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Chapter 1 

INTRODUCTION 

1.1 WASTE TO WORTH 

One of the major issues that our world face today is waste management 

which is essential for a sustainable living. In such a scenario, the ‘Reduce, 

Reuse, Recycle (R-R-R)’ principle as in Fig.1.1 becomes relevant. 

‘Reduce’ aims to mitigate the amount of waste generated every year by 

choosing renewable and sustainable products. The environmental impact 

of wastes can be lessened by making public aware of the subsequent 

consequences and thereby making them to rethink their excessive 

purchasing habits and adopt a sustainable living. ‘Reuse’ emphasizes the 

utilization of waste and unwanted substances in day-to-day life and use it 

as an alternative to the existing materials instead of discarding it as a 

waste. ‘Recycle’ is a means of converting already used materials to 

valuable products, so that they can be used for future needs [1]. Jackfruit 

(Artocarpus heterophyllus) is a species of tree that is widely found in 

Southeast Asia and Pacific region [2].  It belongs to the Moraceae family. 

Usually we consume jackfruit and discard its peels as a waste because it is 

inconsumable. Even though the peels are biodegradable, it piles up as 

agro-waste. It can lead to the production of greenhouse gases, suffocation 

due to pungent odors because of its decay, as well as water pollution [3]. 

So keeping these two in mind we came across an idea of transforming this 

waste into worth by the synthesis of nanocellulose and carbon quantum 

dots from jackfruit peels. The key concept of our work is ‘Waste to 
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Wealth’. It refers to the process of transformation of waste materials into 

valuable products or resources. This initiative plays a crucial role in 

promoting sustainable waste management, minimizing environmental 

pollution and driving economic growth.  

 

 

Fig.1.1: The 3R hierarchy – ‘Reduce, Reuse, Recycle’ [4] 

 

1.2 CELLULOSE 

Cellulose stands out as an ideal choice for sustainable material 

development. It is a complex carbohydrate with molecular formula 

(C6H10O5)n as in Fig 1.2. It is the most abundant organic compound on 

Earth. It is present in the cell walls of plants and algae. They are joined by 

D- glucopyranosyl units via by β-1, 4 -glycosidic bonds [5]. They are 

highly crystalline, insoluble in water, renewable and biodegradable. 

Through photosynthesis, plants synthesize cellulose [6]. It is comprised of 

plasma membrane, hemicellulose, pectin etc as shown in Fig. 1.3. 
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Fig.1.2:  Structure of Cellulose [7] 

 

                 

 Fig.1.3: Plant cell wall [8] 

                   

1.2.1    Sources of Cellulose 

There are natural as well as synthetic sources of cellulose. The primary 

source of cellulose is the plant cell wall. Natural fibres are extracted from 

cotton, jute, flax, ramie, sisal, hemp etc. Synthetic fibres are derived from 

fabrics like Lyocell, modal, rayon etc. [9]. Fig.1.4 (a) shows the different 

sources of cellulose. 
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Fig1.4: Sources of Cellulose (a) 

 

There are lignocellulosic sources, animal, algae and bacterial sources as 

shown in Fig.1.5 (b).  

i. The lignocellulosic sources can be divided into two [10]: 

a. Woody residues : Hardwood, softwood [11] and sawdust wastes [12] 

b. Non-woody plants and agricultural residues: Kenaf [13], corn husk 

[14], bamboo [15], watermelon rind and water hyacinth [16], 

sugarcane bagasse [17], [18], [19] etc. 

ii. Animal sources: Tunicates like Halocynthia papillosa [20], 

Halocynthia roretzi [21], Styela plicata [22] etc. 

iii. Algae (red, green, grey, yellow-green etc.): Cladophorales and 

Siphonocladales are the orders of algae that produce cellulose. 

Cladophorales include Cladophora [23], Chaetomorpha [24], 

Rhizoclonium [25] etc. and Siphonocladales include Valonia [26], 

Dictyosphaeria [27] etc. Gelidium red algae is another example [10]. 

iv. Bacteria: Acetobacter xylinus, Agrobacterium, Seudomonas, Rhizobium 

and Sarcina are examples of cellulose producing bacteria’s. Acetobacter 
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xylinum which is a Gram negative acetic acid bacteria is the most 

dominant among these to produce cellulose. [10] 

 

 

Fig.1.5: Sources of Cellulose (b)    

 

1.3 COMPOSITION 

Cellulosic Nanocrystals (CNCs) can be effectively segregated and purified 

from the complex matrix of Lignocellulosic Biomass (LB) using 

specialized techniques. Lignocellulosic Biomass (LB) is a plant-derived 

material characterized by its heterogeneous composition, comprising of 

the polysaccharides like hemicelluloses and cellulose as well as lignin, a 

complex aromatic biopolymer as in Fig.1.6 [28].  
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              Fig.1.6: Components of Lignocellulosic 

                             biomass (LB) [29] 

 

1.3.1 Cellulose 

Although the Earth generates more than thousand tons of cellulose each 

year, a mere 5% is currently extracted and utilized in diverse products. In 

1838, Anselme Payen successfully extracted cellulose from LB via nitric 

acid treatment and determined its molecular composition as C6H10O5. 

Notably, the term "cellulose" was first formally articulated within the 

scientific community in 1839 [28]. 

Cellulose is a homopolymer. It is entirely made up of glucose and no other 

sugar unit is present. It is the main structural element of plant cell wall. 

Depending on its source and type of processing, cellulose shows 

variability in its degree of polymerization. But in general it exhibits higher 

degree of polymerization [30].  

Native cellulose, produced by plants, exists in two main crystalline forms: 

cellulose I and cellulose II, with cellulose II commonly found in marine 

algae and formed by treating cellulose I with sodium hydroxide. Among 
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cellulose's four crystalline polymorphs - I, II, III, and IV - cellulose II 

exhibits the highest thermodynamic stability, whereas cellulose I is 

relatively less stable. Notably, liquid ammonia treatment of cellulose I and 

II results in the formation of crystalline cellulose III, which subsequently 

transforms into cellulose IV upon heating [9]. 

1.3.2 Lignin 

Native lignin, also referred to as protolignin, is a complex, three-

dimensional, crosslinked macromolecule biosynthesized from the 

polymerization of three primary phenylpropanoid precursors: Coniferyl 

alcohol, paracoumaryl alcohol and sinapyl alcohol. The specific 

proportions of these precursors vary significantly depending on the 

species, source, and type of lignocellulosic biomass (LB). This variability 

influences the structural and functional properties of lignin. Lignin acts as 

a binding agent in cell tissues, holding cellulose and hemicellulose fibers 

together. As plant cell walls mature, lignin provides stiffness and rigidity. 

Lignin contributes to the water resistance and impermeability of plant cell 

structures, protects plants against pathogens and environmental stresses. 

Lignin's complex structure and functionality make it an essential 

component of plant cell walls, providing strength, stability, and resistance 

to degradation [28]. 

1.3.3  Hemicellulose 

The term "hemicellulose" was first coined by Schulze to describe 

polysaccharides extractable from lignocellulosic biomass (LB) using 

dilute alkali and readily hydrolyzable by dilute acids. Hemicelluloses 

comprise 15-35% of LB and are the second most abundant constituent 
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after cellulose. These non-crystalline polysaccharides exhibit complex 

structures comprising various derivatives of pentoses (arabinose and 

xylose), hexoses (galactose, fucose, glucose, mannose, and rhamnose), and 

glycolytic acid (glucose fermentation acid, methyl-glucose and 

galacturonic acid). The primary sugar units in hemicelluloses are xylans 

and glucomannans. Hemicelluloses adhere to cellulose through van der 

Waals and hydrogen bonding and form strong cross-links with lignin. By 

integrating between cellulose and lignin, hemicelluloses play a vital role in 

maintaining cell wall structure. Hemicelluloses can be removed from 

lignocellulosic biomass (LB) through pretreatment methods such as alkali, 

dilute acid, or steam explosion [28]. 

1.4 NANOCELLULOSE 

Nanocellulose refers to the cellulose material possessing at least one 

dimension within the nanoscale range of 1-100 nanometers [31]. 

Properties like low density, flexibility, high strength, chemical inertness 

etc. contribute towards its outstanding applications [28].  

Low density of nanocellulose makes it lightweight. High aspect ratio, 

strength etc contributes to its potential as a reinforcing agent. The surface 

of nanocellulose is ample with hydroxyl bonds which in turn promote 

hydrogen bonding. CNC has the ability to self-assemble into chiral 

nematic liquid crystalline phase. Their potential in packaging applications 

is liable to their low-porosity [32]. Fig.1.7. represents the schematic 

representation of Nanocellulose present in plant cell wall.  
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     Fig.1.7: Schematic representation of Nanocellulose  

present in plant cell wall [33] 

 

1.4.1 Characteristics of Nanocellulose 

Cellulose researchers have noted that plant and crop cellulose is made of 

millimeter-sized fibers, which in turn are made of increasingly denser 

microfibers. These microfibers further consist of nanometer-sized 

microfibrils that form the basic building blocks of cellulose from different 

sources. Scientists realized the potential of these nanosized microfibrils, 

which have vast surface areas and strong bonding capacities, to create 

innovative products with significantly enhanced strength and functionality 

[34]. Nanocellulose holds a remarkable number of properties and, thus, is 

quite versatile in diverse applications. Its mechanical strength, large 

specific surface area, and stiff structure provide great potential in 

reinforcing composite applications and making it chemically modifiable. 

In addition to these beneficial properties, nanocellulose’s biocompatibility 

and biodegradability coupled with its very good barrier properties as well 
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as its ability to form stable gels and emulsions open wide windows for 

even more extensive uses in the biomedical, environmental, packaging, 

and drug delivery sectors [6]. Fig.1.8 shows the different characteristics of 

nanocellulose. 

                    

 

                       Fig.1.8: Characteristics of Nanocellulose 

 

1.4.2    Classification of Nanocellulose 

Nanocellulose is divided into four: cellulose nanocrystals (CNC)/ 

cellulose whiskers, cellulose nanofibres (CNF), bacterial nanocellulose 

(BNC) and Electrospun Cellulose Nanofiber (ECN). Cellulose 

nanocrystals (CNC) can be prepared using acid hydrolysis whereas 

Cellulose nanofibrils (CNF) production usually involves chemical 

pretreatment and subsequent mechanical disintegration through 

homogenization, microfluidization, or super-grinding. The dimensions of 
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cellulose nanocrystals (CNC) typically ranges a few nanometers in 

diameter and 10-500 nanometers in length, whereas cellulose nanofibrils 

(CNFs) have diameters ranging from 3-50 nanometers and lengths up to 

several micrometers [28]. Rice husk, wheat straw, sugarcane bagasse pulp, 

wood pulp, cotton linters, bacterial cellulose, algal cellulose etc are the 

various sources of nanocellulose [35].  

Cellulose nanostructured materials is comprised of four main classes: 

Cellulose nanofibrils (CNF), cellulose nanocrystals (CNC)/ cellulose 

whiskers, bacterial nanocellulose (BNC) and Electrospun cellulose 

Nanofiber (ECN) [31] as shown in Fig.1.9. 

 

                    Fig.1.9: Classification of Nanocellulose 

 

1.4.2.1 Cellulose Nanocrystals (CNC) 

Cellulose Nanocrystals (CNCs) have a distinctive rod shape or needle-like 

structure, exhibiting a high crystallinity along with retaining some 

disordered amorphous regions. Through acid hydrolysis as shown in 

Fig.1.10, amorphous regions are selectively dissolved, thereby resulting in 

the extraction of cellulose nanocrystals. The synthesized CNCs exhibit a 

diameter of 5 nm and their length ranges from 20 to 100 nm [31]. 
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Fig.1.10: Synthesis of Cellulose nanocrystals (CNC) 

through acid hydrolysis [36] 

 

1.4.2.2 Cellulose Nanofibres (CNF) 

Cellulose nanofibrils are nanoscale cellulose fibers. They exhibit 

diameters between 5-60 nm and lengths upto several microns. These 

fibrils comprised of both crystalline and amorphous regions. They are 

typically extracted from wood pulp using the TEMPO-mediated oxidation 

method [31]. Fig.1.11. shows the synthesis of cellulose nanofibres (CNF) 

from wood pulp. 

           

    Fig.1.11: Synthesis of Cellulose nanofibre (CNF) [37] 
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1.4.2.3 Bacterial Nanocellulose (BNC) 

Bacterial Nanocellulose (BNC) exhibits a ribbon-shaped morphology with 

dimensions ranging from 20-100 nm and many micrometers in length. 

Fermentation by specific bacterial genera like Rhizobium, Agrobacterium, 

Gluconacetobacter, and Sarcina generates Bacterial nanocellulose (BNC) 

as an extracellular product. The purity of BNC makes it stand apart, 

lacking unwanted plant-derived polymers that are commonly present in 

traditional plant based cellulose sources [31]. Fig.1.12 shows the synthesis 

of bacterial nanocellulose (BNC). 

 

           Fig.1.12: Synthesis of Bacterial nanocellulose  

                                      (BNC) [38] 

 

1.4.2.4 Electrospun Cellulose Nanofiber (ECN) 

Ultrathin fibres having diameters in the nanometer ranges can be produced 

using electrospinning. Electrospun fibres can be engineered according to 
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our interest so that it can be used in many applications. Electrospinning is 

a method of electrohydrodynamics whereby an electrified liquid droplet 

experiences elongation into a filament via jet formation, followed by later 

stretching and elongation. This technique utilizes high voltage on a 

solution or a melt of polymer; the resultant charged jet elongates and 

solidifies during the travel toward a collector. The fiber has large surface 

area-to-volume ratios with directional porosity and better mechanical 

properties [39]. Fig.1.13. shows the synthesis of electrospun cellulose 

nanofibres (ECN). 

