62 

One typical HCNC derivative is sterically stabilized nanocrystalline cellulose (SNCC). 

It can be made by heating treatment after a chemical reaction with periodate (104). Periodate 

ions' negative charges have the ability to rupture glucose molecules bonds. It can also change 

hydroxyl groups to aldehydes in the interim. This is the amorphous parts of cellulose chains 

can be penetrated. While creating and cleaving dialdehyde chains at the ends, leaving 

crystalline areas intact. Dialdehyde chains have a high degree of reactivity, making it possible 

to functionalize SNCC with various chemical groups with no charge.6o 

Electrosterically stabilized nanocrystalline cellulose (ENCC) is another form ofHCNC. 

It can be extracted from cellulose chains by periodate/chlorite oxidation reaction. By using a 

periodate/chlorite oxidation reaction, it can be removed from the chains of cellulose. The result 

is that the dicarboxylated chains extract and protrude the rod-shaped crystalline portions. In 

comparison to regular nanocrystalline cellulose, ENCC can be more heavily charged with 

dicarboxylated chains, which increases colloidal stability.47 Table 1.1 shows the comparison 

of different properties of types of nanocellulose. 
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Table 1.1 : Comparison ofthree major types of nanocellulose 

Properties Cellulose Cellulose Bacterial 
nanofibers nanocrystals nanocellulose 

(CNFs) (CNCs) (BNC) 

Common Sources Wood, cotton, Wood, cotton, Rhizobium, 

cassava peel, 
bacterial cellulose Agrobacterium, 

Gl uconacetobacter 
banana and Sarcina. 63-64 

Morphology Rope like Needle like Ribbon like.55,65 

Size 5-60 nm diameter 5 nm diameter and 20-100 nm diameter 
and length in many 20-100 nm length and length in many 
mIcrons micrometers. 15,47,55 

Crystallinity 59-64% 54-88% 84-89%.66-67 

Aspect Ratio (lid) 30-300 11 _50. 68-69 

Young's modulus 180 GPa 150 GPa 78 GPa. 7O-71 

in longitudinal 
direction 

1.6 Synthesis of Nanocellulose from Lignocellulosic Biomass 

A variety of lignocellulosic biomass treatment techniques, such as conventional treatment 

and enzymatic treatment, can be used to produce nanocellulose from cellulose fibres. A two

step procedure is used to extract nanocellulose and these two steps involved are; 

.:. Pretreatment of lignocellulosic biomass . 

• :. Extraction of nanocellulose from micro-cellulose 

r.1."'~ 

Pretreatment 

Acid Hydrolysis 
( removes lignin) 

Alkaline Hydrolysis 
(removes hemicellulose 
and other components) 

Mecbanical treatment 
(removes waxes by 
Soxhlet apparatus) 

Extraction 

Chemical methods 
(Acid Hydrolysis) 

Biological method 
(Enzymatic hydrolysis) 

Mechanical methods Cellulosic 
(Ultrasonication, high Nanofibrils 
pressure homogenization, 
Cryo-crushing) 

Figure 1.9: Synthetic pathway for extraction of nanocellulose from lignocellulosic biomass. 
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The pretreatment of native cellulose biomass is carried out in the first phase, producing 

treated cellulose fibres . The pretreated cellulose fibres are transformed into nanocellulose 

utilizing a variety of processes in the second stage using methods such as electro spinning, high

pressure homogenization, micro fluidization, micro grinding, and steam explosion. After 

extraction the nanocellulose can be functional for various applications by surface 

modification.72 Development of nanocellulose from lignocellulosic biomass is depicted in 

Figure 1.9. 

1.6.1 Pretreatment of Lignocellulosic Biomass 

Lignocellulosic biomass contains a lot of cellulose as well as other substances like lignin 

and hemicellulose, waxes, and pectin. Pretreatment procedures are required to improve the 

quality of micro-cellulose fibrils by removing ashes, waxes, and undesirable polymers (such as 

lignin and hemicelluloses).73 Additionally, the pretreatment procedure enhanced fibrillation 

and the transformation of cellulose fibre into nanofibrils. The traditional procedures for 

biomass pretreatment are;63 

~ Acid chlorite treatment 

~ Alkaline treatment 

~ Mechanical treatment 

The Acid-chlorite treatment/bleaching procedure is also referred to as delignification 

process. It is commonly employed in the paper industry.63 The bulk of lignin and other 

components can be extracted by combining distilled water, sodium chlorite, and acetic acid 

with lignocellulosic biomass and stirring at 70-80 DC for 4-12 hours.65 To adjust pH value, 

acetic acid and sodium chlorite are periodically added to the mixer, or once per hour. The 

mixture is then left to swirl for an additional night before using distilled water to wash them 

until the pH is neutral. The resulting solid products, known as holocellulose because they 

primarily include cellulose and hemicellulose in the fibres, are collected and oven dried at 50 

DC. Holocellulose comprises of white colour fibre, demonstrating the removal of lignin and 

other contaminants.74 

Alkaline treatment involves adding alkaline to remove the residual lignin and the 

amorphous polymer of hemicellulose. The most used alkali for alkaline treatment is sodium 

hydroxide (4-20 wt %), and holocellulose is always combined with it for 1-5 hours. After 

being rinsed with distilled water until the pH is neutral, the completed solid is then dried in an 
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oven at 50°C. Other non-cellulosic elements are eliminated from the resulting fibre products 

after this treatment. 75 

Mechanical processes such as grinding, steam explosion, cryocrusting, microfluidation, 

homogenization, ultrasound, etc. yield cellulose microfibrils (CMFs. Pure cellulose is directly 

acid hydrolyzed to recover cellulose microcrystals (CMCs).42 

1.6.2 Extraction of N anocellulose 

From cellulosic materials, nanocellulose can be extracted utilizing a number of techniques. 

The varied extraction methods lead to a variety in the types and characteristics of the generated 

nanocellulose.16 Major extraction techniques used are; 

• Acid Hydrolysis 

• Mechanical Techniques 

• High pressure Homogenization (HPH) 

• Green chemical extraction technique 

Acid hydrolysis is primary step involved for extracting nanocellulose from cellulosic 

products. Since cellulose chains have both ordered and disordered regions, the ordered regions 

sustain acid hydrolysis while the disordered regions are swiftly dissolved away by the acid. 74 

The esterification of the hydroxyl group by the sulphate ions in sulfuric acid allows it to not 

only securely isolate nanocrystalline cellulose but also stabilize it. The three main controlling 

factors that affect the properties of the created nanocellulose are reaction time, temperature, 

and acid concentration.76 The biggest drawback of acid hydrolysis is the acid wastewater 

created during the washing process to balance the pH of the nanocellulose solution. Washing 

with ice water and centrifugation are typically used to neutralize acidified fibres. Utilizing an 

alkali i.e., NaOH to neutralize the pH is another approach for cleaning the finished fibres. 77 

Mechanical techniques like cryocrushing, twin screw extrusion, ball milling, etc. are typically 

used for extraction ofnanocellulose fibres (CNFs) from treated cellulose.78 

High pressure homogenization (HPH) is another approach that is particularly effective 

for developing CNCs both in laboratory and on industrial scale. In this process, a very high 

pressure is used to enter the cellulosic suspension into a small nozzle, and then the pressure 

suddenly drops, creating a tremendous shear stress that results in the formation of nanoscale 

fibres. 78 
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Recently, greener extraction techniques are being used to extract nanomaterials by 

involving the use of deep eutectic solvents, ionic liquids, and ammonium persulfate oxidation.72 

By offering more affordable ways to attach different biopolymers onto CNCs, these 

environmentally friendly techniques substitute hazardous chemicals and solvents.42 Table 1.2 

provides a list of the primary extraction techniques used to produce the various forms of 

nanocellulose. 

Table 1.2: Typical sources, pretreatment methods, extraction methods and types of 

nanocellulose. 

Type of Typical source Pre-treatments Extraction methods 
nanocellulose 

Cellulose nanofibers Ball milling, cryo-
(CNFs) 

Wood and other 
crushing, Twin screw 

lignocellulosic fiber ~echanicalprocess extrusion, High 
intensity ultra-

sources 
sonication, Super 

mass collision 
Bacterial ~icrobial 

N anocellulose fermentation, ~icrobial 

(BNC) Bacterial cultures Chemical fermentation, 
pretreatments (e.g., chemical extraction 

alkali treatmenU 
Bacterial Cellulose 

Bacterial cellulose, Acid hydrolysis, Acid hydrolysis, N anocrystals 
(BCNCs) ~icro bial cultures Enzymatic hydrolysis enzymatic hydrolysis 

Cellulose Steam explosion 
nanocrystals (CNCs) High pressure 

Agricultural residues, 
homogenization 

Pressure induced ~icro-fluidization 
wood pulp, paper 

methods Aqueous counter 
industry sludge 

collision 
Sub critical water 

method 
Cellulose 

Cotton linters, nanocrystals (CNCs) Static culture 
Cellulose nanofibers sugarcane bagasse, Enzyme assisted 

Stirred culture 
(CNFs) agro-biomass 

Cellulose nanofibers TE~PO oxidation 
(CNFs) Wood pulp Deep eutectic 
Cellulose Agricultural residues Surface modifications solvents 
nanocrystals Bamboo, grasses Ammonium 
(CNCs) ~ersu!I~hate oxidation 
Cellulose Using phosphor-
nanocrystals (CNCs) 

Pulps (softwood and tungstic acid 
Ionic liquids as 

hardwood) Green strategies 
solvents 
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1.7 Applications of Nanocellulose 

Nanocellulose (NC) is appealing to be used in various applications due to its 

exceptional mechanical qualities, strength, light weight, low manufacturing costs, and 

durability ,63 Three categories can be used to catalogue the anticipated markets for 

nanocellulose: 

• High-end applications (like printed electronics, batteries, and value-added paper 

products) 

• Mid-range applications (such as structural materials and food) 

• Low-end applications; pulp and paper that are common (like normal paper goods that 

are lighter and tougher), 

One of the distinctive qualities ofNC is its hygroscopic nature and chemical inactivity, A 

few industries where nanocellulose is used are medicines, packaging, cosmetics, electronics, 

food, automobiles, optical materials, aerospace, and building are some examples, The usage of 

freeze-dried nanocellulose hydrogels in daily-use items like sanitary pads, diapers, tampons, 

bandages, and diapers is increasing, NC can be employed in biotechnological and medicinal 

applications as elastic cryo-structured gels,76 However, nanocellulose has several applications 

as a highly scattering substrate for corrosion inhibitors, electronic parts, ultra-white coatings, 

speaker membranes, capacitors, high-flow membranes, and tobacco filter addition, etc,79 Table 

1.3 lists the primary application area and their function in these areas, 

Table 1.3: Potential applications of nanocellulose, 

Area of application Properties Key applications 

Food packaging Flexible, rigid, improved Packaging films ,79-80 

barrier 

Biomedical Nontoxic, excellent Scaffolds, water absorbent pads, 

biocompatibility and antimicro bial films and tampons, 

biodegradability sanitary napkins or wound dressing,81-

83 

Cosmetics Durability , compatibility , Composite coating agent for nails, 

good elasticity hair, or eyelashes,83 
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Electronics High dielectric, excellent Sensor, electronic displays and 

mechanical and windows.83-85 

biocompatible 

Optical materials Crystalline, flexi bili ty, Electronic transistor, sensors.86 

biocompatible 

Automobile Good electrical, thermal, Lightweight and high strength 

magnetic, physio-chemical components such as bumpers, side 

properties panels and dashboards.87 

Construction Increase fracture toughness, Blocks, sensors to monitor stress 

cheaper, low density, high levels in bridge.88 

strength 

Aerospace High strength, light weight Windows.89 

Textiles Easy care, low impurity, Antimicrobial medical field, paste 

good mechanical strength, printing.9o 

biocompatible 

Paper Industry Easy availability, eco- Grease-proof paper.9O-91 

friendly, renewability 

Water purification Bioresorbable, low cost, Filtration.92 

nontoxic 

1.7.1 Antimicrobial Activity of Nanocellulose 

Antibiotic materials have some drawbacks, including the fact that they are pricy, poisonous, 

and unfriendly to the environment.93 Because of the exceptional physical features, unique 

surface chemistry, and good biological qualities, NC has attracted attention for use in 

antibacterial applications. The sole disadvantage of this well researched natural polymer for 

biomedical applications is that it lacks antibacterial characteristics due to its compact hydrogen 

bonded structure.93 However, through surface modification with biocidal chemicals, 

nanocellulose-based antimicrobial materials can be created that are effective against wound 

infection. Meanwhile, several methods involving the chemistry of the hydroxyl function, such 

as oxidation, esterification, and etherification, can be used to carry out surface 

functionalization. 94 Other cellulose conjugation agents that have been found to have 

antimicrobial characteristics include metal/metal oxide nanoparticles, chitosan, and silanes.95 

Treatment of nanocellulose with ionic liquids also makes them bioactive, as ionic liquids are 
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bioactive moieties. In addition, due to their antibacterial and antiviral activities, quaternary ILs 

containing 4-vinylpyridine, imidazolium, and pyridinium are the most popular biocidal agents. 

