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ABSTRACT 

The past few years have seen an increased interest in enforcing the principles of green 

chemistry in the scientific community. The aim of these principles is to reduce chemical 

related impacts on human health and virtually eliminate contamination of the environment 

through dedicated and sustainable prevention programs.  

In the present study, of the many (12) green chemistry principles, we have put into 

implementation waste prevention, the use of safer solvents and/ or auxiliaries in syntheses, 

and the use of less hazardous chemicals in syntheses by undertaking a project that makes use 

of sugarcane bagasse, which is an agricultural waste material obtained when sugarcane is 

crushed to extract its juices during the production of sugar. From bagasse, cellulose was 

extracted through five different methods. Through acid hydrolysis, cellulose nanocrystals 

were synthesised from the extracted cellulose and in turn used as a template, reducing- and 

stabilizing agent in the synthesis of cellulose nanocrystal/metal (silver and gold) 

nanocomposites. 

The fifth cellulose-extraction method yielded the most thermally stable and pure 

cellulose. This was shown by TGA and XRD analyses. As a result, the cellulose extracted 

through the fifth method was used to synthesize cellulose nanocrystals, which were then 

successfully used as a stabilizing and reducing agent in the formation of CNC/metal 

nanocomposites, as evident from FTIR, TGA, XRD, UV and TEM analyses. 
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GENERAL INTRODUCTION 
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1.1.  Introduction 

The syntheses and application of nanoscale materials and structures, especially those 

ranging from 1 to 100 nm, is a fast growing area of nanotechnology. This is largely due to the 

fact that nanomaterials have the potential to render solutions to a vast number of 

environmental and technological concerns in areas such as medicine,
1
 catalysis,

2
 solar energy 

conversion
3
 and water treatment,

4
 to mention but a few. The large applicability of these 

materials may be attributed to their exhibition of exceptional thermal,
5
 optical,

6
 physical

7
 and 

chemical properties
8
 that are due to their very small sizes, which imply the feasibility of 

combining a large number of high-energy surface atoms in contrast to the bulk counterparts. 

The morphology, size, stability, chemical and physical properties of nanomaterials are 

highly influenced by the adsorption processes of stabilizing agents with metal nanoparticles, 

the kinetics of interaction of metal nanoparticles with reducing agents, and most importantly, 

the synthetic methods and conditions.  

The synthesis and stabilization of metal nanoparticles is achieved through physical and 

chemical routes.
9-12

 The chemical routes, which are the mostly used, comprise of methods 

such as solvothermal reduction,
13

 electrochemical techniques
14

 and chemical reduction.
15

 The 

major limitation with these methods, however, is that they make use of toxic reducing and 

capping agents,
16, 17

 which may cause severe pollution to the environment in the event that 

large scale nanoparticles are produced. The reducing and capping agents may also 

compromise the applicability of the nanomaterials, for example, it is not entirely feasible to 

use harsh reducing agents in the synthesis of nanomaterials that are used in biological 

systems.
18

 In view of this, a move towards greener synthetic methods is seen as imminent, if 

not long overdue in the scientific community. 

Green chemistry may be defined as a chemical philosophy, or rather, a set of principles 

(twelve) that encourage the design of processes and products that reduce or eliminate the use 

and generation of toxic and hazardous substances.
19

 The aim of these principles is to reduce 

chemical related impacts on human health and essentially eliminate contamination of the 

environment through dedicated and sustainable prevention programs.
19, 20

 The combination of 

nanotechnology with the practices and principles of green chemistry is seen by many as a key 

factor in the building of an environmentally healthy and sustainable society. This has brought 

about the coinage of the term of “green nanotechnology”, which basically implies the 
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incorporation of green chemistry principles into nanotechnology. Green nanotechnology has 

not only the potential to enhance environmental quality, but also to reduce pollution and 

conserve natural and non-renewable resources. 