 

           

                    Fig.1.13: Synthesis of Electrospun Cellulose  

                    nanofibres (ECN) [40] 

 

1.4   THE SOURCE – JACKFRUIT PEELS 

The Jackfruit (Artocarpus heterophyllus) tree as shown in Fig.1.14 (a) 

belongs to the mulberry family (Moraceae). It is known as Palaa (Tamil), 

Chakka (Malayalam), Kanthal (Bengali) etc., in regional languages. It is 

also known by the names Artocarpus brasiliensis Gomez, Artocarpus 
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heterophylla Lam., Artocarpus maxima Blanco etc. Even though it is 

native to Western Ghats in India, it is also found in Florida, Brazil, Puerto 

Rico etc. It produces the biggest known consumable fruit Jackfruit (upto 

35 Kg). It has applications in pharmacology, it shows anti-inflammatory 

effect, antioxidant effect, antifungal effect etc., making it an excellent 

choice as source material [41]. Each year, a single tree bears 200-500 

fruits such as each fruit weighs around 23-40 Kg. A single jackfruit tree 

yields jackfruit peels around 2714–11800 kg annually, thereby acting as a 

waste. Jackfruit peels consists of non-cellulosic components like lignin, 

hemicellulose etc., along with cellulose. Researches have been done 

considerable work in utilizing fruit, leaves, seeds etc., but much research 

haven’t been done to utilize these jackfruit peels which are considered 

inedible and as an agro-waste [42]. Raj et.al have reported 21.29 1.90 % 

yield for cellulose from jackfruit peels which highlights its ability to be 

used as a source of cellulose [43]. 

Jackfruit peels as in Fig.1.14 (b) are considered as an agro waste. But they 

can be recycled in various methods to contribute to sustainability. They 

can be repurposed as organic fertilizers. They can be processed into 

nutrient enriched cattle feed. Jackfruit peels are rich in bioactive 

compounds such as polyphenols and pectin, which can find its application 

in pharmaceutical industry. The cellulose and hemicellulose in jackfruit 

peels can be used to produce biofuels such as ethanol and butanol. They 

can be used in wastewater treatment applications by serving as a bio-based 

coagulating agents [44]. 

In the context of global environmental concerns and the urgent need for 

sustainable materials, researchers are increasingly looking toward natural, 

renewable resources to replace conventional, non-biodegradable options. 



Chapter 1 

16 

 

Hence our work focusses on the extraction of cellulose from jackfruit 

peels and the synthesis of Cellulose Nanocrystals (CNC) from cellulose 

[34]. 

            
(a)                                                     (b) 

                  Fig.1.14: (a) Jackfruit (b) Jackfruit peels 

 

1.6 DIFFERENT METHODS USED FOR THE EXTRACTION OF 

NANOCELLULOSE FROM CELLULOSE 

1.6.1 Acid Hydrolysis  

The acid-hydrolysis process of cellulose transforms it into smaller sugars, 

mainly glucose. It involves the cleavage of β-1, 4-glucosidic bonds of 

cellulose chains so that shorter chain fragments are created. Hydrolysis is 

generally influenced by the presence of other factors such as acid 

concentration, temperature, and the kinds of structural forms of cellulose. 

Acid concentration is the most influential because it constitutes a very 

crucial factor for the kinetics and mode of hydrolysis. For example, the 

sulfuric acid amounts are varied considerably, depending on the procedure 

for hydrolysis. 

There is another factor, namely temperature, which brings about different 

rates of occurrences and yields in hydrolysis according to the temperature. 

Cellulose at this temperature degrades into oligosaccharides and further 
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hydrolysis to glucose at the indicated higher temperatures at about 30°C in 

40% hydrochloric acid. 

An important aspect is the cellulose acid complex formation during acid 

hydrolysis, caused by the partial destruction of the crystalline structure of 

cellulose when concentrated acid reaches the level of effective hydrolysis. 

Kinetics of acid hydrolysis are complex and have been widely studied. 

Many kinetic equations have been proposed to describe hydrolysis of 

cellulose and oligosaccharides in different conditions. Chemical 

modifications include acid hydrolysis decreasing the average degree of 

polymerization of cellulose and introducing reactive groups in the polymer 

to improve the reducing power of cellulose. Acid hydrolysis of cellulose is 

a complex process. It will help in several applications, such as biofuel 

[45]. Fig 1.15 represents the acid hydrolysis of cellulose. 

 

 

Fig.1.15: Acid hydrolysis of Cellulose yielding Cellulose 

 nanocrystals (CNC) [46] 
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1.6.2 Enzymatic Hydrolysis 

Enzymatic hydrolysis breaks down cellulose at the solid-liquid interface 

through a series of steps. The process is largely carried out by enzymes 

known as glycosyl hydrolases, of which endoglucanases and 

exoglucanases/cellobiohydrolases are primarily included. These enzymes, 

collectively, degrade cellulose to smaller soluble products such as 

cellobiose and cellulooligosaccharides, which are further hydrolyzed by β-

glucosidase to glucose. The physical properties of cellulose and the unique 

modes of action of enzymes influence enzymatic hydrolysis efficiency. 

Increasing enzyme access and activity involve factors such as biomass 

pretreatment, which alters the physical and chemical properties of 

cellulose. The physical properties of cellulose and the unique manner in 

which enzymes act influence the efficiency of enzymatic hydrolysis. 

Increasing enzyme accessibility and activity necessitates conditions such 

as biomass pretreatment, which alters the physical and chemical properties 

of cellulose [47]. Schematic representation of enzymatic hydrolysis is as 

shown in Fig. 1.16. 

                    

             Fig.1.16: Enzymatic hydrolysis [48] 
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1.6.3 Mechanical Process 

Mechanical pretreatments, as shown in Fig.1.17, as a step in cellulose 

modification before acid hydrolysis in the synthesis route, are therefore of 

great significance as this leads to effective and efficient strategies for 

CNCs production. Researchers have evaluated various mechanical 

pretreatment techniques (magnetic agitation, milling, and blending). 

Magnetic agitation simplifies the procedure by agitating cellulose in 

solution to promote its surface area. Milling enhances the interaction 

between fibers and the acidic solution by processing the cellulose fibers. 

Grinding cellulose by a colloidal mill is a process allowing, by varying the 

intensity of the grinding, to produce the desired fiber size reductions and 

surface areas. 

Mechanical pretreatment affects the final characteristics of CNCs. These 

are the crystallinity index, total mass yield and particle size distribution. 

Crystallinity index determines CNC stability and properties. Total mass 

yield reflects how much CNC is made by individual pretreatments. 

Particle size distribution is also dependent on pretreatment method. 

Mechanical pretreatments can decrease production costs due to ability for 

large-scale production and comparison with intensive approaches. 

Alternative simpler approaches, like magnetic agitation or 

homogenization, are able to generate CNC with acceptable properties. 

Additional studies are needed on the investigation of more severe 

mechanical pretreatment that may help decrease the hydrolysis time, 

temperature, or acid concentration. Mechanical pretreatments are critical 

for CNC production, as they control hydrolysis and modify cellulose 

properties to allow efficient and low-cost production processes [49]. 
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     Fig.1.17: Mechanical treatment of cellulose [50] 

 

1.7 PRETREATMENTS FOR THE EXTRACTION OF 

NANOCELLULOSE 

Lignocellulosic biomass can be converted into cellulose is carried out 

using several pre-treatments. Breakdown of cell walls and internal tissues 

of the lignocellulosic biomass can be carried out using pre-treatments as 

shown in Fig.1.18. The pretreatments can be divided into three types: 

i. Physical pre-treatments: Physical pre-treatments for cellulose 

extraction includes sonication, pyrolysis, mechanical etc.  

ii. Biological pre-treatments: Non-cellulosic components like lignin 

and hemicellulose can be removed by biological pretreatments like 

enzymatic hydrolysis, bacterial treatment etc. 

iii. Chemical pre-treatments: Cellulose can be extracted from raw 

material using two important chemical pre-treatments which are 

alkali pulping and bleaching. It helps in removing non-cellulosic 
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components like pectin, lignin, hemicellulose etc., which are 

present along with cellulose [51]. 

 

       

               Fig.1.18: Effect of Pre-treatments [52] 

 

1.7.1 Alkali Pulping 

Alkali pulping dissolves and disintegrates non-cellulosic components by 

encroaching into the crystallites to devastate the inter and intra molecular 

hydrogen bonds in the cellulose molecules and the nearby crystalline area. 

The non-cellulosic component hemicellulose is an amorphous entity and it 

is less densely packed when compared to the crystalline region. So the 

removal of such amorphous entities increases the degree of crystallinity 

and the crystallinity index. In most cases sodium hydroxide is used to 

impregnate the fiber matrix during the alkali pulping process. This process 

causes the solvation and depolymerization of lignocellulosic materials by 

breaking the hydrogen bonds that keep cellulose macromolecules together 

and in combination with other constituents [51]. 
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1.7.2 Bleaching 

Bleaching is carried out in the alkali treated sample to remove the non-

cellulosic component lignin. Delignification is performed to increase the 

wettability between the polymer matrix and the natural fiber. Important 

bleaching agents are hydrogen peroxide (H2O2), sodium chlorite 

(NaClO2), sodium hypochlorite (NaClO) etc. Due to the presence of 

lignin, the alkali pulped sampled appears to be brown in colour. After 

bleaching, the cellulose appears to be white in colour whereas the 

bleaching solution appears to be bright yellow colour [51]. Nagarajan et 

al. [53] carried out bleaching using 0.7 – 2 wt% of sodium chlorite as 

bleaching agent and acetic acid (CH3COOH) as buffer solution. Mueller 

et.al [54] used H2O2 (1.3% w/w) and acetic acid (0.1% v/v) for bleaching 

the alkali pulped sample. 

1.8 ACID HYDROLYSIS 

The distortions in the amorphous structure makes it more prone to acid 

hydrolysis when compared to crystalline region. The temperature of the 

reaction, concentration and type of acid used etc., are the important 

parameters that influence acid hydrolysis [51]. Fig.1.19 shows the 

schematic diagram for the isolation of cellulose nanocrystals from waste 

biomass. There are two types of acid hydrolysis: 

1.8.1 Mineral Acid Hydrolysis 

Sulphuric acid, hydrochloric acid etc. are the important mineral acids used 

for acid hydrolysis. It is used for the isolation of nanocellulose from 

cellulose. Small size, high crystallinity, high thermal stability etc. makes it 

stand apart. Sulphuric acid is commonly used for acid hydrolysis [51]. 
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Morán et al. [55] used sulphuric acid to isolate nanocellulose from sisal 

fibres. Camarero Espinosa et al. [56] used phosphoric acid to isolate 

nanocellulose from cotton pulp. 

1.8.2 Organic Acid Hydrolysis 

Use of organic acid in hydrolysis render less toxicity, high thermal 

stability, high crystallinity etc.[51].  Sun et al. [57] carried out the 

hydrolysis of cellulose using 78.22 wt% of formic acid, 17.78 wt% of 

water and 4 wt% of hydrochloric acid. Mosier et al. [58] carried out acid 

hydrolysis using 200 mL of 50 mM of maleic acid and sulphuric acid for 

hydrolzing cellobiose and microcrystalline cellulose (Avicel). 

      

   Fig.1.19: Isolation of Cellulose nanocrystals (CNC) 

                                   from waste biomass [59] 

 

1.9     APPLICATIONS OF NANOCELLULOSE 

Nanocellulose is typically obtained from waste materials, thereby making 

it a valuable asset in sustainable waste treatment [34].  Fig.1.20 shows the 

different applications of nanocellulose. 
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1.9.1 Food Packaging Industry 

Cellulose nanofibres (CNF) exhibit good barrier properties due to its fibril 

structure. It limits the intrusion as well as dispersion of liquid and gaseous 

materials into cellulose-derived composite films improving the barrier 

properties of nanocellulose [34]. Not only oxygen barrier properties, but 

also water vapour barrier properties of bio-based food packaging materials 

are enhanced by the inclusion of cellulose nanocrystals (CNC) [60]. 

1.9.2 Biomedical Applications 

Nanocellulose is used as a matrix for synthesizing metal nanoparticles like 

gold [61], silver [62], platinum [63], palladium [64] nanoparticles etc. 

exhibit efficient antimicrobial activity. Hydrogels based on nanocellulose 

can be used as drug carriers [34], [65]. Membranes made of nanocellulose 

are used for wound-dressing. The cellulose nanocrystals can be bestowed 

with sensing properties by incorporating sensing nanomaterials into the 

hydroxyl groups present on the surface of cellulose nanocrystals (CNC). 

This highlights their potential to be used as biosensors [60], [66]. 

1.9.3 Reinforcement in Polymer Matrix 

The incorporation of fillers into polymer matrix composites reinforce their 

thermal as well as mechanical properties. In today’s context attempts are 

made to replace where non-biodegradable artificial fillers with 

biodegradable natural fillers to achieve sustainable development and the 

current focus is on cellulose, chitin, starch etc. Cellulose in nano 

dimension has enhanced properties when compared to cellulose which 

include elevated thermal, mechanical and augmented hydrogen bonding 

which makes it ideal to use as a filler in polymer matrix [34], [67], [68]. 



Introduction 

 

 

 

25 

The dispersion of cellulose nanocrystals (CNC) in polylactic acid (PLA) 

matrix can be increased by adding polyvinyl alcohol (PVA) as a surfactant 

[60]. 

1.9.4 Water Purification 

The nanocellulose membranes are highly selective. It is coupled with 

filters and is used to remove harmful contaminants from drinking water 

like pesticides, dyes etc. Ionic surface active groups like anionic and 

cationic groups as well as non-ionic surface active groups present in 

nanocellulose are employed to adsorb and remove natural as well as heavy 

metal impurities from aqueous solutions [34]. 

1.9.5 Papermaking Industry 

High crystallinity, high surface area, increased amount of hydrogen bonds 

etc. makes cellulose nanocrystals a promising factor in papermaking 

industry. But they also have water retention properties restraining its 

potential as paper coating materials [60]. Inclusion of electro-conductive 

fillers like carbon nanotubes (CNT) can be leveraged to produce electro-

conductive cellulosic papers [60], [69]. 

1.9.6 Food Additives 

Cellulose can be used as an emulsifier, stabilizer, thickener etc. because it 

doesn’t affect the food quality. Cellulose nanocrystals (CNC) forms 

“Pickering emulsions” because the solid particles aggregate at the oil-

water interface. Therefore, it can be used as stabilizers [60]. 



Chapter 1 

26 

 

1.9.7 Catalysis 

Cellulose nanocrystals (CNC) have high surface area and plenty of 

electron-rich hydroxyl groups [60]. So they can be used in many 

sustainable applications like cellulose nanocrystals supported palladium 

where it can be used as a recyclable catalyst [70], fabrication of cellulose 

nanocrystals (CNC) supported stable Fe (0) nanoparticles [71] etc. 

1.9.8 Carbon Dots 

C-dots were made from CNCs, which are a good source of carbon. Nitro-

substituted C-dots are obtained more easily when hydrolyzed sugar 

moieties on the surface of CNCs react with nitrogen sources. This dual 

role improves synthesis efficiency. By combining carbon dots with CNC, 

its optical properties can be enhanced. 