They are thought to be environmentally beneficial and low toxicity. 96 

Ionic liquids are now the most popular research tool for dissolving nanocellulose; they also 

appear to have antibacterial properties. The antimicrobial potential of various ionic liquid types 

was investigated by Florio, et a1. 97 using conventional microbiological techniques, and they 

testified that the chosen ILs displayed low hemolytic and potent antimicrobial activity, as well 

as effective inhibition of biofilm formation, especially against S. aureus, suggesting their 

potential use as anti-biofilm agents. Additionally, cellulose dissolved in ionic liquid has 

effective antibacterial action as a result of ionic liquids functionalizing the cellulose. 

1.8 Nanocellulose Dissolution 

Cellulose is water insoluble and a few popular organic solvents at ambient conditions, 

which restricts its applicability. This is caused by the crystal structure's high degree of 

organization, the abundance of Van Der Waals forces, and the solid's robust inter- and 

intramolecular hydrogen bonds.38 In order to dissolve cellulose, numerous traditional solvents 

have been studied, including Dimethyl sulfoxide/tetrabutylammonium fluoride 

(DMSO/TBAF), N, N-dimethylacetamide/lithium chloride (DMAclLiCl), N

methylmorpholine-N-oxide (NMMO), and aqueous NaOHIurea solutions.98 These solvents do, 

however, have some drawbacks, including instability, high toxicity and pollution levels, and 

difficulties in recovery. 99 

Ionic liquids (ILs), a novel class of solvents that adhere to the twelve green chemistry 

principles and are a possible replacement for traditional solvents, have been developed as a 

consequence of numerous studies. loo ILs are thought to be one of the best solvents for 

dissolving carbohydrate polymers because they have loosely binding anions that can strongly 

interact with the polar functional (-OR, -NR2) groups of polysaccharides and cause them to 

solubilize. IO ! 

1.8.1 Ionic Liquids (ILs) for Nanocellulose Dissolution 

An organic salt known as an ionic liquid (IL) is made completely of ions, often a sizable 

organic cation and an organic or inorganic anion. ILs have drawn a lot of interest due to their 

distinctive characteristics as negligible vapor pressure, thermal stability, low melting point 

(around 100 QC), recyclable nature, mechanical stability, and non-flarnmability.lo2 Swatloski 
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et al. identified 1-butyl-3-methylimidazolium chloride [C4MIM][Cl] as a potent cellulose

dissolving solvent.103 

Depending on the cations, cellulose dissolves in different ionic liquids; imidazolium, 

pyridinium, morpholinium, and phosphonium has been the subject of several researches.l04-106 

Another current research area is the dissolution of cellulose with diverse degrees of 

polymerization in different ILs with cellulose levels ranging from 5 to 20 wt% and regeneration 

by the addition of water or protic organic solvents. The capacity of IL to dissolve cellulose 

depends on its degree of polymerization. 107 

In a number of different ionic solutions, cellulose can sometimes be easily dissolved. The 

ionic liquid 1-Ethyl-3-methylimidazolium acetate [C2MIM] [Ac] may dissolve 21.1% of 

cellulose (microcrystalline cellulose MCC with DP of 229) after 24 hours at 80°C, according 

to research by Brehm et al. 10S However, Li et al. reported that after 7 hours of dissolution, only 

16% of cellulose (cotton fibre with DP of 510) could be dissolved by the same ionic liquid 

([C2MIM][Ac]) at 90 °C.I09 Furthermore, when temperature and dissolution time increased, 

regenerated cellulose's level of polymerization reduced. For instance, 1-butyl-3-

methylimidazolium chloride [C4MIM][CI] may dissolve l3% of cellulose by weight at a 

temperature of 90°C. However, the amount of polymerized regenerated cellulose decreased 

from 510 to 240%.110 

Nanocellulose dissolves in an ionic liquid due to the competitive formation of electron 

donor-electron acceptor complexes with nanocellulose, which leads in the breakage of 

intermolecular hydrogen bonds, as shown in Figure 1.10. Additional characteristics of the 

optimum ILs for cellulose dissolving include low viscosity, low toxicity, and ease of recycling. 

The anion's basicity makes it more important in dissolution, which leads to a large capacity for 

accepting hydrogen bonds. 107 While the impact of cations is less evident, they are nonetheless 

essential for the dissolution of cellulose due to their protonic acidity and functional groups. 

Imidazolium and pyridinium cations dissolve cellulose more efficiently than other cations in 

ILs because of the acidic protons on their heterocyclic rings. 104 The cations of the ILs may 

lessen cellulose's solubility through strong interactions with anions or the steric hindrance 

impact of high size groups in their alkyl chains. At this point, a large amount of cellulose can 

dissolve with little degradation because of hydrogen bonding interactions between cellulosic 

material and ionic liquid. III 
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Figure 1.10: Dissolution ofnanocellulose in ionic liquid. 

Introduction 

NanoceUulose 

The purpose of this study is to develop Eucalyptus wood wastes into potentially profitable 

sources of biopolymers with high value-added process as extraction of nanocellulose by novel 

procedure. Eucalyptus is genus of evergreen, tall, magnificent trees used for various domestic 

applications especially for making furniture, shades, paneling, millworks, and support beams 

yielding significant amount of wood residues. The production of cellulose nanostructure is a 

great alternative when taking into account the significance of developing sustainable materials 

for reducing environmental impacts as well as ensuring adequate disposal of eucalyptus wood 

residues. NC have previously been extracted from different species of Eucalyptus by various 

techniques.112-114 As mentioned above that variety of ILs have been reported to be used as 

solvent for cellulose dissolution but among this imidazolium and pyridinium based ILs are 

reported to have better nanocellulose dissolution. 115 But among imidazolium and pyridinium 

based ionic liquids, latter is reported to have better nanocellulose dissolution. 116 Thus, a new 

derivative of butyl-pyridinium chloride ionic liquid was synthesized for dissolution of NC; 

thus, making NC more viable for wide range of applications. 

1.9 Literature Survey 

Raju, Vishnu, et al. reported extraction of nanocellulose by steam explosion process from 

pulp of two hardwood species, namely Casuarina equisetifolia L. and Eucalyptus 

tereticornis Sm. The group used TEM and AFM techniques giving average diameter 28.690 

nm for casuarina and 27.801 nm for eucalyptus. derived nanocellulose, FTIR peaks providing 

confirmation of successful lignin removal and nanocellulose synthesis, EDAX confirmation of 

elemental purity, the (101), (002), and (040) crystal plane peaks identified by XRD confirmed 

the crystalline structure of cellulose and the conversion of cellulose I to cellulose II. , and TGA 

provided high thermal stability of synthesized nanocellulose manifesting its thermal 

degradation at 375 ·C,u7 
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Tozluoglu, Ayhan, et al. fabricated cellulose nanofibers (CNFs) and cellulose microfibers 

(CMFs) from kraft pulp and NaBH4-modified kraft pulp obtained from Eucalyptus 

camaldulensis and characterized them by HPLC, FTIR, DSC and 13C-NMR. SEM revealed 

micron-wide fibres and fine nanofibrils for CMFs and CNFs while their viscoelastic properties 

were explained by rheometry respectively. NMR of CNFs and CMFs obtained from NaBH4-

modified kraft pulp is reported to show minor shifts. The CMF and CNF made from kraft pulp 

displayed superior thermal stability and crystallinity values. The CNF film made from kraft 

pulp was found to have a maximum storage modulus value of9.71 GPa.1l8 

Hassan, Rabia, et al. developed three series of ionic liquids using the cations I-methyl-3-

butyl imidazolium, butyl pyridinium, and diethyldibutylammonium and the anions bromide, 

methane sulfonate, bis(trifluoromethanesulfonic )imide, dichloroacetate, tetrafluoroborate, and 

hydrogen. The structures of the ILs produced in the lab were verified using spectroscopic 

techniques. They used agar well diffusion method to investigate the bactericidal activity of 

these ILs, and they came to the conclusion that because of their antibacterial properties, ILs are 

a possible alternative to the present antibiotics and antiseptics. 119 

D. Ashokan and K. Rajathi synthesized five ionic liquids based on pyridinium and used 

spectroscopic methods like FTIR, NMR, and mass spectroscopy to analyze them. The 

synthesized compounds had anti-inflammatory, anti-fungal, antibacterial, anticoagulant, and 

anticancer properties that were also investigated to analyze how the substituents affect the 

biological activities of ionic liquids. 12o 

Ben, Haoxi, et al. reported the synthesis of pyridinium based ionic liquid (I-Allyl-3-

Butylpyridinium Chloride) and this pyridine-based ionic liquid has been studied for the 

dissolving of cellulose, hemicellulose, and lignin as well as two entire biomasses, switchgrass 

and poplar, at a low temperature of -50°C, giving researchers a chance to investigate the 

original structures of the biomass components. Five different hydroxyl groups in biomass were 

quantitatively characterized using a variety of biomass model compounds (glucose, cellotriose, 

and cello hexose), artificial mixtures of biomass components (cellulose, hemicellulose, and 

lignin), and computational simulation for the assignments using density functional theory 

calculations. l21 

Taheri et al. formed an acidic ionic liquid, 1-(carboxymethyl) pyridinium chloride. The 

artificial ionic liquid, which was used as a solvent, has the untapped potential to dissolve 

cellulose, chitosan, and chitin. Upto 11 weight percent of cellulose can be dissolved by 
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synthetic ionic liquid, and up to 40 weight percent of water is the ideal water quantity for 

effective dissolution.122 

Saher, Saliha, et al. reported fabrication of three ionic liquids: I -butylpyridinium chloride 

[C4Py] [Cl] (Al), I -butyl-3-methylpyridinium chloride [C4CIPy][Cl] (A2), and l-octyl 

pyridinium chloride [C8PyHCl] (A3). The produced ionic liquids were tested for their ability 

to dissolve cellulose, and [C4CIPy HCl] was found to be the most effective solvent, dissolving 

it up to 28% at 110°C. Based on the catalytic conversion of cellulose to TRS, the modification 

in cellulose following IL pretreatment was used to facilitate metal salts.123 

Alrefaee, S. H., reported DFT based computational study of thirty ionic liquids based on 

imidazolium and pyridinium to demonstrate anticorrosive potential. The results demonstrated 

that ionic liquids function like an efficient anticorrosive material, and that their ability to 

suppress corrosion is dependent, respectively, on the nature of alkyl groups and halide ions. It 

has also been proposed to use pyridinium- and imidazolium-based ionic liquids to exhibit 

adsorption behavior and suppress corrosion.124 

1.10 Plan and Objectives of the Study 

• The goal ofthis research is to extract nanocellulose (NC) from hardwood of Eucalyptus 

camaldulensis by novel method involving mechanical treatment with Soxhlet 

apparatus. 