The increased attention into the implementation and preservation of the principles of 

green chemistry, and subsequently green nanotechnology has elevated research into new 

synthetic routes that can ensure the utilization of environmentally friendly solvents and 

reaction conditions, and also the use of less hazardous reducing and stabilizing agents in the 

synthesis of nanoparticles that have the ability to degrade with ease after use.  

1.2.  Statement of the research problem 

The past few years have seen an increased interest in the synthesis of metal nanoparticles 

and their nanocomposites since they have the ability to find application in a number of 

scientific and non-scientific fields, due to their exceptionally small sizes which present a 

plethora of proficient properties that are different from those of the bulk materials. 

However, cellulose- metal nanocomposites, especially those derived from silver and gold 

have not been subjected to intensive scientific studies. Nanocomposites comprising 

biopolymers like cellulose have the potential of replacing conventional materials such as 

synthetic polymers. The properties of nanocomposite materials depend not only on the 

properties of their individual components but also on morphological and interfacial 

characteristics arising from the combination of distinct materials. Incorporation of polymers 

like cellulose with metals to form nanocomposites can allow the exploitation of a variety of 

formulations depending on envisaged functionalities. Critical studies of these nanocomposites 

will pave the way to better understanding of the different characteristics and applications of 

such materials. 

1.3.   Scope of the work 

This work focuses on the extraction of cellulose from sugarcane bagasse and its 

subsequent application in the synthesis of CNC/Ag and CNC/Au nanocomposites. 
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1.4.  Objectives 

The objectives of this work are as follows: 

1. To extract and characterize cellulose from sugarcane bagasse. 

2. To synthesize and characterize cellulose nanocrystals (CNCs) from cellulose. 

3. To synthesize and characterize CNC/Ag nanocomposites. 

4. To synthesize and characterize CNC/Au nanocomposites. 

1.5.   Thesis layout 

This thesis is composed of six chapters: 

1. Chapter 1: General introduction. 

2. Chapter 2: Literature review. 

3. Chapter 3: Extraction and characterization of cellulose from sugarcane bagasse. 

4. Chapter 4: Synthesis of CNCs from cellulose, their characterization, and their 

application in the synthesis of CNC/Ag nanocomposites. 

5. Chapter 5: Synthesis and characterization of CNC/Au nanocomposites. 

6. Chapter 6: Concluding remarks based on the summary of the results obtained in this 

work. 
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CHAPTER TWO:  

LITERATURE REVIEW 
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2.1.   Introduction 

Metal nanoparticles are receiving considerable interest and attention in the global 

scientific community due to their demonstration of considerably enhanced chemical, physical 

and biological properties in contrast to their bulk counterparts.
1-3

 They are, therefore, rapidly 

being studied and synthesized for their applications in fields such as electronics, catalysis, 

biotechnology and optics, to mention but a few.
4-6

 

The major concern about the synthesis and application of metal nanoparticles, however, is 

that they are synthesized through methods that make use of highly toxic chemicals as 

reducing and stabilizing agents. As a result, the past few years have seen intense global 

efforts aimed at introducing “green” chemistry principles in the synthesis of metal 

nanoparticles. Green chemistry principles are a set of twelve principles that are aimed 

towards guiding and minimizing the use of unsafe chemicals and maximizing the efficiency 

of chemical processes.
7, 8

 

In the light of this, and in line with the research work reported in this thesis, this review 

chapter will focus on natural fibres, with specific interest in sugarcane bagasse (SCB). The 

chapter will dwell on cellulose and cellulose nanocrystals (CNCs) extracted from SCB 

(CNCs are seen as potential “green” materials that can be used as both reducing and 

stabilizing agents in the formation of metal nanoparticles).  

The chapter will also focus on the green synthesis of metal nanoparticles, with specific 

attention given to silver and gold nanoparticles.  Silver nanoparticles will be investigated in 

the specific context of their application as antimicrobial agents in the food packaging 

industry, and gold nanoparticles will be reviewed in the context of their application in 

catalysis. 