        

          Fig.1.20: Applications of Nanocellulose 
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1.10 CHITIN AND CHITOSAN  

Chitin is a naturally occurring mucopolysaccharide that is white, hard, 

inelastic, and nitrogenous. It is a byproduct of the sea food industry. It is 

recognized as a regenerating raw resource that is only second in amount to 

cellulose. Chitin and chitosan are versatile and promising biomaterials. 

Chitosan, a de-acetylated chitin derivative, is a more practical and 

intriguing bioactive polymer. Every year, about a thousand tonnes are 

produced naturally, with marine species accounting for over 70%  of the 

total percentage. Chitin is the principal substance found in the shells of 

crustaceans such as prawns, crab, and lobster. It is also found in the cell 

walls of various fungi, as well as the exoskeletons of mollusks and insects. 

Chitosan is mostly manufactured by Deacetylation or removal of acetyl 

groups from the chitin polymer by alkali treatment is done commercially 

(Fig.1.21 (b)).  

Chitin's major component is (1-4)-linked 2-acetamido-2-deoxy-D- 

glucosamine (N- acetylglucosamine) (Fig.1.21 (a)). Despite the fact that it 

does not exist in cellulose-producing organisms, it is commonly recognized 

as a cellulose-polysaccharides. Amount of N- acetylglucosamine and 

glucosamine is determined by degree of deacetylation. Despite being 

biodegradable, it has a large number of reactive amino side groups, which 

opens the door to a wide range of useful derivatives that are either 

commercially available or can be produced by graft reactions and ionic 

interactions. India, Poland, Japan, the United States, Norway, and Australia 

are currently commercial producers of chitin and chitosan. A substantial 

amount of research is being conducted on chitin/chitosan around the world, 

particularly in India, to explicitly impart the competencies required to 

maximize its value. 



Chapter 1 

28 

 

       

                       (a)                                                         (b) 

Fig.1.21 Structures of (a) Chitin (b) Chitosan 

Because of its fundamental characteristics - such as its muco adhesiveness, 

non- toxicity, and biodegradability - chitosan is highly sought-after in a 

wide range of applications, including biomedicine, pharmacy, 

biotechnology, the food industry, and nanotechnology [72], [73]. 

 

1.10.1 Properties of Chitosan 

The primary characteristics of chitosan are its molecular weight (MW) and 

degree of acetylation (DDA). The number of free amino groups in the 

structure is impacted by deacetylation, which is the removal of acetyl groups 

from chitin and their replacement with reactive amino groups (NH2). Since 

DDA affects both the physicochemical and biological properties of chitosan, 

it is seen to be an essential feature. These parameters significantly affect the 

functional properties of chitosan, such as its solubility, material-forming 

capacity, biodegradability, and range of bioactive properties. Greater 

degrees of deacetylation (DDA) chitosan films showed reduced swelling 

indices, greater elastic modulus and tensile strength, and enhance 

crystallinity compared to lower DDA films. Chitosan's reactive amino and 

hydroxyl groups enable it to attach to metal ions and form complexes. Safe, 

non-toxic, biocompatible, hemostatic, fungistatic, spermicidal, anti-tumor, 
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anti-cholesteric, and strongly binding to both mammalian and microbial 

cells are some of its biological characteristics [72], [73]. 

1.10.2 Applications of Chitosan 

The usage of chitosan in various biopharmaceutical research fields, 

including muco adhesion, permeation enhancement, vaccine technology, 

gene therapy, and wound healing and it recently employed in mucosal 

vaccination and gene delivery, as well as ocular, nasal, sublingual, buccal, 

periodontal, gastrointestinal, colon-specific, vaginal, and transdermal 

medication delivery. Chitosan is also used as food packaging due to its 

nontoxicity, antimicrobial, bactericidal, permeability, and mechanical 

properties. Chitosan is used in bioremediation because it is a natural active 

absorbent that can be used to absorb heavy metal ions. It also used in 

pharmaceutical field to directly compress tablets, act as a tablet 

disintegrant, create controlled-release solid dosage forms, or enhance drug 

absorption. It can also be used to coat seeds for fruits, vegetables, nuts, and 

cereals. It increases proline and sugar contents, thereby changing the seed 

plasma membrane permeability. It also improves the activity of the 

enzymes peroxidase, phenylalanine ammonia- lyase, tyrosine ammonia-

lyase, and catalase. Chitosan acts as an antifungal, antiviral, and 

bionematicidal agent. Chitosan acts as a carrier promoting slow- release of 

fertilizers. It also improves the water retention capacity of the soil. 

Chitosan also has the best chelating properties, is able to remove heavy 

metals and dyes, controls algal contamination from lakes, and acts as a soil 

conditioner. Chitosan shows good film properties. Due to these properties, 

chitosan is used as polymer matrix for the composite film. Chitosan shows 

application in numerous field such as tissue engineering, cancer diagnosis, 
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ophthalmology, anti- thrombogenic and hemostatic materials, anti-aging 

properties, anti-tumor activity, water engineering, the paper and textile 

industries, agriculture, photography, etc [72], [73]. 

1.11  QUANTUM DOTS 

Quantum dots are extremely tiny semiconductor particles, usually 

measuring between one and ten nanometers in diameter. Because of their 

minute size, quantum dots have special characteristics that result from 

quantum confinement effects, in which electron and photon behavior is 

controlled by quantum mechanics instead of classical physics. Quantum 

dots are extremely sought for a variety of applications in photonics, 

electronics, and nanotechnology because of their size-dependent behavior, 

which is essential to their tunable optical and electrical properties. 

Quantum dots' (QDs') properties fall in between those of bulk 

semiconductors and discrete atoms or molecules. Their size and shape 

have an impact on their optoelectronic properties. One of the most 

important optical properties of colloidal quantum dots is color [74]. 

1.11.1 TYPES OF QUANTUM DOTS 

Quantum dots are commonly categorized based on their elemental 

constitution as: 

1. II – VI QUANTUM DOTS 

2. III – V QUANTUM DOTS 

3. IV – VI QUANTUM DOTS 

4. SILICON QUANTUM DOTS 

5. GRAPHENE QUANTUM DOTS 

6. CARBON QUANTUM DOTS 
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1.11.2 CARBON QUANTUM DOTS 

Carbon quantum dots, sometimes referred to as C-dots, CDs, or CQDs, are 

semiconductor nanocrystals that possess a number of unique 

characteristics. Usually, they are very small carbon nanoparticles. CDs are 

typically described as quasi-0D carbon-based materials with intrinsic 

fluorescence that are less than 10 nm. When single-walled carbon 

nanotubes were being purified, these particles were inadvertently created. 

They have been employed extensively in a growing variety of industries in 

recent years. Compared to traditional semiconductor quantum dots and 

organic dyes, photoluminescent carbon-based quantum dots have better 

qualities such high solubility, strong chemical inertness, simplicity of 

modification, and excellent resistance to photobleaching [75].  

Compared to other carbon-based nanomaterials, CDs are more cost-

efficient, have a larger effective surface area, better charge transferability, 

higher electroconductivity, and less toxicity. A variety of functional 

groups, including as amino, carboxyl, and hydroxyl, can be added to the 

surface of carbon dots to change their characteristics, increase stability, 

permit particular interactions, and improve biocompatibility. CDs have 

excellent electrical conductivity when employed as electrocatalysts in 

electrocatalytic reactions. A variety of functional groups, including as 

amino, carboxyl, and hydroxyl, can be added to the surface of carbon dots 

to change their characteristics, increase stability, permit particular 

interactions, and improve biocompatibility. CDs have excellent electrical 

conductivity when employed as electrocatalysts in electrocatalytic 

reactions. Because of their exceptional optical qualities, fluorescent CDs 

have found extensive usage in a variety of medical applications, especially 

in the fields of biosensing, bioimaging, and therapeutic development [75]. 
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1.12    FLUORESCENT INK 

Fluorescent ink is a particular ink type especially helpful for security 

features on documents, promotional materials, and other applications 

where a striking, visible glow under UV light is desired because it 

contains pigments that can absorb invisible ultraviolet light and re-emit it 

as visible light, creating a bright, vibrant colour that is only visible when 

exposed to a UV light source. It includes fluorescent pigments, which 

absorb ultraviolet light and re-emit it at a longer wavelength as visible 

light. They are frequently employed in security features such as passports, 

certificates, banknotes, promotional products, anti-counterfeiting 

measures, and creative creations where a vivid glow is sought [76], [77], 

[78]. 

1.13 ANTIOXIDANT ANALYSIS 

Free radicals, also known as ROS, are substances or small particles with 

unpaired electrons in their atomic or molecular orbitals. They also include 

a variety of oxygen species, including hydrogen peroxide, a potent 

oxidizing functional group that cells produce during respiration and cell-

mediated immune responses. Free radicals are given electrons by 

antioxidants, which neutralize them and make them appear innocuous, 

reducing oxidative damage to biological processes. Oxidative stress is the 

main factor linked to free radicals. Oxygen reacts with certain chemicals 

to produce free radicals, which can then interact with vital biological 

components like proteins and DNA to cause harm as well as damage to the 

cell membrane. By reacting with free radicals, antioxidants can neutralize 

them and prevent harm before it begins. Among the many different types 

of secondary metabolites that plants produce are antioxidants. A 
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interaction with an antioxidant can produce a stable DPPH-H (2, 2-

diphenyl-1-hydrazine) complex along with a color shift from purple to 

bright yellow. DPPH (2, 2-diphenyl-1-picrylhydrazyl) radicals are stable 

free radicals because a single pair of electrons on the N atom is 

surrounded by three benzene rings. The outcome showed that CDs did 

have scavenging activity against DPPH. It is possible for carbon dots to 

scavenge free radicals. Additionally, it has been demonstrated that when 

exposed to visible and/or ultraviolet light, some forms of C-dots act as 

oxidizing agents. Particularly fascinating is this dual oxidant-antioxidant 

nature, which is intimately associated with the C-dot characteristics [79], 

[80]. 

1.14 OBJECTIVES 

 Extraction of cellulose and removal of non-cellulosic components 

from jackfruit peels through alkali treatment and bleaching. 

 Synthesis of cellulose nanocrystals from cellulose using hydrothermal 

assisted oxalic acid hydrolysis. 

 Characterization of raw material, cellulose, and cellulose nanocrystals 

(CNC) using FTIR, XRD, TGA, FESEM and TEM to confirm the 

successful extraction and evaluate the properties. 

 Synthesis of carbon quantum dots using cellulose. 

 Characterization of carbon quantum dots using UV- Visible and PL 

spectroscopy. 

 Analysing the anti-oxidant activity of the synthesized carbon quantum 

dots. 

 Formulation of fluorescent ink using the synthesized carbon quantum 

dots. 
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 Extraction of chitin from shrimp shell waste and synthesis of 

chitosan from  chitin. 

 Studies of moisture and ash content of chitin and chitosan, viscosity 

and    Degree of Deacetylation (DDA) of chitosan. 

 Fabrication of eco-friendly bio-nanocomposite films using a 

PVA/Chitosan matrix reinforced with cellulose nanocrystals (CNCs) 

via solution casting. 

 Characterization of PVA/Chitosan and PVA/Chitosan/CNC 

nanocomposite films using FTIR, FESEM and measuring its tensile 

strength to evaluate its composition and strength. 

 Examining the oil absorption capabilities of PVA/Chitosan/Cellulose 

nanocrystals (1% CNC) nanocomposite films in petrol-water mixture, 

thereby evaluating its potential as an eco-friendly solution in oil spill 

remediation. 

 Development of printable cellulose paper from jackfruit peels as a 

sustainable alternative to traditional paper. 
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LITERATURE SURVEY 

Hu et al., (2014) reported the preparation of carboxylated cellulose 

nanocrystals (CCN) and cellulose nanocrystals (CNC) from the borer 

powder of bamboo. Two steps were adopted for the preparation. One-step 

approach with ammonium persulfate for the preparation of carboxylated 

cellulose nanocrystals (CCN) and two-step approach with sulfuric acid for 

the preparation of cellulose nanocrystals (CNC). The synthesized samples 

were characterized using transmission electron microscopy (TEM), 

Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD) 

and thermogravimetric analysis (TGA). Morphology studies reveal that 

the particles of carboxylated cellulose nanocrystals (CCN) and cellulose 

nanocrystals (CNC) are spherical in shape having diameters in the range 

20-50 nm and 20-70 nm respectively. After several chemical treatments, 

the crystallinity of carboxylated cellulose nanocrystals (CCN) and 

cellulose nanocrystals (CNC) also increased up to 62.75 and 69.84% 

respectively. This research concludes that the borer powder from bamboo 

stands out as a promising choice for the synthesis of carboxylated 

cellulose nanocrystals (CCN) and cellulose nanocrystals (CNC), which in 

turn is economical and sustainable. It can be further used for the 

preparation of many other biodegradable products, offering tremendous 

opportunities in various industries [81]. 

 

Sun et al., (2005) focusses on the isolation of cellulose from wheat straw. 

It involves a two-step process which includes a steam explosion pre-
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treatment and alkaline peroxide post-treatment. Initially the straw was 

steamed at 200 . 15 bar for 10 and 33 min, and 220 , 22 bar for 3, 5 and 

8 min with a solid to liquid ratio of 2:1 (w/w) and 220 , 22 bar for 5 min 

with a solid to liquid ratio of 10:1, respectively. A solution rich in 

hemicelluloses – derived mono- and oligosaccharides was obtained by 

washing the steamed straw and which yields 61.3%, 60.2%, 66.2%, 

63.1%, 60.3% and 61.3% of the straw residue, respectively. The resulting 

sample was delignified and bleached with 2% H2O2 at 50  for 5hrs under 

pH 11.5, which gave 34.9%, 32.6%, 40.0%, 36.9%, 30.9% and 36.1% (% 

dry wheat straw) of the cellulose preparation, respectively. The steam 

explosion pre-treatment performed at 220 , 22 bar for 3 min with a solid 

to liquid ratio of 2:1, in which the cellulose fraction obtained had a 

viscosity average degree of polymerization of 587 and contained 14.6% 

hemicelluloses and 1.2% klason lignin gave the optimum cellulose yield 

of 40.0%. The steam explosion pre-treatment led to the removal of 

hemicellulose and the alkaline peroxide post-treatment led to the 

elimination of lignin and it increased the crystallinity of cellulose. The 

resulting six isolated cellulose samples were characterized using Fourier 

transform infrared spectroscopy (FTIR) and 13C CP/MAS NMR 

spectroscopy and thermal analysis [82]. 