• Characterization of structural properties of extracted nanocellulose by XRD, FTIR, 

SEM, and Zeta potential analysis. 

• Synthesis of newly derivatized tertiary-butyl pyridinium chloride ionic liquid (PyIL) 

and its characterization by NMR, FTIR, and UV analysis. 

• Determination of thermophysical properties of PyIL through refractometry and 

viscometry . 

• Dissolution of nanocellulose in ionic liquid (Py IL) and its confirmation by UV, FTIR 

andXRD. 

• Investigation of anti-bacterial activity of ionic liquid and nanocellulose dissolved ionic 

liquid (CIL) by agar well diffusion method. 

• Identification of antioxidant properties of NC, PyIL, and CIL via DPPH assay and 

FRAP assay. 

• Density functional theory (DFT) based computational study for the interaction of 

nanocellulose and ionic liquid will be investigated by Gaussian 09 software. Frontier 
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molecular orbitals analysis and global reactivity indices will be computed to determine 

the stability and reactivity of compounds. Mulliken charge distribution and Molecular 

electrostatic potential analysis will be performed to confirm the electrophilic and 

nucleophilic regions in PyIL, NC and ClL before and after interaction. 
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Chapter 2 

Experimental and Instrumentation 

2.1 Materials 

Analytical grade chemical reagents were utilized directly in the experiment without further 

purification. Benzene (C6H6, 99.5%), Acetic acid (CH3COOH, 99.8%), Sodium acetate 

(C2H3Na02, 99%), Sodium hydroxide (NaOH, 97.5%), Hydrochloric acid (HCI, 37%), 

Pyridine (CsHsN, 98%), Ter-butyl chloride (C4H9CI, 97%), Ethyl acetate (C4Hs02, 99.7%), 

DMF (C3H7NO, 99.8%) were purchased from Sigma-Aldrich. Ethanol (C2HsOH, (99.8%), 

Methanol (CH30H, 99.5%) and Sodium hypochlorite (NaOCI, 12.5%) were purchased from 

BDH. In order to prepare various solutions and for other uses, both distilled water and 

deionized water (DI water) were used. 

2.2 Extraction of nanocellulose from Eucalyptus camadulensis Wood 

Extraction of nanocellulose (NC) is carried out from the hardwood of Eucalyptus 

camaldulensis following method with a slight modification, as stated in literature. 126-127 Firstly, 

the wood of eucalyptus was grinded to reduced wood fibres. Then the reduced wood was 

washed with deionized water (5 g of ground raw wood and 100 mL of deionized water) in an 

Erlenmeyer flask and stirred at 70°C for 1 hour. The resulting mixture was filtered and rinsed 

with deionized water numerous times. The acquired washed fibres were then treated 

mechanically for dewaxing in Soxhlet apparatus. l2S To remove the cuticular wax, 3.5g of wood 

fibres wrapped in filter paper was placed in thimble. It was refluxed in benzene and ethanol 

solution (2:1) for 6 hours at 80°C. Ground bark was dewaxed and then allowed to air dry for 

12 hours. 

The resultant washed raw fibres were treated with an alkaline solution containing a 6-

weight percent NaOH solution at 80°C for two hours while being mechanically stirred at 450 

rpm. Three times the treatment was done. Fibres were filtered and thoroughly cleaned with 

distilled water after each treatment to get rid of any remaining alkali and solution pH was 

neutral. This treatment of sample is carried out to remove and leach out hemicellulose, residual 

starch, and pectin.75 A subsequent acid hydrolysis treatment was carried out for delignification 

and bleaching of fibers. 
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Figure 2.1: Extraction ofnanocellulose (NC) from hardwood of Eucalyptus camaldulensis 

The solution used in this treatment consisted of equal parts acetate buffer (of pH 5.5), 

aqueous hypochlorite (1.7 % in water), and distilled water. The bleaching procedure was 

carried out four times at a temperature of 80 D C for four hours while being mechanically stirred 

at 350 rpm. The fibres were filtered and cleaned with distilled water following each treatment. 

These three steps yielded pure cellulose microfibers. Nanocellulose was extracted from 

cellulose macrofibres by sulfuric acid hydrolysis.78 Using 64 weight percent sulfuric acid (56.4 

mL of acid in 55.4 mL ofice-cold water), acid hydrolysis was carried out at 55 DC for around 

30 minutes while being mechanically stirred. Ice cubes were used to dilute the suspension to 

stop the reaction and centrifuged successively at 12000 rpm at 15 DC for 20 minutes. The 

nanocellulose suspension was then sonicated (using a Branson sonifier model 450) for 30 

minutes in an ice bath. After that, a 12-hour air drying period was used to eliminate any 

remaining water from the sonicated suspension. Figure 2.1 shows the scheme for extraction of 

nanocellulose from Eucalyptus camaldulensis. 

2.3 Synthesis of Tertiary Butyl Pyridinium Chloride Ionic Liquid (PyIL) 

The previously established process was followed in the synthesis of the ionic liquid used 

in the current study.129 Tertiary butyl pyridinium chloride ionic liquid. By directly reacting 

pyridine and ter-butyl chloride in ethyl acetate, [C4Py][CI] was formed. The purification was 
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carried out utilizing the earlier technique with slight modifications. 119 The assembly containing 

5 mL of pyridine in 25 mL ethyl acetate was stirred at 60 DC. Following this 10ml of halo alkane 

(ter-butyl chloride) was added dropwise to the above solution with the help of syringe. 

Dropwise 
Solvent addition of ReDuIed 

qCH3)3CI for 72 boun evaporltlon , , , 
It 70 'C 

Pyridine + Ethyl 
acetate was 
stirred at 60 °e 

Removal of excess solvent 
"itb rotary evaporator 

Brown Ionic liquid 

Figure 2.2: Synthetic scheme of tertiary butyl pyridinium chloride ionic liquid (PyIL) 

Then, the mixture was refluxed and stirred for 72 hours to obtain the maximum yield of 

product. After 72 hours, a rotating evaporator was put to use to evaporate the solvent, and the 

reactants were decanted. The product was subsequently dried for 12 hours around 50 DC in a 

vacuum oven. A brown greasy liquid with a 94% yield served as the [mal product. 

Table 2.1. Solubility of ionic liquid in different solvents. 

Solvent Solubility Naked eye appearance 

Deionized water Soluble Less viscous light brown liquid 

Methanol Soluble Less viscous light brown liquid 

Ethanol Soluble Less viscous light brown liquid 

DMSO Soluble Less viscous brown liquid 

Methanol + H2O Soluble Faded brown liquid 

Ethanol + H2O Soluble Faded brown liquid 

DMF Soluble Less viscous brown liquid 

Toluene Insoluble Layered brown liquid 

Ethyl Acetate Insoluble Layered brown liquid 
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Synthetic route for the synthesis of ionic liquid is shown in Figure 2.2. The solubility of 

synthesized PyIL was checked in various solvents as shown in Table 2.1 and PyIL was found 

to be soluble in water, ethanol, methanol, DMSO and DMF. Ionic liquid (PyIL) is soluble in 

wide range of solvents showing their good solvation capability . 

2.4 Dissolution of Nanocellulose in Ionic Liquid 

Because of inter- and intramolecular hydrogen bonding between the polymeric chains, 

nanocellulose (NC) has a well-defined crystalline and amorphous structure. NC is insoluble in 

the majority of frequently used solvents owing to a strong intramolecular van der Waal (mostly 

H-bonding) force of attraction po In a typical cellulose dissolution experiment, 10mg of 

nanocellulose was added to a 20 mL vial which contained 2 rnL of solvent and co-solvent at 

80 °C. Several typical solvents that have been used to dissolve nanocellulose are; water (at pH 

5 and 10), NaOH, NaOHlUrea, methanol, ethanol, acetone, methanol with H20 as co-solvent 

and ter-buytl pyridinium chloride ionic liquid. Nanocellulose showed solubility in water, 

methanol, ethanol, acetone, methanol/H20, NaOH and NaOHIH20 mixtures after sonicating 

the samples for 12 hours in ultrasonicator. 

Heating the mixture of ionic liquid and nano lignocellulose in a sealed flask allowed to 

measure the pyridinium ionic liquid's capacity to dissolve cellulose. Because moisture greatly 

slows down the dissolution,131 prior to dissolution, nanocellulose was dried for 6-8 hours in an 

oven at 70-80 DC. A solution was formed after adding a tiny quantity (10 mg) of nanocellulose 

to PyIL and stirring the mixture for 12 hours around 80 DC. Continuous monitoring was done 

of the dissolving process. The point of ultimate dissolution is defined as the stage where a 

solution of extreme viscosity formed and no additional cellulose dissolution was seen. In 

addition, water can also act as co-solvent with prepared ionic liquid and cellulose dissolution 

in binary solvent system was observed. Table: 2.2 gives the solubility of nanocellulose in 

different solvents. 

Table 2.2. Solubility of nanocellulose in different solvents. 

Solvent Solubility Naked eye appearance 

Deionized water Insoluble No change 

Acidified H2O Slightly soluble Partial milkiness 

Alkaline H2O Partially soluble Milky solution 

Methanol Partially soluble Milky solution 

Ethanol Slightly soluble Partial milkiness 
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Acetone Insoluble No change 

Methanol+ H2O Slightly soluble Partial milkiness 

Ethanol + H2O Very slight solubility Partial milkiness 

Acetone + H2O Insoluble No change 

IL Slightly soluble Brown viscous solution 

IL + H2O Partially soluble Less viscous brown solution 

Water content for dissolution of nanocellulose was optimized in prepared PyIL!H20 

mixtures (2 rnL) of different composition. 122 The mixture was sonicated to obtained 

homogeneous mixtures. Table 2.3 illustrated specifications of different compositions of 

PyILlH20 mixtures. To explore the capability of the prepared solvents to dissolve cellulose, 

different mixtures ofnanocellulose in PyILI H20 solvent system were prepared and heated to 

80°C for 12h. After mixing given amounts of cellulose (10 mg), in IL and water solvent 

system, the resultant mixture was vigorously stirred for different time intervals. The first 

examinations showed that solvents M1 to M3 showed no solubility for cellulose. For solvent 

M4 and M5, slight cellulose dissolution was observed. On the other hand, M6 could partially 

dissolve cellulose, thus affirming that presence of too much water impairs the dissolution 

process. 

Table 2.3. Dissolution ofnanocellulose in different compositions ofPyIL !H20 mixtures . 