2.2.    Natural Fibres 

Natural fibres are emerging as light weight, low cost and environmentally superior 

alternatives to glass fibres in composite materials. These are fibres extracted from sources 

such as plants and animals. Plant fibres include aloe, stalks, wood, reeds, sisal, hemp, 

bamboo, coir, flax, cotton, banana, pineapple, kenaf, jute, ramie, oil palm and grasses,
9
 while 

animal fibres include wool and chicken feather.
10

 Natural fibres are generally abundant and 
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inexpensive, despite complications of processing compared to glass fibres. The advantages 

associated with natural fibres, however, outweigh their drawbacks and this has led to the 

extensive research of these environmentally-friendly green materials.
11-14

 

Plant fibres are basically composed predominantly of lignin, cellulose and hemicelluloses. 

The hemicelluloses and lignin are embedded in a rigid matrix of cellulose, whilst wax and 

pectin only occupy about 5 %.
15

 Many factors, such as the internal fibre structure, microfibril 

angle, chemical composition, cell dimensions and defects, which vary in different parts of the 

plant as well as in different plant species, strongly influence the properties of lignocellulosic 

natural fibres.
16 

Natural fibres are widely used as reinforcements in the production of eco-friendly 

composites
17

 and non-structural parts of the automotive industries such as car roofs and door 

panels.
18

 For the development of composites with good mechanical properties and 

environmental performance, increasing the hydrophobicity of the cellulose fibres and 

increasing the interface between the matrix and fibre becomes a necessity. Low melting 

point, lack of good interfacial adhesion and poor resistance towards moisture make the use of 

plant-cellulose fibre-reinforced composites less attractive. However, pre-treatments of plant 

fibres have shown to result in an increase in surface area, roughness and surface functionality, 

which in turn compensate for some poor properties of polymer composites.  

2.3.   Sugarcane Bagasse 

Sugarcane bagasse is the fibrous matter that remains after sugarcane has been crushed to 

extract its juices during the production of sugar. It represents around 30-40 wt. % of the waste 

materials.
19

 It is highly abundant in many countries like Australia, Brazil, South Africa, India, 

Peru and Australia.
20

  In 2008, South Africa alone produced 7.9 million tonnes of bagasse. It 

is estimated that 5.4 x 10
8
 dry tons of sugarcane are processed each and every year globally. 

Generally, for every single ton of sugarcane, approximately 280 kg of sugarcane bagasse is 

generated.
20

 This material can be seen as either a waste, affecting the environment, or as a 

very useful resource when appropriate valorisation techniques are implemented. Sugarcane 

bagasse is composed of, as the major components, lignin (approximately 23.5 %), 

hemicelluloses (approximately 28.6 %) and cellulose (around 48.3 %).
21, 22

 Due to its 

relatively low ash content,
23

 it has the prospects of finding many applications in contrast to 

other agro-based residues. Basically, the chemical composition of sugarcane bagasse makes it 
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superb for applications in the synthesis of composite materials that possess exceptional 

chemical and physical properties. Bagasse also has the added advantage of low fabricating 

costs and high quality green end-materials. It has found applications in many sectors; it is 

converted into energy through combustion especially in sugar industries, it is used in the 

production of activated carbon, in gasification, in the production of cellulosic ethanol, and in 

pulping, to mention but a few. 

Like other plant cell walls, sugarcane bagasse is composed mainly of two carbohydrate 

fractions, cellulose and hemicelluloses, that are rooted in a lignin matrix. Lignin is a 

macromolecule composed of phenol units. It is known to be highly resistant to enzyme attack 

and bio-degradation, and therefore its content and distribution in sugarcane bagasse and other 

plant cell walls are recognised as the most important factors determining cell wall resistance 

to hydrolysis.
24-27

 The high content of cellulose in bagasse has made this material of high 

interest amongst researchers. 