 

Seta et al., (2020) aims to enhance the output and the colloidal stability of 

cellulose nanocrystals (CNC) resulting from the hydrolysis of maleic acid. 

This work is an initiative to synthesize cellulose nanocrystals (CNC) with 

a high yield and appreciable colloidal stability from bamboo fibres. These 

bamboo fibres were subjected to ball mill pre-treatment which can disrupt 

and open up the structure of bamboo fibres, thereby increasing the 

exposure of hydroxyl groups on the surface of pulp fibres, which in turn 
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facilitates the penetration of acid molecules into the pulp fibres. Cellulose 

is easily hydrolyzed by maleic acid, thereby increasing the crystallinity. 

The maleic acid anhydride reacts with the hydroxyl groups, thereby 

producing more –COOH groups on the cellulose nanocrystals (CNC). The 

resultant cellulose nanocrystals (CNC) showed an increased yield of 

10.55-24.50%, which is 2.80% higher than the control. The synthesized 

cellulose nanocrystals were characterized using Fourier transform infrared 

spectroscopy (FTIR), scanning electron microscopy (SEM), atomic force 

microscopy (AFM) and thermogravimetric analysis (TGA). The 

crystallinity indices were also calculated using Segal’s method. Therefore 

this study provides a convenient method for the synthesis of cellulose 

nanocrystals (CNC) with high yield and colloidal stability from bamboo 

fibres, boosting the industrialization of cellulose nanocrystals (CNC) 

synthesis [83]. 

 

Yeganeh et al., (2017) investigates the dependence of the yield, 

morphology, size and crystallinity of the synthesized cellulose 

nanocrystals (CNC) on the type of acid and the conditions of hydrolysis. 

This study intends to synthesize cellulose from the waste office paper. The 

resulting cellulose was hydrolyzed separately under the same conditions as 

Maleic acid (MA) and Sulfuric acid (SA). It was also hydrolyzed under 

different timing and temperature by maleic acid (MA) and sulfuric acid 

(SA). The synthesized cellulose nanocrystals (CNC) were characterized 

using X-ray diffraction (XRD), scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). The crystallinity index was 

calculated using Segal’s equation which revealed that the resulting 

cellulose nanocrystals (CNC) are different in their morphology, size, 

yields and crystallinity under same conditions of maleic acid (MA) and 
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sulfuric acid (SA). Analysis of the results showed that the cellulose 

nanocrystals (CNC) prepared using maleic acid (MA) had dominant 

properties like high yield, high crystallinity and small particle size when 

compared to the cellulose nanocrystals (CNC) prepared using sulfuric acid 

(SA). This shows the dependence of the properties of cellulose 

nanocrystals (CNC) on the type of acid selected for hydrolysis and the 

conditions of hydrolysis [84]. 

 

Rashid & Dutta, (2020) isolated nanocellulose from the husks of short, 

medium and large rice grains. This study was based on the hypothesis that 

the nano-scale structural differences would influence the structural 

differences in the plant parts of the same origin. The delignification and 

subsequent acid hydrolysis led to the successful elimination of non-

cellulosic components, which is confirmed by the increased crystallinity 

and infrared diffraction. Characterizations like scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), atomic 

force microscopy (AFM), zeta potential, X-ray diffraction, 

thermogravimetric analysis and differential scanning calorimetry (DSC) 

were carried out. Scanning electron microscopy (SEM) analysis revealed 

that the compact blocklets having different sizes were formed from the 

cellulose fibrils of the three different rice husks. Transmission electron 

microscopy (TEM) and atomic force microscopy (AFM) revealed that 

smooth surfaced cellulose nanowhiskers released as a result of hydrolysis. 

They exhibited different sizes like lengths = 55.7–178.6 nm, 111.2–476.7 

nm, and 153.1–778.9 nm; diameters = 11.7–28.9 nm, 16.1–37.5 nm, and 

19.9–48.3 nm) and aspect ratios (6.4, 9.8, and 16.9). Zeta potential was 

found to be −33.8 mV, −27.1 mV and −21.3 mV respectively and the 

crystallinity index was calculated to be 58.82%, 62.32%, and 76.69%. The 
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cellulose – I allomorphism characterized with XRD peaks at 2  = 16.3°, 

22.4°, and 34.5° was retained during the extraction process. Nanocellulose 

exhibited greater resistance to heat than cellulose and husks. Instead of the 

two step decomposition pattern observed in the TGA curve for the husk 

and cellulose, a three step decomposition pattern was observed for 

nanocellulose due to the extended retention of low molecular weight 

carbonic residues. Among the small, medium and long rice husks, the long 

husk was superior in size, crystallinity, strength and thermal stability, 

followed by medium and then the short husk. The nanocellulose samples 

showed negligible toxicity (< 0.1% hemolysis) against goat blood 

erythrocytes. This study also suggests that the synthesized nanocellulose 

has potential applications as heat resistant materials, food, cosmetic and 

pharmaceutical industries [85]. 

 

Chen et al., (2017) used a novel one-pot oxidative hydrolysis technique to 

isolate nanocellulose from Elaeis guineensis empty fruit bunch biomass. 

The resulting nanocellulose has physicochemical properties that can be 

compared with those obtained via traditional multistep purification 

process such as dewaxing, chlorite bleaching, alkalization and acid 

hydrolysis. Analysis of the chemical composition of the final product 

revealed that the cellulose was extracted in major amount (91.0%) with the 

remaining amounts in minor quantities of lignin and hemicellulose (~6%). 

High crystallinity was observed for the nanocellulose prepared using one-

pot oxidative technique (80.3%) when compared to the nanocellulose 

prepared using traditional multistep process (75.4%), suggesting that the 

amorphous regions in the cellulose fibres were removed effectively. 

Morphology studies revealed that the synthesized nanocellulose exhibited 

a spider-web like network nanostructure with fibres having an average 
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diameter of 51.6 15.4 nm. The synthesized nanocellulose exhibited a 

high thermal stability of 320  making it suitable to choose for 

nanocomposite applications. The one-pot oxidative hydrolysis technique 

serves as a straightforward, flexible and efficient approach for the 

synthesis of nanocellulose from a complex biomass in just 6 hrs at 90 , 

generating less wastewater when compared to traditional multistep 

processes [86]. 

 

Rampazzo et al., (2017) examines the potential oxygen barrier properties 

of cellulose nanocrystals (CNC) to use it as an oxygen barrier coating on 

food packaging films. Cellulose nanocrystals possess distinctive properties 

like biodegradability, renewability etc. This paper deals with the 

feasibility of producing high performance cellulose nanocrystals (CNC) 

from reasonable lignocellulosic waste materials. A comparative study was 

carried out about the cellulose nanocrystals (CNC) obtained through the 

ammonium persulfate (APS) process of cotton linters and kraft pulp. The 

poly(ethylene terephthalate) (PET) coated films were analyzed to study its 

functional properties, as well as the the morphology , chemical properties 

of the synthesized  cellulose nanocrystals (CNC). The results showed that 

the cellulose nanocrystals (CNC) prepared from cotton linters and kraft 

pulp exhibited similar characteristics and performances. Also, the coatings 

made with the cellulose nanocrystals (CNC) prepared from kraft pulp 

showed excellent gas barrier properties, with the oxygen and carbon 

dioxide permeability values hundreds of times lower than that of common 

barrier synthetic polymers of the same thickness, across a wide range of 

temperatures. These results are relevant in today’s scenario to meet the 

urgent needs paper and plastic industries while contributing towards 

sustainable development [87]. 



Literature Survey 

 41 

Li et al., (2013) illustrates the layer-by-layer assembly of two 

biopolymers, namely chitosan (CS) and cellulose nanocrystals (CNC) on 

an amorphous PET substrate to study the nancomposite’s oxygen-barrier 

properties. The oxygen permeability, morphology, and thickness of the 

nanocomposites were examined under two different pH combinations and 

with varying deposition cycles, up to 30 bilayers. Each deposited bilayer 

exhibited a thickness of 7-26 nm, which in turn was highly influenced by 

the pH value of the solution. The growth process was stable and replicable 

and the increase in thickness was proportional to the number of bilayers 

deposited. The combination of chitosan (CS) at pH 4 and cellulose 

nanocrystals (CNC) at pH 2 showed favourable properties like oxygen 

barrier properties and better transparency when compared to other pH 

combinations. The oxygen permeability coefficient of chitosan (CS)/ 

cellulose nanocrystals (CNS) nanocomposites is 0.043 

cm3 mm−224h−1kPa−1 under dry conditions. Both cellulose nanocrystals 

(CNC) and chitosan (CS) require less energy for their production.  The 

oxygen transmission rate (OTR) measurements reveal that the 

nanocomposites coatings exhibited good barrier properties, even though 

the hydrophilic nature of biopolymers used might inversely affect the 

performance of the film. It concludes with the potential of the chitosan 

(CS)/ cellulose nanocrystals (CNC) nanocomposites in the packaging of 

food and drug, serving as a clear coating on plastic films and three-

dimensional objects like bottles, boxes etc., enhancing both performance 

and sustainability of the final packages [88].  

 

Azizi et al., (2014) outlines the effect of the addition of cellulose 

nanocrystals (CNC) on the mechanical, thermal and barrier properties of 

polyvinyl alcohol/chitosan ((PVA/CS films) nanocomposites films 
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prepared through the solvent casting process. The synthesized 

PVA/Chitosan/ Cellulose nanocrystals (CNC) films were characterized 

using X-ray diffraction (XRD), scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), thermogravimetric analysis 

(TGA and DTG), oxygen transmission rate (OTR) and tensile tests were 

also performed. SEM and TEM studies reveal that the cellulose 

nanocrystals (CNC) were uniformly distributed in the PVA/Chitosan (CS) 

matrix at low loading levels. However at higher loadings, agglomeration 

was observed which adversely effected the film’s flexibility and overall 

performance. When 1.0 wt% of cellulose nanocrystals (CNC) was added 

to the PVA/Chitosan (CS) matrix, the tensile strength increased from 55.1 

MPa to 98.4 MPa and the modulus increased from 395 MPa to 690 MPa 

respectively. Also, the addition of 1.0 wt% of cellulose nanocrystals 

(CNC) intensified the thermal stability and oxygen barrier properties of 

the PVA/Chitosan (CS) matrix. The oxygen transmission rate (OTR) of 

the nanocomposites films decreased with the incorporation of cellulose 

nanocrystals (CNC), which in turn increases their barrier properties. So it 

can be used in applications that require materials with low permeability to 

gases. The incorporation of cellulose nanocrystals (CNC) into the 

PVA/Chitosan (CS) blend enhanced its properties, making them suitable 

for numerous applications like packaging films, drug delivery etc. The 

biocompatibility and antimicrobial properties of chitosan can be combined 

with the thermal and mechanical strength of cellulose nanocrystals (CNC), 

making them a prominent for biomedical applications like wound 

dressing. They also show potential applications as coatings and adhesives, 

owing to their biodegradability. By optimizing the formulation, it is able 

to create high performance nanocomposites films which meets the needs 

for sustainable development. The increase in demand for renewable and 
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eco-friendly materials requisites the preparation of such biodegradable 

films and it plays a crucial role in shaping the future of material science 

[89]. 

 

Perumal et al., (2018) successfully improved essential environmental bio-

nanocomposite films by using chitosan (CS) and polyvinyl alcohol 

reinforced with rice straw derived cellulose nanocrystals (CNC) through 

acid hydrolysis. The properties of the bio-nanocomposite films were 

significantly affected by the incorporation of relatively small size (about 

15 nm) and rod-like structure of the CNC particles into the PVA/CS 

matrix, which consequently resulted in the enhancement of the mechanical 

and thermal properties of the films. The films became better in terms of 

tensile strength and thermal stability, and at the same time, the level of 

their crystallinity was also risen without diminishing the transparency, 

which was an indicator of a good dispersion at the nanoscale. 

Interestingly, these bio-nanocomposite films are powerful antibacterial 

and antifungal agents, making them a viable option for food packaging 

applications. The fact that desolation from rice straw, a waste material 

from agriculture that would have gone to landfills, can be used to produce 

the bio-polymer bio-nanocomposite PVA/CS films is something that 

provides both enhanced performance for the films and sustainability 

enhancement by waste recycling. The results of this study with the usage 

of PVA/CS/CNC bio-nanocomposite films for food packaging 

demonstrate the potential of these films as an eco-friendly and promising 

alternative that is quite practical and promotes environmental care [90]. 

 

Koymeth et al., (2023) presents the development of a novel 

nanocomposite, consisting of chitosan-garlic peel cellulose nanofibers-
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nanocurcumin, which prolongs the storage time of bananas by 8 days. The 

coating possesses a remarkable antimicrobial activity which is mostly 

directed against E. coli, which also helps to retain the physiochemical trait 

of the bananas, mitigate weight loss, and restrict the bananas from over-

ripening. This is a novel approach as it also addresses the focus of 

preventing food wastage since the strategy is to utilize biodegradable 

wastes for production. The study highlights the oxygen barrier effect and 

antibacterial properties of the coating, which reduce respiration and 

transpiration rates, thereby enhancing fruit quality. This biobased coating 

offers a practical and eco-friendly solution for reducing postharvest losses 

and combating global food waste [91].  

 

Han Lyn & Nur Hanani, (2020) extends his research into chitosan films 

containing lemongrass essential oil –pointed out them as potential 

biocomposite materials to be used as food packaging for its antimicrobial 

properties. The increase in lemongrass essential oil concentration resulted 

in the improved films elasticity and reduced water vapor permeability, 

though it somewhat decreased the tensile strength of the modified films 

due to changes in the microstructure. The films were found to be effective 

in terms of the anti-microbial activity against foodborne bacteria with 

some of the strains showing predisposition. The LEO also exhibited some 

form of volatility that contributed to the anti-microbial activity woody. 

This was chitosan/LEO films would have the capability of improving food 

protection during storage and increase their durability. Thus, they raise the 

necessity for investigating their antioxidant properties and packaging 

application of the material [92]. 
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Recent studies of Neenu et al., (2023) have explored cellulose Nano 

papers derived from pineapple pomace as a sustainable material for active 

packaging. Incorporation of cinnamon essential oil (CEO) into these Nano 

papers has demonstrated enhanced antibacterial activity against 

Staphylococcus aureus and Escherichia coli. CEO addition has also 

improved water barrier properties and reduced oxygen and water vapor 

permeability. The plasticizing effect of CEO has been shown to increase 

the flexibility of the Nano papers while slightly reducing their crystallinity 

and tensile strength. Applications of these Nano papers in packaging have 

effectively extended the shelf life of coriander leaves, preserving essential 

nutrients and reducing weight loss. Such advancements highlight the 

potential of CEO-loaded Nano papers as eco-friendly solutions for 

sustainable food packaging [93]. 