Mixture ID Components Solubility 

IL(v/v%) W ater( v Iv%) 

Ml 50 50 Insoluble 

M2 60 40 Insoluble 

M3 70 30 Insoluble 

M4 80 20 Slightly soluble 

M5 90 10 Most soluble 

M6 100 0 More soluble 

Ionic liquid (Py IL) showed best dissolution at 9: 1 ILiwater mixture (M5) because of synergistic 

solvation (water and PyIL in specific ratio create a biphasic system). IL disrupts H-bonding in 

nanocellulose and water enhances dissolution process by facilitating PyIL diffusion in cellulose 

chains. But too much water impairs dissolution. When water content increases, water molecules 
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compete with IL for interaction with cellulose. As water is not efficient in disrupting hydrogen 

bonding network in cellulose so leads to reduced dissolution as seen in case of M1 , M2, and 

M3. 

2.5 Characterization Techniques 

A number of techniques were used for explaining the electrical, structural, and mechanical 

characteristics of synthesized nanocellulose, Ionic liquid, and cellulose dissolved Ionic liquid, 

which are briefly explained below. 

2.5.1 Nuclear Magnetic Resonance (NMR) Spectroscopy 

The purity and structure of synthesized ionic liquid was determined using nuclear magnetic 

resonance (NMR) spectroscopy. The basic principle behind NMR is that when subjected to an 

external magnetic field, some nuclei exist in particular nuclear spin states. In the presence of 

external magnetic field nuclei align themselves either in the direction of magnetic field or 

against the field. When the spin returns to ground state level, the emitted radiofrequency signal 

gives NMR of concerned nucleus. Chemical shift (8) is the resonance frequency of a nucleus 

relative to a standard in magnetic field and is expressed in parts per rnillions(ppm). Trimethyl 

silane (TMS) is the most common reference compound in NMR with 8 = 0 ppm. 

~ = (vsamPle-Vref.) x 100 
sample v 

ref 
(2.1) 

For NMR, the sample was diluted in 0.9 cm3 of deuterated chloroform solvent (CDCb) 

using its approximate amount of (50 to 100) ilL. The JEOL JNM-ECA400 Bruker Advance 

(300 Hz) spectrometer was put to use to record the lH and l3C NMR spectra at room 

temperature. As an internal benchmark, the I H and l3C chemical changes are presented in parts 

per million (ppm) compared to TMS. The terms "singlet," "doublet," "triplet," and "quadruplet" 

are all abbreviations for multiples. 

2.5.2 X-ray Diffraction (XRD) 

For the purpose of analyzing crystal structure, lattice parameters, and crystallite size 

of nanomaterials, X-ray diffraction (XRD) is a well-known non-destructive technique. 

Instrument employed for X-rays diffraction is X-ray diffractometer. The source of 

electromagnetic radiations in an X-ray diffractometer are high energy X-rays (~100 keY) with 

a wavelength of about 0.1 A. X-ray diffractometer works on the basic principle of the 

monochromatic X-rays interfering constructively with the material under observation. This 
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phenomenon is governed by Bragg' s Law which states that when any material is bombarded 

with X-rays at a certain incident angle, these electromagnetic radiations are reflected by the 

crystal lattice planes. Some interfere destructively and cancel each other out while others 

interfere constructively when the travel path is an integral mUltiple of wavelength of X-rays. 133 

These reinforced diffracted X-rays produce a characteristic X-ray pattern that is provides 

information about the phase, crystallite size, structure and crystallinity of a material. If the 

spectrum exhibits sharp intense peaks, the material is clystalline in nature while for amorphous 

materials, broad regions are generally observed. 

Each plane in atoms is a representative member of a parallel set of equally spaced planes, 

and each lattice point must lie on one ofthe planes, as shown in the interaction of X-rays with 

planes of atoms in three-dimensional lattices that display translational symmetry of structure. 

The planes are characterized by Miler indices (h, k, 1 where h, k, I takes values of positive or 

negative integers or zero) . The distance between successive planes is known as d-spacing/ 

inter-atomic spacing (dhkl), constructive interference follows Bragg's equation given as; 

2dsinO = nA (2.2) 

where 

n = reflection order 

J., = wavelength of X-rays 

d = the distance between atomic planes in a crystal 

29 = the angle of diffraction of X-rays 

The 28 values in the XRD spectrum, which are indicative of the particular phase of the 

sample being used, specify the peak positions. Using Philips X'pert Pro diffractometer of eu 

Ka wavelength (l.54 A), an X-ray diffraction pattern was obtained. With an increment of 0.02, 

all samples were scanned over the range of 20 0 to 80 0

• 

2.5.3 Fourier Transformation Infrared (FTIR) Spectroscopy 

FTIR is a type of spectroscopy which studies interaction between a material and incoming 

IR radiations due to changing dipole moment ofthe molecules. FTIR refers to the study of the 

vibrations of molecule due to the electromagnetic radiations (EMRs) in the 400-4000 cm-! 

range that absorb infrared radiation.134 Each functional group present in a compound has 

distinctive vibrational energy bands, which are useful for identifying a compound based on 
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their vibrations in the functional group region. In addition, FTIR is an excellent technique for 

particle analysis and identification of unknown samples depending on the vibrations in the 

fingerprint region. 

The dipole moment of the compound must change as a result of the vibrations for the 

molecule to be IR active that occur when infrared radiations are absorbed. The operating 

principle of FTIR spectroscopy follows the passage of IR light passes through a sample, that 

triggers the vibration of molecular bonds by absorption of light. Some light is reflected while 

some part of it is transmitted through the sample and falls on detector thereby producing an IR 

spectrum. In an IR spectrum, % transmittance is plotted vs. wavenumber (cm-I) typically in the 

range of 400-4000 cm-I. The entire FTIR spectrum is comprised of two regions; the region 

between 4000-1000 cm-1 is called as functional group region while the region between 1000-

400 cm-I is finger print region. The vibrations typically include symmetric or anti-symmetric 

stretching vibrations, symmetric or anti-symmetric bending vibrations, out of plane and in 

plane deformation vibrations.135 

Attenuated total reference (ATR) is a pnmary sampling accessory of FTIR 

spectrophotometer. In FTIR equipped with A TR, when light reflects off of the crystals such as 

diamond, zinc selenide or germanium, it undergoes total internal reflection with only small 

amount absorbed by the sample. An ATR-FTIR has enhanced surface sensitivity, requires easy 

sample preparation for liquids and solid samples, and is time efficient. 136 FTIR analysis of 

synthesized materials was performed on ATR PRO ONE (JASCO) FTIR-6600typeA 

spectrometer in frequency range of 500 cm-1 to 4000cm-l • 

2.5.4 Ultraviolet-Visible (UV -vis) Spectroscopy 

UV -visible spectroscopy is employed to study the solvating properties of synthesized ionic 

liquid and effect of nanocellulose dissolution on Amax of ionic liquid. The study of how 

electromagnetic radiations (EMRs) in the UV-vis region interact with matter is the subject of 

UV -vis spectroscopy. The absorption in UV -vis of light source is attributed mainly to the 

electronic transitions. Absorption of light by electrons in the matter causes excitation of these 

electrons to the higher energy levels.137 Energy gaps between orbitals select the radiation types 

that electrons will absorb to reach higher levels. Low energy gap requires less energy for 

photo excitation. Absorption in UV -vis region is helpful for quantitative and qualitative analysis 

of material as the absorption wavelength is characteristic of the absorbing material. This 

technique is widely used for studying the behavior of a molecule in different solvents. Change 

in Amax and sometimes intensity of absorbing material with the changing polarity of solvent is 
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referred as solvatochromic effect. Ionic liquids are good solvents for spectroscopic studies, 

particularly in the ultraviolet-visible (UV -vis) range due to their strong solvating capabilities 

and high spectral transparency. They may be used with organic or inorganic solvents to 

"solvate" the ionic liquid's constituent ions, which reduces ion aggregation and results in higher 

conductivity and lower viscosity.138 In current research, UV-1700 UV-vis spectrophotometer 

(Shimadzu) was used for studying solvatochromic effect of ionic liquid in water, methanol, 

ethanol, DMF and DMSO and for studying the change in Amax of ionic liquid upon 

nanocellulose dissolution in it. 

2.5.5 Scanning Electron Microscopy (SEM) 

Analysis of the morphology and size of nanomaterials using scanning electron 

microscopy is common. SEM gives the magnified image of sample by using electron beam 

instead of light. In SEM, a focused beam of electrons scans the sample surface and electrons 

are back scattered or secondary electrons are emitted. This technique provides high resolution 

image of sample on the nm scale and upwards. 

An electron gun acting as cathode is used to produce electron on application of high 

voltage. This electron beam is accelerated by a strong electric field. As a result, the electron 

beam is pointed at the condenser lenses where it is focused on a spot that is up to 5 nm in size. 

This focused beam is permitted to travel through the coils utilized for deflection. Following the 

beam's deflection along the x and y axes by means ofthese coils, the sample surface is scanned. 

The principal electrons are those that strike the sample. After interacting with the sample, the 

primary electrons produce secondary electrons. 139 SEM was carried out using a scanning 

electron microscope (Nova NanoSEM 450) to get knowledge of surface structure of 

nanocellulose. 

2.5.6 Zeta Potential and Particle Size Analyzer 

Investigating colloidal systems involves either the zeta potential or the electrophoretic 

mobility (Il) . The zeta potential, which can be used to investigate electrical interactions between 

colloidal particles, is created when charged particles are present on the surfaces of suspended 

particles in solution.14o Zeta potential is the potential difference between electrical double layer 

of electrophoretic mobile particle and layer of dispersant. Zeta potential is calculated using a 

variety of electrochemical processes, including electrophoresis, sedimentation, and 

electroosmosis.141 In the electrophoresis method, the dispersion of nanomaterials is SUbjected 

to an electric field that enables them to move at a speed determined by zeta potential. 140 In Zeta 
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sizer, the velocity of Brownian motion of particles is converted to size of particles. Laser 

interferometry is used to measure this velocity. The electrophoretic mobility is computed using 

the calculated velocity, and the zeta potential is estimated using this information. 

In this work, by calculating the zeta potential value of nanocellulose, its electrostatic 

stabilization was calculated. The surface charge and size distribution of nano lignocellulose 

fibres were determined with Malvern-Zetasizer Nano-ZS ZEN3600, in range of 0.1-1000 nm 

at 25 °C. Disposable zeta cells were utilized to measure zeta potential and average zeta size and 

concentration of nanocellulose processed was 150 IlM in methanol as solvent. Following 

equilibration, measurements were taken three times using cuvettes containing 1 mL of material. 

2.6 Anti-Bacterial Studies 

The minimum inhibitory concentration (MIC) approach was chosen as the test for 

antibacterial activity of nanocellulose crystals (CNCs), ionic liquid (PyIL), and nanocellulose 

dissolved ionic liquid (CIL) against 4 bacteria, namely, Escherichia coli (E. coli), 

Staphylococcus aures (8 aures), Bacillus subtills (B. subtills), and Klebsiella pneumoniae (K. 

pneumoniae). The inhibition zone was calculated with Mueller-Hinton (MHA) agar by well 

diffusion method.H9 The sterilized Petri dishes were kept at 4 to 8 °C in tight polyethylene 

bags. Mueller-Hinton agar (38 giL) was suspended in distilled water and autoclaved for 20 

minutes at 121°C and 15 psi pressure to create the Mueller-Hinton agar media.12o The plates 

were seeded with inoculum (bacterial culture in MHA) using sterile cotton brushes. In sterilized 

90 mm Petri dishes, nutrient agar was distributed. Additionally, the sterile borer was used to 

drill wells into the agar plates. The materials for analysis - ionic liquid, nanocellulose 

dissolved in ionic liquid, and nanocellulose - were poured into wells. After that, agar dishes 

were kept at 37°C for 24 hours to encourage microbial growth. Antimicrobial drugs diffused 

into the surrounding agar, inhibiting growth near the reservoir or source and creating zones or 

clearances where (for sensitive organisms) microbiological growth is impeded. By measuring 

the width of the inhibitory zone, each sample was evaluated. Using a vernier caliper, the 

inhibition zone was measured. The extent of the antibacterial action is determined by the zone's 

SIze. 

2.7 Antioxidant activity Studies 

Antioxidant activity was checked via 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay and 

Ferric reducing antioxidant power (FRAP)/Total reducing power (TRP) Assay. DPPH was 

utilized as the free radical source to measure the antioxidant activity of Ionic liquid (PyIL), 
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nanocellulose (NC) and nanocellulose dissolved ionic liquid (CIL). In this method, the 50% 

inhibitory concentration (ICso) can be determined and reported by detecting the lowered 

absorbance capacity of the DPPH free radical with a maximum absorbance of 517 nm "ICso" 

denotes to least amount of scavenger needed to reduce DPPH absorption to 50%. The colour 

of DPPH would shift from purple to yellow after it acquired an electron from the antioxidant 

molecule due to reduction ofDPPH. The method outlined by Brand-Williams et al. was applied 

to investigate activity of DPPH in scavenging radicals with slight modifications.142 Using the 

stable free radical 2, 2-diphenyl 1-picrylhydrazyl (DPPH), the compounds were briefly tested 

for antioxidant activity. 10 aliquots of the sample were combined with 190 ilL aliquots ofthe 

DPPH solution (9.6 mg/100 mL methanol). The absorbance at 517 nm was measured using a 

microplate reader after 30 minutes of incubation at 37°C in the dark. The positive and negative 

controls were ascorbic acid and DMSO, respectively . The results are shown as mean values 

standard deviations for all measurements that were carried out in triplicate. In this assay, 

positive control is used to check the accuracy of commercial DPPH and negative control is 

used as solvent for antioxidant. The DPPH antioxidant activity was calculated using equation 

2.4 

% DPPH activity = ADPPH-Asample xlOO 
ADPPH 

(2.4) 

According to a modified version of Oyaizu's method, the ferric reducing antioxidant power 

(FRAP) assay, also known as potassium ferricyanide colorimetric assay, was used to calculate 

the reducing power of various substances.143 Potassium ferricyanide (1 % w/v in DI water) and 

a buffered phosphate solution (0.2 M, pH 6.6) were added to an aliquot of 100 ilL of sample, 

which was then incubated at 50°C for 20 minutes in a bath of water that resulted in yellow 

colored complex formation between sample and potassium ferricyande. After adding 200 ilL 

of trichloroacetic acid (TCA) (10 % w/v in distilled water) to antioxidant, mixture was 

centrifuged at 3000 rpm at 25°C for period of ten minutes. TCA decreases the pH of reaction 

mixture and this decreased pH ceases formation of complex between antioxidant and potassium 

ferricyanide. Following that, 50 mL of FeCh (0.1 % w/v in distilled water) was added to the 

150 mL of supernatant on a 96-well plate. The absorbance was then read at 630 nm as this 

wavelength corresponds to the ferrous ion formed after reduction of ferric ion. Higher 

absorbance corresponds to greater reducing power. The assays were performed three times, 

and the outcomes are shown as mean values ± standard deviations. An effective control was 

ascorbic acid (1 mg/mL DMSO). Ascorbic acid equivalent (AAE) per mg of sample (g 

AAE/mg) is a unit used to measure a sample's reducing power. 
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2.8 Density Functional Theory (DFT) 

Gaussian 09 is a software package that performs relativistic calculations based on DFT. 

Initially, it was developed by John Pople and his coworkers. Atoms and molecular calculations 

can be performed on both solution and gaseous phase. The software uses Slater Type Orbitals 

(STOs) as basis functions to correctly predict the structural-electronic calculations. Gaussian 

comprises of database with verified basis set files varying from the single-zeta basis set to 

quadruple - zeta basis sets with different polarization and diffused functions. Different 

calculations can be performed on this package such as; 

• Geometry optimization 

• Single point calculations 

• Frontier molecular orbital analysis 

• Computation of excited state is possible using time-dependent density functional theory 

• Molecular electrostatic potential surface determination 

• Point charges can be introduced in calculations 

The most well-known hybrid density functional theory model, B3L YP, incorporates local 

exchange, Hartree-Fock exchange, gradient exchange correction, local correlation, and 

gradient correlation correction. Computational studies were carried out by B3L YP/6-31 G+ (d, 

p) using DFT. 
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Chapter 3 

Results and Discussion 

3.1 Nuclear Magnetic Resonance (NMR) Analysis 

The lH-NMR and 13C-NMR spectra of the tertiary butyl pyridinium chloride ionic liquid 

was obtained on Bruker Advance III (300 MHz) NMR Spectrometer. 

3.1.1IH-NMR and 13C-NMR Analysis of Ionic Liquid 

Figure 3.1 shows the lH-NMR spectra of tertiary butyl pyridinium chloride ionic liquid 

(PyIL) recorded at an applied radio frequency of 300 MHz. The peak showing singlet at 1.02 

ppm as shown in Figure 3.2 corresponds to the methyl groups attached to the pyridinium ring. 
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Figure 3.1: lH-NMR ofPyIL in CDCLJ 

The hydrogens attached to the ortho carbon ofpyridinium ring showed doublet at 8.55 ppm 

and 8.56 ppm. The hydrogens attached to meta carbon ofpyridinium ring showed a doublet of 

doublet at 7.43 , 7.45, 7.46 and 7.48 ppm. The hydrogens attached to the para carbon showed a 

triplet at 7.86, 7.89 and 7.92 ppm. Figure 3.2 shows that other two peaks located around 1.8 

ppm and 11.0 ppm shows presence of solvent which was not evaporated completely. The 

observed chemical shifts are as under; 

HI NMR (300 MHz, CDCL3) 8, ppm: 8.55-8.56(d, 2H), 7.43-7.48(dd, 2H), 7.86-7.92(t, IH), 

1.02 (lH) and solvent peak at 1.817 and 11.016. 
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Figure 3.2: IH-NMR ofPyIL in CDCb 

In 13C-NMR spectra of Ionic liquid represented in Figure 3.3; four different peaks appear 

due to the presence of four different carbon nuclei. The singlet peak with an upfield shift 

located at 31.05 ppm corresponds the four equivalent methyl carbons of the alkyl group 

attached to the pyridinium ring. Another singlet at 140 ppm occurs due to ortho carbons of 

pyridinium cation. Meta carbon of pyridinium ring shows a peak at 125 ppm. The para carbon 

shows a singlet at 145 ppm. While chemical shifts around 77 ppm are due to CDCb, the solvent 

used. The observed chemical shifts are as under; 

13C-NMR (300 MHz, CDCL3) 0, ppm: 140.87(N-CH2 of aromatic system), 125.49(C-CH2 of 

aromatic system), 145.43(C-CH2-C of aromatic system), 31.05(three equivalent CH3 of Ter

butyl group attached to nitrogen) and CDCb shifts at 77.04, 77.47 and 77.89.134 
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Figure 3.3: 13C-NMR ofPyIL 
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The NMR analysis confirms the structure and purity of the synthesized PyIL. 

3.2 X-ray Diffraction (XRD) Analysis 

The semi-crystalline supramolecular structure of extracted nanocellulose and the impact of 

PyIL on crystallinity of extracted nanocellulose upon dissolution ofNC in PyIL were studied 

using X-ray diffraction. Since NC's molecular structure is both amorphous and crystalline in 

parts. The crystalline (ordered) regions of cellulose are securely bonded by H-bonding, whilst 

amorphous (disordered) regions of the cellulose chains lack H-bonding. Chemical 

interactions have an impact on the crystallinity of cellulose that is determined with the help of 

X-ray diffraction. 144 

XRD pattens of extracted NC and nanocellulose dissolved tertiary butyl pyridinium 

chloride- ionic liquid (CIL) were recorded using P ANalytical X pert PRO X-ray diffractometer 

model (3040/60) operated at 45 kV voltage and 40 rnA current having a Cu-Ku radiation source 

of wavelength Ie = 1.54° with a scan rate of 0.025 over a diffraction angle range from 10° to 

80°. Samples were analyzed under constant and ambient conditions. The XRD pattern of 

extracted NC is depicted in Figure 3.4. NC shows different diffraction peaks in the angular 

range of 10° to 50° due to scattering patterns from (11 0), (200), and (004) planes of 

nanocellulose. 145 Semi-crystalline nature ofNC is reflected from the data. 
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Figure 3.4: XRD of extracted nanocellulose (NC) 

The sharp peaks around 28 = 22° and 35° are result of scattering from (200) and (004) 

diffraction planes and confirm semi-crystalline nature of extracted nanocellulose. The 
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relatively broader peak at 28 = 16
0 

agreeing to the (110) planes of diffraction exhibit presence 

of amorphous region in extracted nanocellulose.146-147 The elimination of amorphous 

constituents including hemicellulose, lignin, and less-perfect sections of cellulose led to the 

crystallinity of the nanocellulose and the efficient extraction of nanocellulose from 

lignocellulosic biomass. These characteristic peaks corresponded to the crystalline structure of 

cellulose I so it can be inferred that the extracted nanocellulose belong to type I cellulose.148 

The degree of crystallinity of extracted nanocellulose was found to be 71 % calculated by using 

equation; 

(3.1) 

Where Xc is the degree of crystallinity, Ac is the area under the crystalline peaks and Aa is the 

area under amorphous peak. 

Figure 3.5 illustrates the diffractograms of the nanocellulose dissolved ionic liquid (CIL). 

Structural studies show that dissolution of nanocellulose in pyridinium ionic liquid cause 

changes in its crystalline characteristics as reported previously. 149 

(200) 

NC 

10 20 30 40 50 60 70 80 

2e (Degree) 

Figure 3.5: Comparison ofXRD ofNC and nanocellulose dissolved ionic liquid (CIL) 

The dissolution ofNC in PyIL caused the vanishing of the peak at (110) lattice planes, due 

to a removal of amorphous domain. But the broadness of peak at 28= 220 and 35 0 corresponding 
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to the planes (200) and (400) showed a decrease in the crystallinity of nanocellulose (NC) of 

on dissolution in tertiary butyl pyridinium chloride ionic liquid (PyIL). Hence, tertiary butyl 

pyridinium chloride ionic liquid caused change in the crystallinity of nanocellulose by 

attacking the OH groups on surface of nanocellulose for its dissolution feasible in ionic liquid 

providing a solution to the problem of dissolution of nanocellulose making it more efficient 

and useful biopolymer. 

3.3 FTm Analysis 

FTIR analysis of the synthesized pyridinium based ionic liquid (PyIL), extracted 

nanocellulose (NC) and nanocellulose dissolved ionic liquid (CIL) was performed on ATR 

PRO ONE (JASeO) spectrometer in the frequency range of 500 to 4000 cm-1 and the resulting 

spectra are depicted in Figure 3.6 - Figure 3.8. The FTIR spectrum of synthesized IL (brown 

in colour) had several peaks, some of which were designated as the following at max cm-1 as 

shown in the Figure 3.6. 