 

The latest research of Jancy et al, (2020) explains the various chemical 

processes involved in the extraction of cellulose from jackfruit peels to 

produce cellulose nanoparticles (CNP). First, the inedible components of 

jackfruit are treated with a 2% NaOH solution for 180 minutes at 50°C in 

order to get rid of the hemicellulose and lignin. Bleaching with hydrogen 

peroxide and NaOH is done until the cellulose turns white, representing 

high purity. In the final process, the nanoparticles are synthesized from 

cellulose via acid hydrolysis for about 120 minutes under 52% sulfuric 

acid at 45°C. The purity characteristics of the resulting CNP demonstrate 

the absence of certain functional groups, which underscore its potential 

applications in bionanocomposites, particularly in improving the 

mechanical and thermal properties of biopolymers for food packaging 

applications [94].   
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The studies of Fang et al., (2021) pertains to the synthesis of the C-dots as 

well as the luminescence properties of these kinds of nanocrystals which 

were synthetized using a single-step hydrothermal process at varying 

temperatures, such as 160 °C and 200 °C. Attention should be paid to the 

fact that heteroatom insertions, such as those of oxygen and nitrogen 

within the carbon framework, dramatically affect C-dots' optical 

properties. Different types of fluorescence emission properties-

discriminated in excitation wavelength-dependent and excitation 

wavelength-independent types-were found. The results indicate that C-

dots synthesized under 200°C conditions (CDs-200) exhibit excitation 

wavelength-dependent fluorescent emissions due to well-balanced 

structural defects, whereas those synthesized at 160°C (CDs-160) exhibit 

excitation wavelength-independent fluorescence largely owing to a higher 

proportion of C=O defects. The results demonstrated that increasing the 

synthesis temperature increases the total number of structural defects, in 

line with greater fluorescence emission in CDs-200 than in CDs-160. 

Those characterization methods, applied FTIR and XPS, confirmed that 

the higher density of defects in CDs-200 increases the optical properties. 

The stability of the CDs-200 against different treatments-and others UV 

exposure conditions, changes in pH, etc., indicate their potential in real 

applications. Overall, this work sheds light on how the microstructural 

features of carbon dots relate to their luminescence properties, thus laying 

the groundwork for controlled design of effective fluorescent material 

[95].   
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Chapter 3 

MATERIALS AND METHODS 

3.1 INTRODUCTION 

This chapter includes the materials and methods used for the synthesis 

of Cellulose Nanocrystals (CNC) and Carbon Quantum Dots (CQDs) 

from jackfruit peels. PVA/Chitosan and PVA/Chitosan/CNC 

nanocomposite films were also prepared by solution casting method. 

Preparation of printable cellulose paper as well as the characterization 

of the Raw Material (Jackfruit peel powder), Cellulose, Cellulose 

Nanocrystals (CNC), and Carbon Quantum Dots (CQDs). The 

prepared nanocomposite films were also analyzed. 

 

3.2 SYNTHESIS OF CELLULOSE NANOCRYSTALS (CNC) 

FROM JACKFRUIT PEELS 

3.2.1 Chemicals Required 

1. 5% Sodium hydroxide (NaOH) 

2. 1.4% Sodium chlorite (NaClO2) 

3. 30% Oxalic acid (H2C2O4) 

4. Glacial acetic acid 

5. pH 4 buffer tablets 

 

3.2.2 Materials Required 

1. Jackfruit peels 
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3.2.3 Apparatus Required 

1. Magnetic stirrer 

2. Hotplate 

3. Mechanical stirrer 

4. Hot air oven 

5. Autoclave 

6. Sonicator 

 

3.2.4  Synthesis of Cellulose Nanocrystals (CNC) 

Cellulose extraction was conducted by modifying the acid hydrolysis 

procedure outlined by R. Brahma and S. Ray [5]. The procedure involved 

a sequential three stage methodology. 

1) Alkali Pulping 

2) Bleaching 

3) Acid Hydrolysis 

The jackfruit peels were collected from household to maintain uniformity 

in the study. Jackfruit peels were washed well with distilled water and 

sun-dried for 2 days as shown in Fig.3.1 (a). It was then subsequently 

oven-dried for two days and grounded using grinder to obtain fine 

jackfruit peels powder as shown in Fig.3.1 (b). 

                                                                            

(a)                                                     (b) 

              Fig.3.1: (a) Dried Jackfruit Peels (b) Jackfruit Peel Powder. 
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 3.2.4.1 ALKALI PULPING 

Dried jackfruit peels powder is subjected to alkali treatment which 

involves the solvation and decomposition of non-cellulosic component 

hemi cellulose. When raw material is treated with alkaline NaOH, it 

results in fiber swelling, increases the surface area and facilitates 

hydrolysis of cellulose polymer chain. For this 50 g of jackfruit peel 

powder was treated in an alkaline medium using a 5% NaOH (w/v) 

solution at 80°C for 4 hours in a temperature controlled mechanical stirrer. 

The treated residue was then thoroughly washed to obtain neutral pH. It 

was then dried at 60°C in a hot air oven as shown in Fig.3.2. 

 

                                   
 

                                      Fig.3.2: Alkali pulping  

 

3.2.4.2 BLEACHING 

The alkali treated fibers were subsequently bleached to remove lignin 

present in it. Bleaching step also ensure the defibrillation of the cellulose 

in the material. For this the obtained residue had then undergone bleaching 

treatment using 1.4% sodium chlorite (w/v) solution at 70°C for 5 hours. It 

was then followed by washing to achieve neutral pH and dried at 60°C. 

After bleaching lignin which has brown color gets removed and ensure a 
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bright yellow bleaching solution. The resulting dried residue constitutes 

isolated cellulose as shown in Fig.3.3.  

 

                                               

Fig.3.3: Bleaching  

 

3.2.4.3 ACID HYDROLSIS 

            The isolated cellulose was subjected to acid hydrolysis to produce 

cellulose nanocrystals (CNC) by selective removal of the amorphous 

region. Cellulose was hydrolyzed with 30% oxalic acid (w/v) solution in a 

hydrothermal autoclave at 120°C for 6 hours. Oxalic acid which is mild 

and nontoxic has very less environmental impact compared to other 

mineral acids. Optimum temperature and pressure were maintained to 

obtain desired cellulose nanocrystals (CNC). Hydrolyzed residue was 

washed to neutral followed by sonication for 30 minutes. It was then dried 

and stored under refrigeration as shown in Fig.3.4. 

                                                                

Fig .3.4: Acid hydrolysis  
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Fig. 3.5 Represents the flowchart for the synthesis of cellulose 

nanocrystals (CNC) from jackfruit peels 

 

 

  Fig.3.5: Flow chart showing the synthesis of Cellulose  

Nanocrystals (CNC). 

 

3.3 EXTRACTION OF CHITOSAN FROM SHRIMP SHELLS 

3.3.1 Materials required 

1. 1 M NaOH solution 

2. Methanol 

3. Water 

4. Chloroform 
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3.3.2 Extraction of Chitin 

The residual waste from the shrimp shells was gathered, cleaned, dried, and 

crushed. The powdered shell undergoes deproteinization, an alkali process, 

for 72 hours at 65– 100º C using 1 M NaOH. The second phase is called 

demineralization. The shell is treated with 0.275–2.0 M HCl for 1–48 hours 

at 0–100º C following deproteinization. This is followed by decolorization 

and bleaching using an organic mixture of methanol, water, and 

chloroform in a 1:2:4 ratio at 25º C. 

3.3.3 Extraction of Chitosan from Chitin 

1. Chitin 

2. 50% NaOH solution 

3. Hot air oven 

The process of deacetylating chitin yields chitosan. In this process, 

chitin is treated for 6–8 hours with 50% NaOH (1:10 w/v). After that, 

the product was filtered and cleaned with distilled water until the pH 

was balanced. The finished products were dried for a further 24 hours at 

40º C in a vacuum oven after first being dried for 24 hours at 40º C in a 

conventional oven. 

3.4 DETERMINATION OF ASH AND MOISTURE CONTENT OF 

CHITIN AND CHITOSAN 

3.4.1 Materials required 

1. Chitin or chitosan 

2. Dessicator 

3. Muffle furnace 



Materials and Methods 

 

 53 

4. Hot air oven 

           5. Petri dish 

Five grams of chitin/chitosan was taken in a petri dish and heated for 5 

hours in oven at 105ºC. The petri dish was placed in desiccator to cool 

after the heating phase. The moisture content can be determined by 

comparing the weight before and after the heating procedure. 

To determine the ash content two grams of chitin/chitosan was taken in 

crucibles and heated in a muffle furnace at 800º C for three hours. After 

that, it was cooled gradually and weighed to determine the ash content 

using equation. 

 

where W1 and W2 are weight before and after heating in muffle furnace. 

 

3.5 DETERMINATION OF VISCOSITY AND DEGREE OF 

DEACETYLATION (DDA) OF CHITOSAN 

3.5.1 Materials required 

1.  Chitin or chitosan 

2. 1% Acetic acid solution 

3. Brookfield viscometer 

4. Round bottom flask 

5. 12N Sulphuric acid 

6. 1N Hydrochloric acid 

7. 0.1N NaOH 
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8. Mechanical stirrer 

Three grams of chitosan was dissolved in 300 ml of 1% acetic acid 

solution and continuously stirred for three hours. It was filtered and a 

Brookfield viscometer was used to test the viscosity of the filtered 

solution. 

The process for measuring the degree of deacetylation (DDA) involves 

dissolving one gram of chitosan in 12N sulfuric acid in a round-bottom 

flask and subjecting it to reflux for thirty minutes. Add 50 ml of distilled 

water to start the distillation process. Titrate it with a 0.1N NaOH 

solution. Using the titre values, DDA was determined using equation, 

 

where,  

                    

 

3.6 PVA /CHITOSAN/ CNC FILM  

The synthesized cellulose nanocrystals (CNC) were further blended with 

chitosan and polyvinyl alcohol (PVA) to form composite films with 

potential applications in dye degradation, biodegradable food packaging 

and in oil spill remediation. 

3.6.1 Chemicals required 

1. Poly(vinyl alcohol) (PVA) 

2. 1% Acetic acid 
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3. Chitosan (CS) 

 

3.6.2 Materials required 

1. Lemongrass oil 

2. Nano curcumin 

 

3.6.3 Apparatus required 

1. Petri dish 

2. Hot plate 

3. Magnetic stirrer 

4. Sonicator  

 

3.6.4 Preparation of PVA/Chitosan/CNC Nanocomposite Film  

To prepare the PVA/Chitosan/CNC nanocomposite film, 1:1 ratio of 

Polyvinyl Alcohol (PVA) and Chitosan was used, with 0.5 g of each PVA 

and Chitosan dissolved in hot distilled water and 1% acetic acid solution, 

respectively. The two solutions were then stirred for 30 minutes for 

blending. To this 0.01/0.03/0.05g of cellulose nanocrystals (CNC) were 

gradually added to the PVA/Chitosan mixture and blended for 3 hours to 

get 1%, 3%, 5% PVA/ Chitosan /CNC nanocomposite films respectively. 

The final blend was cast into a petri dish and dried at room temperature to 

form the composite film. A PVA/Chitosan blend film was also prepared 

following the same process without cellulose nanocrystals (CNC) addition 

for comparison [96], [97]. Fig.3.6 represents the preparation of 

PVA/Chitosan/CNC nanocomposite film. 

 



Chapter 3 

 

56 

 

                                       

       Fig.3.6: Preparation of PVA/Chitosan/CNC  

Nanocomposite film 

 

3.7 SYNTHESIS OF CARBON QUANTUM DOTS  

Cellulose is an excellent source for synthesis of carbon quantum dots 

because it’s abundant, renewable and eco-friendly. Its natural properties 

allow for tunable optical features like fluorescence, which can be adjusted 

by changing synthesis conditions making it a green alternative to 

traditional carbon-based sources for fabricating CQDs. Additionally, the 

functional groups on cellulose’s surface can be used to modify the carbon 

quantum dots properties, making it a versatile and sustainable material for 

nanomaterials. 

3.7.1 Hydrothermal Method 

Hydrothermal synthesis is a most widely used techniques for developing 

carbon quantum dots (CQDs) from cellulose, which mainly vary in the use 

of solvent and reaction conditions. Hydrothermal synthesis uses water as 

the medium, high temperature and high pressure (120–280 °C), closed 

system, where cellulose or derivatives thereof carbonize, nucleate and 

yield carbon quantum dots. This approach is environmental friendly, 

economical, and easy to implement which makes it popular for cellulose-

based CQDs. 
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3.8 ANTIOXIDANT ANALYSIS 

A mixture of 1.5 mL sample and 1.5 mL 0.2 mM ethanolic DPPH solution 

was vortexed and incubated in darkness for 30 minutes. The absorbance 

was measured at 517 nm with ethanol as the blank and DPPH solution 

without the sample as the control. The sample with lower absorbance 

expresses a more significant free radical scavenging activity (RSA) [79], 

[80]. 

3.9 CARBON QUANTUM DOT BASED FLUORESCENT INK 

FORMULATION 

An ink pen refill tube was filled with the carbon quantum dot solution 

without any preprocessing. On filter paper, it was used to write and draw 

a variety of designs and text. Fluorescent images were created by 

exposing it to UV light after it had been in the air. 

3.10 CELLULOSE PAPER 

Cellulose is an important intermediate during the synthesis of cellulose 

nanocrystals (CNC) from jackfruit peels. They are usually prepared from 

plant sources, thereby reducing environmental pollution and contribute to 

sustainable development. The presence of hydroxyl groups in cellulose 

render them sufficient functionalities. It possess a highly porous structure 

with a very large surface area. It is biodegradable and biocompatible. 

Thus we can introduce various polymers as well as functional groups, 

thereby strengthening its applications. It can be used as filters and 

electrical insulators in industries. It can be used for writing, printing etc., 

therefore it finds application in our day-to-day life as well [98]. 
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3.10.1 Materials required 

1. Cellulose 

3.10.2     Apparatus required 

1. Petri dish 

2. Hot air oven 

3.10.3 Preparation of Cellulose Paper 

The cellulose residue derived from jackfruit peels was casted in a petri 

dish and was oven dried at 60°C for 2 days to obtain a printable cellulose 

paper. It is an enhanced replacement for convectional paper. 