7 4 7cm-' 

• 700cm-' 

4000 3500 3000 2 500 2000 1500 1000 500 

Wavenumber (em -I) 

Figure 3.6: FTIR ofPyIL 

The peak located at 3083 cm- l is due to (double bonded) C-H bond stretching of aromatic 

system ofpyridinium. The peak appearing at 1580 cm- l is owing to C-C multiple bonds stretch 

of pyridinium ring. The spectral peak centered at 1457 cm- l is due to medium to strong 

absorption of aromatic pyridine ring. 134 The peaks at 990 and 1030 cm- 1 are induced due to C

N stretching vibrations of alkyl-pyridinium ring. The peaks at 700 and 747 cm-1 are due to 

aromatic out of plane C-H bending of five adjacent hydrogen atoms respectively}SOThe FTIR 

spectra ofnanocellulose a shown in Figure 3.7 and features a broad band for hydrogen bonded 
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O-H group stretch at 3300-3400 cm-I ,151 and C-H bond stretching at 2850-3000 cm- I. The peak 

appeared at 1652 cm), correlating with the water-nanocellulose interaction chemical group 

and ~ glycosidic bands at 1000-1300 cm- I
. The peak at 640 cm- I appears due to out of plane 

C-C bond stretching.134 
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Figure 3.7: FTIR ofnanocellulose (NC) 
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Figure 3.8: FT-IR ofnanocellulose dissolved ionic liquid (elL) 
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The FTIR spectra of nanocellulose dissolved ionic liquid as in Figure 3.8 showed a sharp 

peak due to free O-H group at 3600-3650 cm"! and a broad peak due to hydrogen bonded O-H 

group at 3300-3400 cm"!. The peak at 1675 cm"! appears due to aromatic C=C bond absorption 

in nanocellulose dissolved ionic liquid (CIL) with lower intensity . The peak at 1581 cm" ' 

featured C-C multiple bonds stretching of aromatic ring of ionic liquid. The sharp peak at 1437 

cm"! appeared due absorption of aromatic pyridine ring in ionic liquid. The peak at 1027 cm"! 

defined a ~ glycosidic bond in nanocellulose. The peaks 990 cm"! illustrated C-N stretching of 

ionic liquid. The peaks 747 cm"! and 700 cm"! characterized C-H bending of aromatic system 

of ionic liquid. 134, 152 

The appearance of peak at 3630 cm"! that corresponds to free OH bonds on surface ofNC 

and a slight shift in band for bonded OH groups to 3370 cm"! shows the successful dissolution 

ofNC in PyIL. Also, the appearance of peak at 1027 cm"! that agrees to ~ glycosidic bond in 

nanocellulose showed that PyIL has not interacted with ~ glycosidic bond ofnanocellulose and 

the internal structure of NC is intact instead PyIL has just interacted with the bonded surface 

OH groups of nanocellulose yielding free OH groups. Hence posing a solution to NC 

dissolution and making its dissolution feasible in PyIL and presenting PyIL, a good solvent for 

dissolution of nanocellulose to be used for applications. 

3.4 UV - Visible Spectral Analysis 

To study the optical properties of synthesized ter-butyl pyridinium chloride ionic liquid 

(PyIL) in terms of absorption; UV Visible spectral analysis was performed in different solvents 

to study its solvatochromic effect. Solvatochromic effect refers to the shift in the position along 

with the intensity of absorption maxima caused by change in the medium's polarity. 

Solvatochromism is of three types positive and negative. 153 In negative solvatochromism, Amax 

exhibits a red shift with decrease in solvent polarity and opposite behavior is observed in 

positive solvatochromism. 

The absorption maxima of ionic liquid were measured in various solvents including; water, 

ethanol and methanol (a protic solvents) as well as dimethylformamide (DMF) , dimethyl 

sulfoxide (DMSO) (polar aprotic solvents) as shown in Figure 3.9. The absorption spectra of 

PyIL shows intense absorption maxima in the range of220-300 nm due to the 1t-1t* transition 

in all solvents. A bathochromic shift was observed for PyIL when going from polar protic 

solvents to polar aprotic solvents, in a way that H20 < MeOH < EtOH < DMSO < DMF. The 

synthesized ionic liquid tertiary-butyl pyridinium chloride showed slight red-shift of 2 nm in 

polar aprotic solvent with decreasing solvent polarity as absorption maxima in DMSO is 287 
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run and 289 run in DMF. However, there is a red shift of 12 run observed for the polar protic 

solvents with decreasing polarity as EtOH (Amax = 269 run) < MeOH (Amax = 257 run) and a 

pronounced blue shift was observed for protic solvent as H20 (Amax = 230 run). 
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Figure 3.9: Solvatochromic effect ofPyIL in range of solvents 

Table 3.1: Absorption maxima of ionic liquid (PyIL) in different solvents with different 

polarity index 

Amax Polarity Index of 
Sample 

(nm) Solvents Used 

PyIL+H20 230 1.00 

PyIL + Methanol 257 0.80 

PyIL + Ethanol 269 0.70 

PyIL+DMSO 287 0.40 

PyIL+ DMF 289 0.38 

However, polar aprotic solvents (DMF, DMSO) showed higher absorption maxima than 

polar protic solvents (MeOH, EtOH) and protic solvent (H20). Table 3.1 shows that PyIL an 

increase in their Amax with decreasing polarity index of different solvents and the increase in 

Amax with decreasing polarity of solvents is called to be negative solvatochromism. Hence PyIL 
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showed bathochromic shift in Amax with decrease in solvent polarity thus exhibiting negative 

solvatochromic effect.154-155 
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Figure 3.10. UV-vis plot of (a) PyIL and (b) PyIL + Nanocellulose (CIL) 

UV visible spectra of PyIL and nanocellulose dissolved IL are recorded in Figure 3.10 

which shows the PyIL has Amax of 228 run while nanocellulose dissolved ionic liquid (CIL) 

exhibits Amax at 251 run. The absorption maxima for nanocellulose dissolved ionic liquid shows 

a red shift of 23 run as compared to absorption maxima of ionic liquid/H20 mixture. This red 

shift is attributed to the dissolution of nanocellulose in ionic liquid as a result of hydrogen 

bonding O-H moieties on nanocellulose surface and ionic liquid. Hence, nanocellulose 

dissolution in ionic liquid causes this red shift, due to the stabilization by H-bonding 

interations.156 

3.5 Scanning electron microscopy (SEM) Analysis 

In order to reveal the surface topography and morphology of extracted nanocellulose, 

scanning electron microscopy was performed on Nova NanoSEM 450 field emission electron 

microscope. The SEM micrograph was examined to study superficial structure of extracted 

nanocellulose at a magnification of 10 11m. Figure 3.11 depicts the SEM images of 

nanocellulose (NC) extracted from the hardwood of Eucalyptus camaldulensis. 

SEM micrographs confirmed the fibre-shaped cellulose nanofibers as are reported 

previously.157 The smooth surface ofNC is ascribed to the absence of fibres as hemicellulose, 

lignin, and waxes. 158-159 The narrow and reticular structure of NC manifests that is pure 

curtailed cellulose as manifested by the SEM. The alkaline treatment and delignification 

process did not entirely destroy the cellulose structure and the amorphous regions within it, 

according to the SEM. 
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Figure 3.11: SEM micrograph of extracted NC taken at magnification 10 j.!m. 

Thus, SEM micrograph of NC affirms its successful extraction from hardwood of 

Eucalyptus camaldulensis and its rod-shaped morphology affIrms that the synthesized NC is 

cellulose nanofibers (CNFs). Size of nanofibers evaluated via image is approximately 3.6 j.!m 

in length. 

3.6 Thermophysical Properties of PyIL 
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Figure 3.12: Density ofPyIL with change in temperature 
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The thermophysical properties of synthesized ter-butyl pyridinium chloride ionic liquid 

were studied to evaluate the effect of temperature on the three physical properties of PyIL as 

viscosity, density, and refractive index ofthe IL. The results are shown in Figures 3.12 - 3.14. 

Using a rotationally automated Anton Paar Stabinger Viscometer SVM3000, the viscosity and 

density of the ionic liquids were measured simultaneously at temperatures ranging from (20°C 

to 60°C). ATAGO RX-5000 Alpha digital refractometer was used to determine refractive 

index values. Following the calibration of the viscometer and refractometer, Millipore quality 

water was used as well as the supplier's standard calibration fluid. 160 - 161 
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Figure 3.13: Refractive Index ofPyIL with increasing temperature 

The experimental values of density, viscosity, and refractive index for PyIL are presented 

in Figures 3.12, 3.13, and 3.14 for the studied temperature range. Density (p), dynamic 

viscosity (TJdynamic) and refractive index (nD) ofPyIL decreases linearly with temperature and 

are in good accord with those reported by Yunus, N. et al. 162 All the three properties were 

found to follow the 1 st order straight line equation as given below; 

p = -0.0148T + 2.0078 (3.2) 

nD = -1.673E-4T + 1.58 (3.3) 
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fJD = -0.2615T + 15.47 (3.4) 
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Figure 3.14: Viscosity ofPyIL with increasing temperature 

The highest value for the refractive index, density and viscosity of PyIL is evaluated at 20 °C 

with 1.5312, 1.69 gcm-3, and 10.04 Pa. s respectively values. 

3.7 Zeta Potential and Particle Size Analysis 

The zeta size analysis is performed to determine the particle size distribution of NC and 

heterogeneity of size distribution of nanocellulose as shown in Figure 3.15. The zeta potential 

(0) is measured to evaluate the electrostatic stability of the NC and is measure of charges 

present on the surface of nanocellulose. 

The results are given in Figure 3.16. Values of zeta potential less than ±15.0 m V represent 

the tendency of NC to agglomerate and formation of an unstable colloidal suspension. 

However, the values greater than ±30.0 mV means that the samples show electrostatic charges 

and can form stable colloidal suspension. 163 Figure 3.15 also provides the average value of 

poly dispersity index (PDI) to be 0.117. The level of non-uniformity in polymeric particles is 

measured using PDI. It is commonly accepted that ifPDI is greater than 0.7, the corresponding 
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sample is recognized to have a broad size distribution, whereas values less than 0.5 indicate 

the formation of a monodisperse sample with a limited size distribution. 164 The average size of 

nanocellulose was found to be 172 nm. 
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Figure 3.15: Zeta sizer ofNe presenting the average size and PDr ofNe. 
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Figure 3.16: Zeta potential analysis ofNe 
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The zeta potential (8) indicates colloidal stability of the NC and its value is found to be -

2.75 mV as shown in the Figure 3.16 with a conductivity of 1.38 mS/cm. Results of particle 

size and zeta potential ofNC in this study in comparison to literature are shown in Table 3.2. 

Table 3.2: Zeta potential and particle size of particles in this study, measured by Malvern 

equipment, in comparison to literature. 

Zeta Potential (m V) Particle Size (nm) Ref. 

Wood NC -2.75 172.8 This study 

Coir CNC -10.8 90 Mehanny, Sherif, et al. 163 

Husk CNC -35 212 Yang, Xue, et al. 165 

Linter CNC -45 179 Cruz, Mab, Ribeiro da, et al. 166 

The zeta size analysis shows that the size of extracted NC is 172 nm. Zeta potential value 

ofNC shows electrostatic instability, i.e., a tendency of aggregation and flocculation due to the 

low presence of free hydroxyl groups. Also, the gravitational forces act and tend to flocculate 

nanocellulose. Due to this less electrostatic stability of NC in methanol solvent minor 

conductivity is observed indicating that there are very few charged groups on surface ofNe. 

This electrostatic instability of NC in methanol confirmed the fact that PyIL can be a better 

solvent for the dissolution ofNC. 

3.8 Transmission electron microscopy (TEM) Analysis 

Transmission electron microscopy (TEM) has played a significant role in the 

characterization of cellulosic materials, especially the so-called "nanocelluloses" (nanofibers 

and nanocrystals), from visualizing nanoscale morphologies to identifying crystal structures. 

Figure 3.17: TEM micrograph of extracted NC in PyIL taken at magnification 50 nm 
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TEM micrographs ofnanocellulose were obtained by JEM-I0ll TEM instrument operating 

at 80 kV. Figure 3.17 depicts the TEM micrograph ofNC dissolved ionic liquid (CIL). TEM 

was taken of nanocellulose dissolved in IL, which has broken the long cellulose fibers into 

short rods and this has assisted in the dissolution ofNC. The imaging revealed the spherical or 

short rod-like morphology of nanocellulose with an average particle size of 18nm. 

3.9 Antibacterial Studies 

The study of antibacterial activity of pyridinium-based IL (PyIL) and nanocellulose 

dissolved ionic liquid (CIL) provides an understanding for the advancement of ILs in 

biomedical applications.H9 Antibacterial activity of PylL and CIL is investigated by Well 

diffusion method using Muller Hinton Agar against four infectious pathogenic bacteria 

(Escherichia coli, Staphylococcus aures, Klebsiella pneumoniae, and Bacillus subtills).167 

Klebsiella pneumoniae Bacillus subtilb Escherichia coli 

(a) 

(b) 

(c) 

Figure 3.18: Visuals of antibacterial activity of (a) controls, (b) ionic liquid (PyIL), and 

nanocellulose dissolved ionic liquid (CIL) 

Among these four bacterial strains, two are gram positive (Staphylococcus aures and 

Bacillus subtills) and two are gram negative (Escherichia coli and Klebsiella pneumoniae). 

Chloramphenicol (CHL) and Neomycin (NEO) are used as control drugs for investigating the 

biocidal effect ofPylL and CIL. Figure 3.18 shows the visuals for the antibacterial activity of 

PyIL, CIL and control drugs. These visuals manifests that the antibacterial activity of 
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nanocellulose dissolved ionic liquid (CIL) was higher compared to PyIL against all four 

bacterial strains. 

Table 3.3: Inhibition zones of Ionic Liquid (IL), nanocellulose dissolved Ionic Liquid (CIL) 
and controls. 

Agar-well (zone of inhibition) (mm) 

Strain 
Control Drugs 

Bacterial strain 
Type PylL CIL Chloramphenicol Neomycin 

(CHL) (NEO) 

S. Aureus +ve 18 26 28 11 

K. Pneumoniae -ve 19 41 0 0 

E.Coli -ve 22 29 0 0 

Bacillus subtills +ve 32 36 24 16 
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Figure 3.19: Bar graph indicating antibacterial activity of ionic liquid (PyIL), nanocellulose 

dissolved ionic liquid (CIL) and controls 

The zone of inhibitions for controls (CHL and NEO), PyIL and CIL are also calculated and 

shown in Table 3.3. The PyIL showed the best bacterial growth inhibition against Bacillus 

sub tills and least against S. aureus while CIL showed best bactericidal action against K. 

Pneumoniae. The results are also shown in the bar graph in Figure 3.19. Bactericidal action of 

PyIL and CIL is due to interaction of their hydrophobic alkyl groups that interact with bacterial 
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cell membrane causing the membrane disruption and ultimately bacterial cell death. Due to 

difference in cell membrane composition of bacterial strains and hydrophobicity of PylL and 

CIL they have shown different best antibacterial activity. However, CIL is found to have better 

bactericidal effect as compared to PylL making it a more efficient candidate in biomedicine as 

compared to Py IL. 

3.10 Antioxidant Studies 

The antioxidant properties of synthesized PyIL, extracted nanocellulose (NC), and CIL are 

investigated for their use in medical field i.e., due to their capacity to shield the body from 

oxidative damage, they can reduce the risk of disease and promote health. The antioxidant 

activity of PyIL, NC, and CIL is known to arise from the electron transfer (ET) to the 

oxidants.168 It was investigated by two chemical assays; 2,2-Diphenyl-1-picrylhydrazyl 

(DPPH) radical scavenging assay and Ferric reducing antioxidant power (FRAP)/total reducing 

power (TRP) assay. 

3.10.1 2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Radical Scavenging Assay 

The antioxidant activity of the substances PyIL, NC, and CIL was examined using 2,2-

diphenyl-1-picrylhydrazyl (DPPH) as free radical source. In this method, the 50% inhibitory 

concentration (ICso) is measured and reported.169 The inhibitory concentration (ICso) is the 

concentration of antioxidant that lowers the absorption value in "-max of DPPH to half. 170 DPPH 

has "-max of 517 nm and the colour of DPPH changes from purple to yellow after interaction 

with antioxidant as shown in Figure 3.20. 

DPPH Reduced DPPH 

Figure 3.20: Visuals for DPPH radical scavenging by PyIL, NC, and CIL 

When the antioxidant reduces DPPH, there is a reduction in its "-max, which is directly 

proportional to the quantity of the antioxidant chemical used. For this purpose, different 

samples of compounds NC, PylL and CIL with 190 j..tL of DPPH solution (9.6 mgllOO rnL 

methanol) was put into the 96-well plate with four different concentrations (6.25, 12.5,25, and 

50 g/rnL). The absorbance (A) of these samples was measured at the wavelength of 517 nm via 
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PowerWave XS2 plate reader. The results are shown in Figure 3.21. The Ascorbic acid (AA) 

was used as a positive control in the experiments. After the extrapolation of the trend-line 

equation (Fig. 3.21), The calculated ICso values of each chemical were determined. The data is 

reported in Table 3.4. 

The lower the ICso value and the higher the % DPPH scavenging, the more active 

antioxidant the compound is.170 The values of% DPPH scavenging for the samples shows that 

among PyIL, NC and CIL samples; PylL is a good antioxidant with an ICso value of 31.7 J.lL. 

Th antioxidant activity ofNC is evident by its % scavenging value of about 33%. However, its 

antioxidant activity was enhanced upon its dissolution in PyIL, and with % DPPH scavenging 

for CIL found to be 59% associated with ICso of 24.4 J.lL. Hence, DPPH assay manifested CIL 

is considered the best antioxidant among the three investigated compound. 
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Figure 3.21: Comparison between the antioxidant activity ofNC, PyIL, CIL and AA against 

DPPH based on their % inhibition values 

Table 3.4: DPPH activity of nanocellulose (NC), ionic liquid (IL), nanocellulose dissolved 

ionic liquid (CIL) 

Sample no. Sample name 
Scavenging (%) ± S.D. 

ICso 
(Standard deviation) 

1 NC (50 ,..,g/mL) 32.7± 1.10 -
2 CIL (50 ,..,L/mL) 59.1 ± 0.53 24.43 J.lL 
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3 PylLIIL (50 J.lL/mL) 68.1 ± 0.64 31.7 ilL 

4 AA (50 J.lg/mL) 77.35 ± 0.43 12.4 Ilg 

3.10.2 Ferric Reducing Antioxidant Power (FRAP) Assay 

Total reducing power (TRP)lPotassium ferricyanide colorimetric assay was used to 

determine the reducing power of compounds NC, PyIL, and CIL. The test solution's yellow 

colour in this assay changes to various hues of green and blue based on each sample's reducing 

power as shown in Figure 3.22. The Fe3+/ferricyanide complex is reduced to the ferrous form 

in the presence of reducing agents, such as antioxidants. l7l Therefore, the Fe2+concentration 

can be observed by observing the development of Perl's Prussian blue at 630 nm. Ascorbic acid 

was utilized as a positive control (1 mg/mL DMSO). The sample's reducing power was 

calculated as g of ascorbic acid equivalent per mg of sample (Ilg AAE/mg) as shown in the 

Table 3.5. 

Figure 3.22: Visuals for Fe3+reduction by PyIL, NC, and CIL in FRAP assay. 

The higher the value of TRP, the higher reducing power the antioxidant has. The value of 

TRP for NC, PylL and CIL shows that PylL has the least reducing power compared to NC. 

However, the reducing power ofNC upon dissolution in PylL increases from 535 Ilg AAE/mg 

to 560 Ilg AAE/mg inferring its better antioxidant activity. The results are highlighted in Table 

3.5. 

Table 3.5: Potassium ferricyanide assay ofnanocellulose (NC), ionic liquid (IL), nanocellulose 

dissolved ionic liquid (CIL) 

Sample no Sample Name Total reducing power (TRP) 
(J.lg AAE/mg of sample) ± S.D. 

1 NC (100 J.lglml) 535.71 ± 0.33 

2 PylLIIL (100 ,d/ml) 341.06 ± 0.24 

3 CIL (100 J.lllml) 560.49 ± 0.25 

S.D = Standard deviation 
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3.11 Computational Studies 

To our knowledge, no computational analysis has been done thus far to investigate how 

NC interacts with PylL. Therefore, density functional theory (DFT)I72 was used to study the 

structure-property correlation of extracted NC with synthesized PylL. For sake of simplicity 

PylL interacted NC will be known as ClL from now onwards. Also, the electronic properties 

ofNC, PylL and ClL were studied using Becke's three parameter exchange functional, a Lee

Yang-Parr correlation functional (B3L YP), which is one of the most powerful functional for 

reproducing experimental results. 173 Using B3L YP, frontier molecular orbital analysis (FMOs), 

molecular electrostatic potential (MEP), global reactivity parameters, and Mulliken charges 

were investigated. All the calculations were performed in gaseous phase using Gaussian 09 

package at default pressure and temperature of 1.00 atrn and 298.15 K, respectively. The DFT 

method was chosen due its accuracy and reliability. Charges on all the compounds (PylL, NC 

and ClL) was set to zero with singlet spinP4 

3.11.1 Geometry Optimization 

Geometry optimization is first and most important stage in determining the stable geometry 

with minimum energy. 175 Structures of PylL, NC, and ClL were optimized using B3L yP 

functional and 6-31 G+ (d, p) basis set. 

Figure 3.23: Optimized geometries of (a) PylL, (b) NC, and (c) ClL at B3L YP/6-31G+ (d, p) 

using DFT 

The optimized structures are displayed in Figure 3.23. The white colored sphere represents 

the hydrogen atom, grey sphere represents the carbon atom, blue color shows nitrogen atom, 
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red color shows the oxygen atom and green color shows the chlorine atom in the figures . The 

optimized structure of ClL shows the oxygen of terminal OH of NC to be co-planar with 

nitrogen of pyridinium ring of PylL while the hydrogen of OH group of NC is coplanar with 

chlorine atom of Py lL. This coplanarity between them indicates that these moieties were 

mainly contributing in interaction ofNC and PylL upon dissolution ofNC in PylL. 

3.11.2 Frontier Molecular Orbital (FMOs) Analysis 

Frontier molecular orbital (FMOs) analysis was conducted to examine the compounds' 

electronic characteristics and their interactions with one another. Single point energy 

calculations are associated with determining the lowest potential energy configuration for a 

given atomic arrangement in molecules. According to the quantum mechanics, two species 

interact because of the overlapping of frontier molecular orbitals (HOMO and LUMO). When 

two species approach each other, an increase or decrease in their HOMO and LUMO energies 

occur because of their molecular orbital's interaction. EHOMO is the ability to donate electrons. 

A high EHOMO means that the molecule is more reactive (unstable). While ELUMO is 

measurement of electron affinity. Energy differences between HOMO and LUMO is known as 

bandgap (i1E) which is an important indicator of chemical stability. Greater the i1E, higher the 

stability (less reactivity).175 

The single point energies were calculated and FMOs were obtained as shown in Table 3.6. 