3.11  CHARACTERISATION TECHNIQUES 

The raw material (jackfruit peel powder), synthesized cellulose and 

cellulose nanocrystals (CNCs) were characterized using X-ray diffraction 

(XRD), Fourier transform infrared spectroscopy (FTIR), Scanning 

electron microscopy (SEM), Transmission electron microscopy (TEM) 

and Thermogravimetric analysis (TGA). The prepared PVA/Chitosan film 

and PVA/Chitosan/CNC nanocomposite films were characterized using 

Fourier transform infrared spectroscopy (FTIR) and by measuring their 

tensile strength. 

3.11.1    X- Ray Diffraction (XRD)  

X-ray diffraction (XRD) is used to analyze crystalline materials. Here, a 

crystalline material is subjected to monochromatic beam of X-rays. These 

X-rays on striking with the lattice planes of the crystal gets scattered at 

different angles which in turn produces different diffraction peaks as a 

result of constructive interference. Information regarding the atomic 
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arrangement within the material can be obtained by analyzing these peaks. 

This X-ray diffraction pattern acts as a “fingerprint” of the material’s 

periodic atomic rearrangement. Thus we could evaluate the crystalline 

nature of the analyze sample. Its non-destructive nature sets itself apart 

from other techniques. It offers rapid and straightforward sample 

preparation. The d-spacing calculations have high precision and can be 

conducted in real-time. So we can characterize a wide range of materials 

using this technique including single crystals and amorphous solids. This 

technique is optimized for homogenous, single-phase materials. Another 

disadvantage is that it requires the sample to be in powder form. It also 

needs to have access into standard reference files. Its effectiveness 

decreases when it comes to mixed materials, with a detection limit of 2%. 

Even the overlapping of peaks may occur at higher angles. It finds 

application in pharmacy, aerospace, mineralogy etc [99]. 

XRD analysis was performed to identify the crystalline nature using 

Bruker AXS D8 Advance X-Ray Powder Diffractometer with a Cu Kα 

radiation source having wavelength 1.54  operating at 35 mV current and 

40 kV voltage [95]. Using the Segal equation the crystallinity indices were 

calculated [101]. 

Ic (%) = (1- Iam/ I200) x 100% 

 

 
3.11.2   Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR analysis was performed to identify the different functional groups. 

In FTIR spectroscopy, the amount of infrared radiation absorbed by the 

sample is measured. Here the different ranges of frequencies emitted by 

the source are isolated using a grating or a prism. Then, the energy 

corresponding to each frequency is measured using a detector and an 
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intensity vs frequency spectrum is plotted. FTIR can be used for both 

quantitative and qualitative analysis. It is used for structural elucidation 

and compound identification qualitatively. The amount of material present 

can be determined by evaluating the size of the peaks. It gained 

widespread recognition due to its simplicity and clear underlying 

principle. It is widely used as an analytical technique and it can be 

subjected to further refinement in future. Even though dispersive 

instruments use double beam, FTIR’s reliance on single beam is a major 

limitation because it may affect its precision. It shows potential 

application in diverse fields including nanotechnology, forensic science, 

pharmacy, food and beverage industry etc. [102] 

FTIR analysis was carried out in the raw material, cellulose and CNC to 

confirm the removal of non-cellulosic contents like hemicellulose and 

lignin and the successful extraction of CNC from cellulose using Thermo 

Scientific Nicolet 912A0712 iS5 FT-IR Spectrometer. The spectra were 

taken in the wavelength range between 4000-400 cm-1 in the mid–IR range 

and with a resolution of 4 cm-1. The reading was taken using % 

transmittance [100]. 

3.11.3  Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) provides information regarding the 

topography, composition and crystallography of a sample. SEM generate a 

high resolution image by scanning the surface of a specimen using a 

focused beam of electrons. It can show magnification from 5x to 300,000x 

and even up to 1,000,000x in modern equipments. The instrumentation 

includes electron source, condenser, objective, detector etc. Firstly, the 

sample is scanned using the electrons and the emitted electrons are 

detected to generate SEM images. Conventional SEM (CSEM), Low 
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Voltage SEM (LVSEM), and Environmental SEM (ESEM) are some the 

examples of different types of SEM. Energy Dispersive X-ray 

Spectroscopy (EDS) is performed alongside SEM to analyze the surface 

characteristics of a sample as well as the quantitative and qualitative 

results. It gives three-dimensional images. It doesn’t require ultrathin 

samples and is also less time consuming when compared to TEM. But 

scattering of beam can occur when the electron beam reacts with the 

sample which may adversely affect the resolution of the image. SEM is 

employed in nanotechnology, biology, material science etc. [103] 

To obtain the high resolution images and detailed information of raw 

material, cellulose and CNC surface, Field Emission Scanning Electron 

Microscope with EDS (Tescan Brono MA1A3 XMH) was used. 

3.11.4  Transmission Electron Microscopy (TEM) 

Transmission electron microscopy (TEM) is an important imaging 

technique for analyzing the morphology of materials and its fine structure. 

One of the underlying condition for TEM is that the mean free path of the 

electrons can be optimized by optimizing a high vacuum in the column, 

thereby proving a clear image of the sample. The transmitted electrons are 

made to pass through an ultrathin sample usually around 100 nm thick by 

focusing and magnifying them. This technique outshines itself for its 

ultrathin resolution. Therefore, objects can be observed in nano 

dimensions. TEM is used in tandem with energy-dispersive X-ray (EDX) 

to evaluate the elemental composition of the analyzed sample. Thus we 

could evaluate the features and attributes of the analyzed samples. 

Selected Area Electron Diffraction (SAED) is carried out in parallel with 

TEM to evaluate the crystallography of the analyzed sample. Information 

regarding the arrangement of atoms in the crystal lattice can be obtained 
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using TEW with SAED. Both dark-field and bright-field images can be 

obtained using TEM. Preparation of ultrathin samples renders some 

difficulty in sample preparation. It causes radiation damage to the samples 

and requires high vacuum conditions. It has smaller field of view when 

compared to SEM and it is very expensive. TEM is widely used to 

characterize electronic devices, metallurgy, biology, nanotechnology etc. 

[104] 

TEM analysis was performed to analyze the morphology of individual 

nanocrystals dimensions and aspect ratio [53]. It was carried out using 

High Resolution Transmission Electron Microscope (Jeol JEM 2100).  

3.11.5 Thermogravimetric (TGA) Analysis 

Thermogravimetric analysis (TGA) evaluates the changes in the mass of a 

sample as a function of temperature. TGA sheds light on the sample’s 

thermal stability, formulation and degradation pattern. It measure the 

changes in the weight of a sample when it it exposed to different 

temperatures and atmospheres. Differential thermal analysis (DTA) 

detects the change in temperature between the reference material and the 

sample even though they are exposed to the same amount of heat flow for 

evaluating thermal phenomena like chemical reaction, phase 

transformations, melting point etc. It also helps in detecting endothermic 

and exothermic reactions. Both TGA and DTA can be used together for 

better characterization of the thermal properties of the analyzed sample. 

TGA spectrum is plotted with mass against temperature/time and the DTA 

curves are plotted with differential temperature against time/temperature. 

They are highly sensitive and can be used to analyze a wide range of 

materials like metals, biological materials etc. They are also non-
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destructive techniques. Both TGA and DTA has some restriction when it 

comes to the temperature ranges they have access to. There is some 

complexity in interpreting the data. Also, it requires specificity for the 

sample sizes and the samples have to be prepared carefully. It finds 

applications in various fields like pharmacy, quality control etc. [105] 

The thermal performance (TGA/DTA up to 750 ) was carried out to 

determine the rate of change of weight with respect to temperature (o C) in 

a N2 atmosphere in a flow rate of 20 mLmin-1 [10], [11]. The Differential 

Scanning Calorimetry was performed using Differential Scanning 

Calorimeter (Mettler Toledo DSC 822e). 

3.11.6 Mechanical Properties (Tensile strength) 

Mechanical properties refers to the behaviour of a substance under 

different stress conditions. Strength refers to the material’s ability to resist 

certain load without breaking. It is divided into two: One is tensile 

strength which is the maximum amount a stress a material can tolerate 

while being strained and the other one is compressive strength which is 

the material’s ability to tolerate compressive stress. Another property is 

ductility which is the material’s ability to undergo plastic deformation 

without breaking. Brittleness is the ability of a material to exhibit little to 

no plastic deformation before rupturing. A material’s ability to resist wear 

and tear is called hardness. Elasticity is the material’s ability to regain its 

size and shape when the external load is removed whereas plasticity is the 

permanent deformation when the material is exposed to a load exceeding 

its elastic limit [107]. 

Tensile strength (TS) and the percentage elongation at break of 

PVA/CS/CNC films were determined according to the standard methods. 
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3.11.7 UV – Visible Spectroscopy 

UV spectroscopy, or UV–visible spectrophotometry (UV–Vis or UV/Vis), 

is an analytical technique involving the measurement of absorption or 

reflection in the ultraviolet and visible regions of the electromagnetic 

spectrum. Since it works with visible light, it will directly influence the 

apparent color of materials. The atoms and molecules in this region 

undergo electronic transitions. 

Absorption spectroscopy is complementary to fluorescence spectroscopy, 

in that molecules with bonding or nonbonding electrons are able to absorb 

visible or UV light and excite these electrons into higher-energy 

antibonding molecular orbitals. The ease of excitation controls the 

wavelength of absorbed light, with easily excited electrons absorbing 

longer wavelengths. 

This technique is widely used in analytical chemistry for the analysis of a 

variety of analytes like transition metal ions, highly conjugated organic 

compounds, and biological macromolecules. Transition metal ions, for 

example, are usually colored due to d-electron transitions, and their color 

can be altered by interaction with ligands. 

The instrumentation used in this technique is a UV–visible 

spectrophotometer. It measures the transmitted light intensity of a sample 

(I) and compares it with the original intensity before the sample (I₀). The 

percentage transmittance (%T) is denoted by, 

 A= -log (%T/100) 
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3.11.8 Photoluminescence Spectroscopy 

Photoluminescence spectroscopy is a powerful method of materials 

characterization, especially which of carbon- based materials such as 

carbon quantum dots (CQDs). It requires excitation of an example 

material by photons with a definite wavelength from a lamp or laser light, 

which transfers the electrons into upper energy states. The emitted 

electrons when going to the base level emit photons with lower energies, 

which is known as luminescence. 

Photoluminescence spectra give useful information on surface 

characteristics, quantum efficiency, and emission characteristics of CQDs. 

The peaks of emission seen in the spectra are due to particular energy 

transitions in CQDs, enabling one to study changes in surface 

functionalization, size, and chemical makeup. This method also enables 

one to assess quantum yield, which gives a measure of light emission 

efficiency when excited. 

Aside from emission efficiency, photoluminescence spectroscopy can be 

employed to investigate how functional groups and surface states affect 

CQD properties and evaluate their photostability and stability under 

varying environmental conditions. Generally, this handy technique is 

indispensable for probing the photophysical nature of CQDs and fine-

tuning their performance for a variety of applications. 
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Chapter 4 

RESULTS AND DISCUSSION 

 

4.1 CHARACTERIZATION OF CELLULOSE NANOCRYSTALS 

(CNC) 

4.1.1  Physical Appearance 

The physical appearance of the raw material, chemically purified 

cellulose, and cellulose nanocrystals (CNC) prepared by hydrolysis 

methods are shown below in Fig.4.1. 

                            

              (a)                            (b)                                (c) 

         Fig.4.1: (a) Raw Material , (b) Cellulose , (c) Cellulose 

Nanocrystals (CNC) 

The alkali pulping and bleaching of the raw material using NaOH and 

sodium chlorite changed the color and texture of the material. Obtained 

cellulose is in white color. It indicates the removal of impurities and the 

presence of maximum cellulose content. Acid hydrolyzed cellulose 

nanocrystals (CNC) has off white color and crystalline in nature. 
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4.1.2  X-Ray Diffraction (XRD) 

The X-ray diffraction (XRD) patterns of the raw material, cellulose and 

cellulose nanocrystals (CNC) are presented in Fig.4.2. A broad peak at 

approximately 2θ = 15° was observed in the XRD spectrum of the raw 

material, indicative of an amorphous arrangement. This broad peak is 

attributed to the presence of non-cellulosic components, such as lignin and 

hemicellulose, alongside cellulose. Following treatments such as alkali 

pulping and bleaching, distinct peaks at 2θ values of 15°, 22°, and 34° 

were observed, corresponding to the characteristic diffraction pattern of 

cellulose I polymorph. These peaks correspond to the crystallographic 

planes (110), (002), and (004), respectively. The broad peak observed in 

the raw material changed into three distinct sharp peaks in cellulose 

nanocrystals (CNC), indicating the successful removal of non-cellulosic 

components and confirming the extraction of cellulose. After calculations 

of the crystallinity index of the raw material, cellulose, cellulose 

nanocrystals (CNC) using the Segal equation [101]: 

Ic (%) = (1- Iam/ I200) x 100% 
 

It was found to be 31.63%, 75.56%, and 78.69% respectively. The 

increase in crystallinity index of cellulose and cellulose nanocrystals 

(CNC) is related to increase in ordered region in cellulose and decrease or 

removal of the amorphous region in raw material [1], [2], [3]. 
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      Fig.4.2: XRD spectra of Raw material, extracted Cellulose  

and Cellulose Nanocrystals (CNC) 

 

4.1.3  Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR was used to study the changes in functional groups present in raw 

material, cellulose and cellulose nanocrystals (CNC) after chemical 

treatments. Fig. 4.3 shows the FTIR spectra obtained at three stages – raw 

material, cellulose and CNC. The broad peak at 3417 cm-1 corresponds to 

the O-H stretching bond. The peak observed to at 2923 cm-1in the spectra 

is due to the C-H stretching vibration in the cellulose molecule. The peak 

at 1749 cm-1 corresponds to the C-O bond in hemicellulose and lignin in 

the raw material. This peak disappears in the FTIR of cellulose and 

cellulose nanocrystals (CNC). The peaks at 1623 cm-1 and 1248 cm-1 

indicate the aromatic ring in lignin and C-O stretching in the aryl group of 

lignin which were removed after the bleaching step that yields cellulose. 



Results and Discussion 

 

 69 

The peaks at 1441 cm-1, 1054 cm-1 and 892 cm-1 are the characteristic 

peaks of cellulose which represent O-H bending vibrations, C-O-C 

pyranose ring stretching vibration and cellulose glycosidic linkage 

respectively [1], [2], [3]. From this we can conclude the successful 

removal the non-cellulosic components and extraction of nanocellulose. 