HOMO of PylL is delocalized on chloride of tertiary butyl pyridinium chloride ionic liquid, 

indicating the high electron density on the chloride of PylL, while the LUMO of PylL is 

delocalized on the pyridinium ring of ionic liquid presenting the low electron density site for 

interaction. Similarly, the HOMO ofNC is delocalized on the glucopyranose ring of cellulose 

unit and LUMO is delocalized on the terminal hydroxyl group indicating the available site for 

interaction. HOMO of ClL is delocalized on the pyridinium ring and chloride of PylL and 

terminal OH group of NC indicating the interaction between PylL and NC, while LUMO is 

delocalized on the PylL because of presence of pronounced charges on this moiety. Hence, the 

HOMO ofClL affirmed the interaction between PylL and NC. 

The energies of HOMO, LUMO levels and band gap values are computed in Table 3.7176 

Molecules having small band gap value are considered soft, easily polarized, less stable and 

more reactive, while large value of band gap corresponds to hard molecule and less reactivity. 

Band gap values for the PylL, NC and ClL show that PylL is polar and most reactive, while 

NC is less polarizable and least reactive among the investigated compounds. However, the 

reactivity ofNC increases upon interaction with PylL. 
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Table 3.6. FMOs diagrams ofPylL, NC, and ClL at B3L YP/6-31G+ (d, p) using DFT method 

HOMO LUMO 

PylL 

NC 

elL 

Table 3.7: Calculated EHOMO, ELUMO and band gap for investigated compounds at B3L YP/6-

31G+ (d, p) using DFT method 

Compound EHOMO (eV) ELUMo(eV) Eg (e V) = ELUMO - EHOMO 

PylL -4.7138 -2.6572 2.0566 

NC -6.3647 -1.3606 5.0041 

ClL -5.4259 -2.1959 3.2300 
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3.11.3 Global Reactivity Parameters 

Interaction of PyIL with NC causes changes in the electronic properties of NC. For 

investigation of changes on interaction, global reactivity parameters were computed. The 

extended Koopman theorem is utilized for the computation of to calculate the ionization 

potential; measure of strength by which electron remains bounded to a molecule (I), electron 

affInity; ability to take electrons (A), electronegativity; ability to attract shared pairs of 

electrons (X) , chemical softness, measure of electron cloud polarization (J), chemical hardness; 

resistance towards electron cloud polarization ( '1) and chemical potential; measure of energy 

stored in a bond (Jl), electrophilicity index, measure of ability of molecule to take up electrons 

based on chemical potential and hardness (w) of the compounds. I77 All these parameters give 

information regarding the molecule' s stability and equations to calculate them can be seen in 

equations 3.5-3.11. 

1 = -EHUMO (3.5) 

A = -EWMO (3.6) 

I-A 
(3.7) ." = -

2 

(I+A) 
(3.8) x=-2 

1 
(3.9) (f 

211 

/1-= 
(I+A) (3.10) ---

2 

1L2 w= -
211 

(3.11) 

Table 3.8. Ionization potential (I), electron affInity (A), electronegativity (x), chemical 

softness (0-), chemical hardness (11) and chemical potential (f.l), electrophilicity index (co) of the 

compounds investigated at B3L YP/6-31G+ (d, p) level of theory. 

Sample EnoMo ELUMO AE I A X (J 11 Jl w 

ID (eV) (eV) (eV) (eV) (eV) (eV) (eV-I) (eV) (eV) (eV) 

PylL -4.71 -2.66 +2.05 4.71 2.66 3.67 0.49 1.03 -3.67 6.57 

NC -6.36 -1.36 5.0 6.36 1.36 3.86 0.2 2.5 -3 .86 2.98 

CIL -5.43 -2.19 3.24 5.43 2.19 4.34 0.46 1.09 -4.34 8.60 
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The values of calculated global reactivity parameters are given in Table 3.8. The ionization 

potential is the measure of strength by which an electron remains bound to the molecule. A 

high ionization potential means more difficulty to remove an electron, while a high electron 

affinity means greater reactivity. Thus, both ionization potential and electron affinity are 

criteria to determine the reactivity of a molecule. I77 Tertiary butyl pyridinium chloride (PyIL) 

exhibits ionization potential of 4.71eV and an electron affinity of2.66 eV. Nanocellulose (NC) 

shows an ionization potential of 6.36 e V and an electron affinity of 1.36 e V. Upon Interaction 

ofNC with PyIL the ionization potential was decreased to 5.43 eV and electron affinity was 

increased to 2. 19 eV. This suggests that reactivity ofNC increases on interaction with PyIL. 

Other two important descriptors to predict the reactivity of a compound are its chemical 

hardness and softness. These two parameters depend upon band gap of compound. Large 

bandgap means compound is hard and less reactive. Small band means compound is soft and 

more reactive. Interaction of NC with PyIL makes extracted NC softer and more reactive in 

nature. Electrophilicity and chemical potential is directly related to the reactivity of compound. 

The electrophilicity index ofPyIL, NC and CIL calculated is 6.57, 2.98, and 8.60, respectively. 

The chemical potential calculated for PyIL, NC and CIL are -3.67 eV, -3 .86 eV, and -4.34eV. 

The increase in the electrophilicity index and chemical potential is attributed to increase in 

reactivity of investigated compounds. 

3.11.4 Molecular Electrostatic Potential (MEP) 

MEP is an electrostatic potential plot used to determine favorable sites for nucleophilic and 

electrophilic attack as well as to anticipate the distribution of electrostatic charges on distinct 

regions including positive, negative and neutral regions by presenting different color zones.I78 

Different color appearance on the structure revealed the unequal distribution of charges. Red 

color regions showed the maximum negative region and depicted as electrophilic site whereas 

the blue regions represented the most positive region and could act as suitable site for 

nucleophilic site. Neutral region having zero electrostatic potential in the molecule is 

represented by the green hue. The decrease in the electrostatic potential is shown in the order; 

blue > green> yellow> orange> red. I79 By utilizing the optimized geometries of three 

compounds molecular electrostatic potential surfaces are shown in Figure 3.24. 

Figure 3.24 (a) shows that the chlorine in PyIL is most electronegative region while the 

pyridinium ring found to have most electropositive or nucleophilic region. (b) shows that the 

terminal oxygen is most electronegative while other oxygen sites are also electronegative sites 
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but the carbons adjacent to oxygen are electropositive regions in NC. (c) shows that in CIL the 

~ glycosidic bond ofNC and chlorine of PylL are most electronegative sites and pyridiniurn 

ring is most electropositive site in PylL after interaction. 

Figure 3.24: MEP surfaces of (a) PyIL, (b) NC, and (c) CIL at B3L YP/6-3 1G+ (d, p) at DFT 

level 

3.11.5 Mulliken Charge Analysis 

Mulliken charge analysis is directly related to vibrational characteristics and distribution of 

electrostatic charges present on the molecular system. 180 This analysis has a strong application 

in predicting the electronic charges on the structure by undergoing atomic displacement and 

pertainirIg to the molecule's chemical bonds. In present work, the carbon atom attached to the 

hydrogen atom has partial negative charge while the carbon atom attached to the 

electronegative atoms like nitrogen and oxygen carries a partial positive charge as the 

electronegative atoms pull the electron density towards themselves. Figure 3.25 - 3.27 shows 

Mulliken Charges on (a) PyIL, NC, and CIL at B3L YP/6-31G+ (d, p) using DFT. Figure 3.25 

k shows the most negative charge on the chlorine and most positive charge on the nitrogen of 

pyridiniurn ring of PylL. Figure 3.26 shows that the most negative charge is on the oxygen 

atom of terminal OH groups while the hydrogen attached to oxygen of OH groups and the 

carbons adjacent to the OH groups carry most positive charges. 
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Figure 3.25: Mulliken charges on PyIL at B3L YP/6-31 G+ (d, p) at DFT level. 

Figure 3.26: Mulliken charges on NC at B3L YP/6-3 1G+ (d, p) at DFT level 

~ . 

Figure 3.27: Mulliken charges on CIL at B3L YP/6-31 G+ (d, p) at DFT level 
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Figure 3.27 showed the redistribution of charges on atoms affirming that NC and PyIL interact 

with each other, which in turn supports the dissolution ofNC in PyIL. Although all compounds 

have different distribution of charges on atoms but the overall charge on all the three moieties 

was found to zero. 
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Conclusions 

Nanocellulose (NC) was extracted from hardwood of Eucalyptus camaldulensis by 

newly developed extraction method and characterized by XRD, FTIR and SEM analysis. The 

XRD of nanocellulose (NC) affirmed its successful synthesis as Nanocellulose I having 71 % 

degree of crystallinity. FTIR results showed the presence of three peaks for p glycosidic bonds 

at 1027, 1160 and 1249 cm -I and a band for bonded 0 H groups on N C surface around 3331 cm

I . SEM ofNC manifested rod-shaped morphology confirming the synthesized NC with intact 

structure. The zeta potential value showed unstable suspension of NC in methanol due the 

presence of fewer free hydroxyl bonds and its restricted solubility. The zeta sizer ofNC further 

confirmed NC as CNCs with average size 172 nm. The PDI value of 0.117 provided the 

uniform size distribution ofNC. 

A ter-butyl pyridinium chloride ionic liquid (PyIL) was synthesized for the first time and 

characterized by NMR, FTIR, and UV studies. NMR confirmed the structure and purity of 

synthesized PyIL. FTIR spectrum provided peaks at 990 and 1030 cm- I of C-N stretching of 

alkyl-pyridinium ring while a peak at 1580 cm- I corresponding to pyridinium ring. UV results 

showed that PyIL exhibits negative solvatochromic effect. Thermophysical properties ofPyIL 

were investigated with increasing temperature (20 °C - 50 °C). The refractive index (nD) with 

1.5312 highest value at 20 °C was determined using refractometer. The viscosity (lJdynamic) 

and density (p) values obtained by viscometer with highest values of p = 1.69 gcm-3 and 

lJdynamic= 10.04 Pa. sat 20 °C respectively. Extracted nanocellulose was dissolved in various 

solvents and in different PyILIwater mixtures. The best nanocellulose dissolution was observed 

in 9:1 volume ratio ofPyILIwater mixture. The dissolution ofNC in PyIL was confirmed by 

various techniques as UV (251 nm), FTIR, and XRD. XRD analysis manifested a decrease in 

crystallinity of NC upon dissolution in ionic liquid while FTIR showed the presence of free 

hydroxyl groups on NC surface. 

Antibacterial activity against four different bacterial strains was investigated and cellulose 

dissolved ionic liquid depicted best biocidal effects against Klebsiella pneumoniae with 

inhibition zone of 41 mm. Antioxidant studies against DPPH radical showed ionic liquid as 

good antioxidant with 68% radical scavenging and ICso value of31.7 !lL. NC showed the least 

antioxidant behavior that was increased upon dissolution in PyIL with an ICso of 24.4 !lL. 

FRAP assay showed that total reducing power of NC was increased from 535 to 560 !lg 

AAE/mg on dissolution in PyIL. 
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Theoretical studies were also conducted using the DFT method to investigate interaction 

between PylL and ClL. The geometry optimization of PyIL, NC, and ClL was performed at 

B3LYP/6-31G+ (d, p) level ofDFT using Gaussian 09 program. Coplanarity of 0 and H of 

OH group in NC and N+ and CI- in PylL supported the interaction between NC and PylL. 

Frontier orbital analysis and global reactivity parameters confirmed PylL as most reactive 

among NC, PyIL, and ClL compounds while NC is the least reactive. However, its reactivity 

increased on dissolution in PylL. 

Results conclude that not only CNCs were synthesized from hardwood of Eucalyptus by 

novel method, but a suitable solvent for them tertiary butyl pyridinium chloride (PyIL) was 

also synthesized to make them more useful for further applications. 
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