 

     

     Fig.4.3: FTIR spectra of Raw material, extracted Cellulose and  

Cellulose Nanocrystals (CNC) 

 

4.1.4   Field Emission Scanning Electron Microscopy (FESEM) 

FESEM images of raw material as well as the synthesized cellulose and 

cellulose nanocrystals (CNC) are given in the Fig.4.4. From the FESEM 

observations we were able to detect the morphological difference between 

them. It can be seen from the micrographs that raw material has a globular 

structure since it contains cellulose along with all the non- cellulosic 
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components. On the other hand cellulose appeared to be in more distinct 

fiber like structure because of the significant elimination of lignin and 

hemicellulose in pre-treatments. Cellulose undergo further acid hydrolysis 

with oxalic acid to form cellulose nanocrystals (CNCs), which have rod-

like structures. These rods appears as aggregated clusters because of the 

strong hydrogen bonding interaction in cellulose nanocrystals (CNC) [1], 

[2], [3], [4]. 

 

       

(a)                     (b)                              (c)  

         Fig.4.4: FESEM Images of (a) Raw material, (b) Cellulose,  

                          (c) Cellulose nanocrystals (CNC) 

 

4.1.5 Transmission Electron Microscopy (TEM)  

TEM images of cellulose nanocrystals (CNC) derived from jackfruit peels 

is shown in the Fig 4.5. Cellulose nanocrystals (CNCs) are generally rod-

like or needle-shaped, with high aspect ratios characteristic of their 

nanostructure. In the TEM image, the cellulose nanocrystals (CNCs) 

appear rod like but mostly as aggregated clusters rather than distinct 

individual rods. This aggregation likely results from strong intermolecular 

hydrogen bonding during the drying process, leading to the formation of 

loosely connected, irregular domains [5]. 
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Fig.4.5:  TEM image of Cellulose nanocrystals (CNC) 

 

4.1.6  Thermogravimetric and Derivative Thermogravimetric 

Analysis  

Thermal stability is a crucial factor influencing the behavior of cellulose 

nanocrystals (CNCs), especially when they are used as reinforcements in 

various matrices. The thermal characteristics were analyzed by monitoring 

the mass loss of samples as a function of temperature. A slight weight loss 

observed around 100°C as shown in Fig.4.6 (a) was attributed to the 

removal of chemically adsorbed water, which contributes to the cellulose’s 

hydrophilic nature. Additionally, volatile impurities decompose at lower 

temperatures. The main degradation peak in both raw material as shown in 

Fig.4.6 (a) and cellulose nanocrystals (CNC) as shown in Fig.4.6 (b) 

corresponds to the thermal degradation of cellulose. The final degradation 

peak, observed after 450°C, was linked to the decomposition of lignin and 

other aromatic compounds. The thermal decomposition of the raw material 

exhibited several degradation peaks over a wide temperature range, 

primarily due to the presence of hemicellulose and lignin alongside the 

cellulose. Cellulose nanocrystals (CNCs), however, do not show this 
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degradation, indicating that the non-cellulosic components were removed 

during pretreatment and acid hydrolysis.  

The Tmax values, obtained from the DTG curve (Fig. 4.6), are 290.8°C for 

the raw material and 325.2°C for the cellulose nanocrystals (CNCs) 

indicating increased thermal stability. The thermal instability of the raw 

material can be primarily attributed to the presence of non-cellulosic 

components, which are absent in cellulose nanocrystals (CNCs). The 

increased thermal stability of cellulose nanocrystals (CNCs) after 

pretreatment and acid hydrolysis is a result of the complete removal of 

these non-cellulosic regions. Compared to the raw material, cellulose 

nanocrystals (CNCs) exhibit a Tmax increase of 34.4°C During the 

conversion of raw material to cellulose nanocrystals (CNC), the disordered 

cellulose structure is reorganized into a more defined form, contributing to 

the enhanced thermal stability [106].  

 

 

        (a) 
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(b) 

Fig.4.6: TGA-DTA of (a) Raw material (b) Cellulose nanocrystals 

(CNC) 

 

4.2 DETERMINATION OF ASH AND MOISTURE CONTENT OF 

CHITIN AND CHITOSAN 

Moisture content is the quantity of water present in a substance. From the 

obtained result regarding moisture and ash content of chitin or chitosan, 

moisture content of chitosan (6.8) is less than that of chitin [11]. This 

difference is due to a change in structure during the conversion of chitin to 

chitosan by deacetylation process. The solubility of chitosan is attributed 

to the protonation of amino groups on the polymer chains in acid media, 

resulting in the destruction of the hydrogen-bonded networks within 

chitosan molecules by the electrostatic repulsion between positive charges. 

Due to this process, chitin have lesser affinity towards water than chitin. 

This results lesser amount of moisture content in chitosan. 

Ash content refers to the inorganic residue remaining after either ignition 

or complete oxidation of organic matter in a substance. Ash content of 
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chitosan is 1.55, which is lesser than that of chitin which has an ash content 

of 2.15. This reduction indicates amount of inorganic residue lost during 

the conversion of chitin to chitosan by the deacetylation process. Ash is an 

important indicator to evaluate the purity of chitosan and the efficiency of 

the demineralization process. Chitosan have less ash content due to 

removal of acetyl groups and minerals during alkaline deacetylation which 

convert chitin into chitosan. 

 

Table 4.1: Moisture and Ash Content of Chitin & Chitosan 

 

Sample Chitin Chitosan 

Moisture 
content 

11 6.8 

Ash content 2.15 1.55 

 

 

4.3 DETERMINATION OF VISCOSITY AND DEGREE OF  

DEACETYLATION (DDA) 

Viscosity of chitosan is calculated as 445 cps which indicates that 

polymer matrix used for the synthesis of composite film, chitosan has 

medium viscosity. The viscosity of chitosan decreases with reducing 

chitosan molecular weight and is dependent on the polymer's molecular 

weight and degree of deacetylation. Since a   decrease in viscosity is seen 

during polymer storage as a result of polymer degradation, viscosity can 

actually be used to determine the stability of the polymer in solution. The 
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degree of chitosan deacetylation raises viscosity. Polymer matrix in 

medium viscosity is efficient for the synthesis of composite film. 

Degree of Acetylation of chitosan is 75.84% which shows that 

deacetylation process convert chitin to chitosan by removal of acetyl 

groups. DDA had a marked effect on the physicochemical properties 

and affinity of chitosan. Higher DDA value of chitosan showed a 

greater crystallinity, a higher elastic  modulus and tensile strength and a 

lower swelling. 

 

4.4 CHARACTERIZATION OF PVA/CHITOSAN/CNC 

NANOCOMPOSITE FILM 

4.4.1 Fourier Transform Infrared Spectroscopy (FTIR)  

The FTIR spectra of both PVA/Chitosan and PVA/Chitosan/1% CNC 

films are shown in Fig.4.7. In the FTIR spectra of PVA/Chitosan film, a 

peak corresponding to O-H stretching vibration was observed at          

3310 cm-1. The peak at 1410.60 cm-1 indicates the presence of O-H 

bending vibration of hydroxyl groups. This implies that a hydrogen bond 

is formed between the hydroxyl groups of PVA and Chitosan. On 

analyzing the FTIR spectra of PVA/Chitosan/1% CNC nanocomposite 

film, it was observed that a peak corresponding to O-H stretching 

vibration was found at 3300 cm-1 due to the incorporation of CNC into the 

PVA/Chitosan blend. These results reveal strong electrostatic interactions 

and hydrogen bonding between CNC’s functional groups and available 

functional groups of PVA/Chitosan polymer blend [6]. The peaks at 1055 

cm-1 and 851.76 cm-1 indicates the presence of C-O-C pyranose ring 

stretching vibration and cellulosic β-glycosidic linkages respectively 

which in turn implies that the CNCs were incorporated into the 

PVA/Chitosan blend [3]. 
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           Fig. 4.7: FTIR spectra of PVA/Chitosan  

    and PVA/Chitosan/CNC nanocomposite films 

 

4.4.2 Field Emission Scanning Electron Microscopy (FESEM)  

Morphological analysis of the prepared PVA/Chitosan and 

PVA/Chitosan/1% CNC composite films were performed using field 

emission scanning electron microscopy as shown in Fig.4.8. FESEM 

provides high resolution imaging that allows for the analysis of material 

morphology and microstructure. This includes examining voids, assessing 

homogeneity, identifying the presence of aggregates, and evaluating 

nanoparticle distribution and orientation. It revealed that the 

PVA/Chitosan film surface was regular and uniform without any flaw, 

confirming the compatibility of PVA and Chitosan polymeric matrix. The 

even surface of the blend film suggests uniform dispersion in the matrix, 

which may be attributed to hydrogen bond formation between the 

hydroxyl and amino groups of CS and hydroxyl groups of PVA. From the 
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images random orientation and good dispersion of CNC in the matrices 

were observed. These results indicate excellent compatibility among the 

three components of each nanocomposite. Also the addition of CNC 

altered the film’s microstructure, and it resulted in a uniformly dispersed 

matrix. 

Fig.4.8: FESEM Images of (a) PVA/CS and  

(b) PVA/CS/1% CNC nanocomposite films 

  

4.4.3     Mechanical Properties (Tensile strength) 

The addition of cellulose nanocrystals (CNC) into the PVA/CS matrix is a 

significant factor in determining the mechanical strength of the composite 

films. The tensile strength of the pure PVA/CS film was 13.878 MPa, 

which means it performed at a basic level. When cellulose nanocrystals 

(CNC) was added at 1% concentration, the tensile strength increased to 

18.364 MPa, which indicates that the incorporation of cellulose 

nanocrystals (CNC) is a supplementary task to the far stronger film 

structure, likely through a better dispersions and reinforcements from the 

cellulose nanocrystals (CNC) particles. Despite this, with the cellulose 

nanocrystals (CNC) concentration risen to 3% and 5%, the tensile strength 

showed a downward trend, providing less than average values of 12.522 

MPa and 9.046 MPa, respectively. This fall of mechanical strength, when 

the cellulose nanocrystals (CNC) loading was higher, can be due to the 
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poor dispersion or agglomeration of cellulose nanocrystals (CNC), causing 

structural inconsistencies that weaken the film. Also, at higher cellulose 

nanocrystals (CNC) concentrations, the authority of the matrix to properly 

move stress through the cellulose nanocrystals (CNCs) could be less, and 

thus, the tensile strength could be lost [7], [8].  The results of this study 

underscore the need to optimize the 1% cellulose nanocrystals (CNC) 

content to have better reinforcement properties for packaging application. 

 

4.5 APPLICATIONS OF PVA/CHITOSAN/CNC 

NANOCOMPOSITE FILMS 

 

4.5.1 Impact of PVA/ Chitosan/CNC film on Curry Leaf Freshness 

and Shelf Life 

 

The effect of PVA/Chitosan/CNC nanocomposite film on the preservation 

of curry leaves was observed over a period of 57 hours and compared to 

unwrapped leaves kept under identical conditions. At 0 hours, both 

wrapped and unwrapped leaves displayed similar freshness and vibrancy. 

However, within the first 3 hours, the unwrapped leaves showed initial 

signs of wilting, while the wrapped leaves maintained their moisture and 

color. This trend continued, with the unwrapped leaves displaying 

significant wilting and reduced vibrancy by the 9-hour mark, whereas the 

wrapped leaves retained a relatively fresh appearance. By 22 hours, the 

unwrapped leaves exhibited pronounced wilting and darkening, while the 

wrapped leaves showed minimal degradation. At 24 and 57 hours, the 

wrapped leaves still retained their structure, color, and moisture noticeably 

better than the unwrapped leaves, which had become dry, brittle, and 

visibly darker. Comparing the wrapped leaves 1% film shows better 

preservation properties than other films as shown in Fig.4.9. This 

comparison demonstrates that the PVA/Chitosan/1% CNC nanocomposite 
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film acts as an effective preservation barrier, slowing moisture loss and 

oxidation, and thus prolonging the freshness of the leaves. 

To enhance the packaging properties and shelf life, the films were further 

incorporated with nanocurcumin and lemon grass essential oil. For this 

preparation of nanocomposite film was altered by introducing 0.2g 

naoncurcumin and 1 mL lemon grass oil in the blending step. 

When observed in similar conditions and time intervals as in 

PVA/Chitosan and PVA/Chitosan/CNC nanocomposite films, curry leaves 

wrapped in altered films shows better properties and minimal degradation. 

Film made with lemon grass oil has better preservation properties than 

nanocurcumin loaded film. Curry leaves wrapped in nanocurcumin based 

film maintained freshness for 120 hours while lemon grass oil 

incorporated film remained as fresh till 144 hours as shown in Fig.4.10. 

This finding highlights the potential of PVA/Chitosan/CNC films as 

sustainable and biodegradable alternatives for extending the shelf life of 

perishable plant materials [9].  
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Fig.4.9: Visual comparison of curry leaves over 57 hours unwrapped 

leaves and leaves wrapped in PVA/Chitosan/ 1% CNC nanocomposite 

film. 

 

 

Fig.4.10: Visual comparison of curry leaves over 57 hours wrapped in 

nanocurcumin nanocomposite film and leaves wrapped in lemon grass 

oil nanocomposite film 
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4.5.2 Application of PVA/ Chitosan/CNC Nanocomposite Film in Oil 

Spill Remediation  

A successful cleanup of oil spills must always be done in order to lessen 

environmental, economic, and social impacts caused by a spill. It is also 

worth noting that if cleaning is done properly and timely, it can minimize 

the effects on marine life, maintain natural habitats, and preserve the 

quality of water. In addition, remediation is able to reduce the overall 

economic effects by protecting fisheries, tourism, and coastal properties 

and minimizing the associated costs of restoration. Most importantly, oil 

spill remediation would alleviate human suffering, prevent people from 

losing a source of income, ensure that legal demands are followed thus 

making the environment safer for future generations. 

The PVA/Chitosan/CNC nanocomposite film demonstrated remarkable oil 

adsorption properties when placed in a petrol-water mixture, highlighting 

its potential for environmental applications such as oil spill remediation. 

To study the oil adsorption properties of the nanocomposite film, 

hydrocarbon analysis was performed. For this water sampling was 

conducted on 3 water bodies near refineries and oil spill prone areas in 

Kochi Estuary. The concentration of dissolved oxygen was determined in 

order to evaluate the water quality on each station. The dissolved oxygen 

(DO) levels were determined using the Winkler method. For this water 

sample was filled fully in a BOD bottle without any gap left for air and 2 

mL of manganese sulfate and 2 mL of alkali-iodide-azide reagent were 

added. After mixing, a precipitate formed and was dissolved by adding 2 

mL of concentrated sulfuric acid. The treated sample was then titrated 

with sodium thiosulfate until a pale straw color appeared. 1 mL of starch 
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solution was added, turning the solution blue. Titration continued until the 

blue color disappeared. The DO concentration was then calculated. 

Table 4.2 DO value of water from the three sampling stations 

Sampling Station Dissolved Oxygen (DO) 

(ml/l) 

Fort Kochi Boat Jetty 3.83 

North Tanker Berth of 

Cochin Port Trust 

7.67 

Vypin Boat Jetty 3.83 

   

The DO value between 6-8 indicates that the water is usable and the value 

below 6 shows the amount of pollution in water bodies. Thus the two of 

the observed station has very low dissolved oxygen and hence it’s polluted 

from hydrocarbons and many other pollutants. 

 PVA/Chitosan/1% CNC nanocomposite film treatment was done on these 

water samples to remove hydrocarbons and in turn to observe and study its 

adsorption properties. Two sets of water sample each of 500ml was taken 

from each stations.  Hexane was used as the solvent to extract petroleum 

hydrocarbons from water by Total hydrocarbon extraction.  For this 500ml 

of water sample from each station was taken in 3 clean, dry separating 

funnel respectively. To this 25 ml of hexane was added and shaken 

vigorously for 5 minutes. 

It was then allowed to stand undisturbed to separate into aqueous layer 

and organic layer. From this aqueous layer was drained and the hexane 

layer containing hydrocarbons was collected. This process was repeated 

three times with fresh hexane to maximum recovery. The 
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PVA/Chitosan/1% CNC nanocomposite film was deployed over the 

hexane layer to examine its oil adsorption properties. The collected hexane 

layer was analyzed using spectrofluorometer to quantify the hydrocarbons 

present. Concentration of Hydrocarbon in hexane layer of untreated water 

sample was also analyzed. Table 4.3 below shows the hydrocarbon 

concentration studied using spectrophotometric analysis. 

Table 4.3 Hydrocarbon concentration of the collected water samples 

Sampling 

Station 

Concentration of 

Hydrocarbon 

Before Film 

Treatment 

Concentration of 

Hydrocarbon 

After Film 

Treatment 

% of 

Adsorption 

Fort Kochi 

Boat Jetty 

164.2 79.3 51.7% 

North 

Tanker 

Berth of 

Cochin Port 

Trust 

147 85.9 41.56% 

Vypin Boat 

Jetty 

91.9 47.1 48.74% 

 

The results clearly marks approximately 50% oil absorption efficiency for 

PVA/Chitosan/1% CNC nanocomposite film making it a better candidate 

as an eco-friendly solution for oil spill cleanup and wastewater treatment. 
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4.3 CELLULOSE PAPER 

Cellulose paper as shown in Fig.4.11 was synthesized from the cellulose 

residue derived from jackfruit peels is a green and sustainable alternative 

to traditional paper. This new cellulose paper thus minimizes wood based 

paper and has potential applications in green packaging, biodegradable 

paper products, and ecofriendly printing materials. 

 

               

Fig.4.11: Printable Cellulose Paper 

4.6 CHARACTERIZATION TECHNIQUES OF CARBON 

QUANTUM DOTS (CQDs) 

4.6.1  UV-VIS spectroscopy  

The UV-Vis spectrum shown here in Fig 4.12 presents the absorbance 

properties of carbon quantum dots (CQDs). 
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Fig 4.12: UV-VIS Spectra of Carbon  

Quantum Dots (CQDs) 

The spectrum has a very intense absorption band at 279.7 nm, typical of 

the π–π* transition of aromatic C=C bonds in conjugated systems. The 

appearance of this band suggests the presence of sp² hybridized carbon 

structures, possibly from graphitic domains in the carbon quantum dots 

(CQDs). It is possible to observe a flat peak around 340 nm, which has 

been assigned to the n–π* transitions of C=O chromophore of different 

functional groups widely seen in the structure of the CQDs. 

4.6.2 Photo Luminescence Spectroscopic Technique 

The photoluminescence (PL) spectra of carbon quantum dots (CQDs), as 

indicated in the given (Fig.4.13), are characterized by strong excitation-

dependent emission behavior. The spectra show several emission peaks with 

different intensities based on the excitation wavelength, ranging from 260 nm 

to 400 nm. The maximum intensity is found at lower excitation wavelengths, 

indicating a strong fluorescence response in the UV range. The wide emission 

bands reflect the occurrence of several emissive states, which may be due to 

surface functional groups, quantum confinement effects, or various sizes of 

carbon nano domains. The redshift of emission maxima with rising excitation 
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wavelength is typical of carbon quantum dots and reflects a distribution of 

energy states in the material.  

Fig 4.13: PL spectra of Carbon Quantum Dots (CQDs) 

 

4.7 APPLICATIONS OF CARBON QUANTUM DOTS 

4.7.1 ANTIOXIDANT ANALYSIS 

Percentage of DPPH scavenging activity = Abs of control – Abs of sample  

                                                                               Abs of control  

 

SAMPLE 1 

Absorbance of control (DPPH)  = 2.4017 

Absorbance of sample 1a  = 0.2034 

Absorbance of sample 1b   = 0.1998 

Average absorbance    = (0.2034+0.1998) /2 = 0.4032/2    

                                                             = 0.2016 

Percentage of DPPH scavenging activity =       2.4017 - 0.2016 

               2.4017 

          =                2.2001 

  2.4017  

  

x 100 

X 100 

 

X 100 

 



Results and Discussion 

 

 87 

          = 0.9160 x 100 

Percentage of DPPH scavenging activity = 91.6 % 

 

4.7.2 FLUORESCENT INK 

The use of CQDs as luminous ink because of their excellent qualities, such 

as their dispersion, water solubility, and strong fluorescence, carbon 

quantum dots have found application in a wide range of industries. The 

usage of fluorescent ink with carbon quantum dots has been covered in a 

number of articles. The potential use of CQDs as invisible fluorescent ink 

was examined in this study. Without any changes, the CQD aqueous 

solution was transferred into a pen.  Subsequently, various texts, designs, 

and patterns were inscribed on a filter paper.  Both daylight and ultraviolet 

light caused the digital images to emit.  With direct light, the letters were 

colorless, but with UV irradiation, the bright blue fluorescence letters were 

apparent.  The resulting fluorescent ink was also easily removable, 

nontoxic, transparent, and persistent.  The produced carbon quantum dots 

may therefore find application in the fields of anticounterfeiting 

and luminous pens.  
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CONCLUSION 

The reuse, recycling, and recovery of various biomass waste for high-value- 

added products have received great attention in reducing the environmental 

impact and pollution. This project work explored the transformation of 

jackfruit peels, a widely available but underutilized agro-waste, into two 

value added products: cellulose nanocrystals (CNC) and carbon quantum 

dots (CQDs). Cellulose nanocrystals (CNCs) are nanomaterials made from 

cellulose, a natural polymer found in plant cell walls. They have high 

surface area and mechanical strength. They are biodegradable, renewable 

and nontoxic. Whereas carbon quantum dots, a novel member of carbon 

family, are recently emerging as a potential substitute for traditional 

fluorescent materials. CQDs derived from waste materials are drawing 

much attention due to their distinct features such as cost-effectiveness, 

nontoxic nature, tunable luminescence, good water solubility and high 

biocompatibility.  

 By applying the “Waste to Wealth” principle, the study focus on issues of 

waste management and environmental sustainability, and present its 

potential to transform organic waste into valuable, high-performance 

materials.  

The jackfruit peels were subjected to a three-stage process: alkali pulping, 

bleaching, and acid hydrolysis. These steps effectively removed non-

cellulosic components such as lignin and hemicellulose, yielding highly 
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pure cellulose and subsequently nanocellulose. Analytical techniques, 

including X-ray Diffraction (XRD), Fourier-Transform Infrared 

spectroscopy (FTIR), Field Emission Scanning Electron Microscopy 

(FESEM), and Transmission Electron Microscopy (TEM), confirmed the 

successful synthesis of cellulose nanocrystals (CNC). The analysis shows 

that the extracted cellulose nanocrystals (CNC) exhibited high crystallinity, 

enhanced thermal stability, and improved mechanical properties, validating 

the efficiency of the process.   

The extracted cellulose nanocrystals (CNC), with its nanoscale structure, 

presented exceptional properties such as high surface area, 

biocompatibility, and biodegradability. These properties were leveraged to 

create PVA/Chitosan/CNC composite films with significant potential for 

industrial applications. The films demonstrated enhanced mechanical 

strength and barrier properties, making them highly suitable for sustainable 

food packaging. When applied to study the degradation of curry leaves, the 

films successfully extended their shelf life by preserving freshness and 

minimizing moisture loss. Further modifications, such as incorporating 

nanocurcumin and lemongrass essential oil, significantly enhanced the 

preservation capabilities of the films. These variations extended the 

freshness of curry leaves for up to 144 hours, showcasing the potential of 

the nanocomposite in prolonging the shelf life of plant parts. 

The project further emphasized the eco-friendly nature of the processes 

used. Since the acid used for hydrolysis is mild and non-toxic oxalic acid, 

the research minimized the environmental impact from the conventional 

methods using harsh chemicals. This emphasis on green chemistry ensures 

not only environmental safety but also achieves the goals of sustainable 

development. 
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The applications of cellulose nanocrystals (CNCs) go beyond food 

packaging and environmental remediation. Its high surface area and 

chemical modifiability further expand its utility in areas such as water 

purification, catalysis, dye degradation and the development of advanced 

nanocomposite. 

This research shows that agricultural waste, such as jackfruit peels, can be 

transformed into highly valuable cellulose nanocrystals (CNCs), thereby 

giving a more sustainable means of waste management while promoting 

material science. The process of transforming waste into useful products fits 

into global goals toward sustainability and environmental conservation. It 

has also been seen that cellulose nanocrystals (CNCs) have vast potential as 

a green material for applications such as packaging, water purification, and 

healthcare. Future research may focus on improving the production process 

to achieve industrial scalability, investigating other sources of agro-waste, 

and discovering new applications, including flexible electronics and 

renewable energy. Accepting cellulose nanocrystals (CNCs) as a 

sustainable alternative to non-biodegradable materials may revolutionize 

industries and support a greener, more sustainable future. 

Using a multi-step procedure that included deproteinization with 1M 

NaOH, demineralization with HCl, and decolorization with a methanol-

water-chloroform mixture, chitin was recovered from shrimp shell waste. 

After that, chitosan was separated from chitin by deacetylating it with 50% 

NaOH. Using common laboratory techniques, such as oven drying and 

muffle furnace heating, the resultant chitin and chitosan were characterized 

by measuring their ash and moisture content. Because of the structural 

alterations brought about by the deacetylation process, chitosan has a lower 

moisture content (6.8%) than chitin (11%). Additionally, chitosan's ash 
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percentage (1.55%) was lower than chitin's (2.15%), suggesting that 

inorganic residues were eliminated throughout the conversion process. 

Chitosan was discovered to have a medium viscosity of 445 cps, which is 

appropriate for the synthesis of composite films. Chitosan's degree of 

deacetylation (DDA) was 75.84%, indicating that chitin was effectively 

converted to chitosan. The findings imply that chitosan's physicochemical 

characteristics are influenced by the deacetylation process, which renders it 

appropriate for a range of uses. 

In given study on PVA/Chitosan/CNC nanocomposite film, remarkable oil 

absorption properties was shown in petrol-water mixtures. Near refineries 

and areas prone to oil spills namely cleaning and isolating spills of oil can 

mitigate environmental, economic, and social impacts and protect marine 

life, thus maintaining water quality and reducing economic effects from 

impeding fishing, tourism, and coastal properties. A hydrocarbon analysis 

on water bodies was done, extracting petroleum hydrocarbons via hexane. 

The nanocomposite film demonstrated an impressive oil absorption 

efficiency of about 51.7%, rendering a promising eco-friendly solution for 

oil spill remediation. This study brings out the usefulness of nanocomposite 

films in environmental applications. Their application in oil spill cleanup 

demonstrated exceptional oil absorption capabilities, highlighting their 

potential in mitigating environmental pollution in water bodies affected by 

hydrocarbon contamination.  

Since hydrothermal synthesis is a method that varies mainly according to 

the reaction conditions and the solvent used, it is one of the most popular 

methods for preparing carbon quantum dots (CQDs) from cellulose. 

Hydrothermal synthesis refers to a process whereby at high temperatures 

and under high pressures (120–280°C), the cellulose or its derivatives 
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carbonize, nucleate, and produce carbon quantum dots in a closed system 

with water as the medium. This method is popular for cellulose-based CQDs 

because it is cheap, easy to perform, and has no harmful effects on the 

environment. 

The UV- Visible spectra show intense absorption bands at 279.7 nm related 

to sp² hybridized carbon structures and an n−π* transition of the carbonyl 

chromophore in the structure of CQDs with a flat peak at 340 nm. This 

indicates the formation of carbon quantum dots (CQDs). 

The photoluminescence spectra of carbon quantum dots show the 

excitation-dependent emission characteristics very strongly that vary in 

intensity with the excitation wavelength. The very lowest wavelengths give 

the maximum response, indicating a good UV fluorescence response. The 

redshift of emission maxima represents the energy states distribution in the 

material. 

The percentage of DPPH scavenging activity was calculated and observed 

that the synthesized carbon quantum dots showed 91.6% efficiency. This 

indicates that they have significant antioxidant activity. 

The ability of CQDs to work as non-visible fluorescent ink was evaluated. 

An ink that was fluorescent was done by preparing an aqueous CQD 

solution and filled in an ink pen, writing various characters and designs on 

filter paper. It turned out the fluorescent ink, a non-toxic, transparent, and 

permanent ink, is a possible means of anticounterfeiting and can be used for 

luminous pens. 

Cellulose which is an important intermediate during the synthesis of 

cellulose nanocrystals from jackfruit peels was casted into a petridish to 



Conclusion 

 

 93 

obtain cellulose paper which is an alternative to the conventional paper. So 

the intermediate was also transformed into a value added product.  

To conclude, this project work include innovative strategy, which integrates 

waste management with the synthesis of two high value added 

multifunctional materials – cellulose nanocrystals (CNC) and carbon 

quantum dots (CQDs), which offers a pioneering approach to sustainability, 

enabling the creation of economy that minimizes waste and maximizes 

value. 
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