2.4.  Cellulose and Nanocellulose 

Cellulose, which is the most abundant renewable organic material produced and present in 

the biosphere, has an estimated annual production that is well over 7.5×10
10

 tonnes.
28

This 

material is widely distributed in plants. It is also found in bacteria, algae, protozoa and 

invertebrates but to a much lesser extent. 

In recent years, deforestation concerns have led to the development of non-wood sources 

of cellulose. Sugarcane bagasse, which is an agricultural waste, has attracted the attention of 

researchers as a source of cellulose. This source of cellulose is considered environmental-

friendly, as fewer forests have to be cut to produce cellulose.
29

 

A major development in the field of cellulose chemistry is the development of 

nanoparticles of cellulose and cellulose derivatives, which are biocompatible and 

biodegradable. Their roles in several biomedical applications, biosensors, diagnostic 

molecular probes, drug delivery vehicles, etc are being vigorously pursued, along with other 

exciting applications in biocomposites, membranes, electronics and solar cells.
30-33

 

Cellulose-based nanomaterials have low density, high aspect ratio, good mechanical 

properties, low thermal expansion, low toxicity and surfaces having hydroxyl groups (-OH) 

that can be readily functionalized.
34, 35

 There are two general classes of cellulose nano objects 
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that can be extracted from different sources such as plants, animals or mineral plants. They 

are cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs). Cellulose nanocrystals 

can be referred to as cellulose nanowhiskers (CNWs) or nanocrystalline cellulose (NCC). 

Cellulose nanofibrils are sometimes referred to as nanofibrillated cellulose (NFC). CNCs are 

needle-like cellulose particles having at least one dimension equal to- or less than 100 nm, 

with a highly crystalline nature.
36

 

Nanocellulose has been around since the early 1980’s.
37

 Its production is achieved by 

delaminating cellulosic fibres in high pressure homogenisers and also by chemical means, 

usually acid hydrolysis. Fully delaminated nanocellulose consists of long microfibrils and has 

the appearance of a highly viscous, shear-thinning transparent gel.
38

 

The acid hydrolysis of cellulose fibres is known to yield highly ordered rod-like cellulose 

nanocrystals (CNCs), which are also referred to as nanocrystalline cellulose.
39

 Cellulose 

nanocrystals are highly crystalline, and they have a width of  around 2 to 20 nm, and a length 

up to several micrometers.
40

 They have high mechanical properties along the longitudinal 

direction with an estimated modulus of elasticity of 138 GPa.
41

 The coefficient of thermal 

expansion of crystalline nanocellulose along the longitudinal direction is less than 1×10
-7

L.T
-

1
, which is as small as that of quartz.

42
 These excellent features make cellulose microfibrils 

and cellulose nanofibers promising materials as reinforcements in nanocomposites.  

Cellulose microfibrils comprise of amorphous and crystalline regions that have a 

distribution that is along their length. In the amorphous regions there is greater susceptibility 

to chemical or enzymatic attack. Cellulose chains are closely packed in the crystalline 

regions. Cellulose nanocrystals (CNCs) or Nanocrystalline cellulose (NCC) is pure cellulose 

in crystalline form with nano-scale dimensions. Its production can be from different sources 

of biomass, yielding liquid, powder or gel forms by the removal of the amorphous regions. 

The resulting CNCs are rigid rod-shaped in structure, 1-100 nm in diameter and tens to 

hundred nanometres in length. CNCs are one of the strongest and stiffest natural materials 

available, and they have a number of intriguing properties, including high tensile strength, 

high stiffness, high aspect ratio, large surface area and other remarkable electrical and optical 

properties. CNCs have hydroxyl groups on their surface, which permits further modification 

to alter their hydrophilicity, prepare biomaterials for targeted applications or provide a 

stabilization matrix for anchoring metallic nanoparticles. 
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CNCs can be chemically modified at the hydroxyl groups of the glucose units on the 

crystalline backbone structure. Reactions to accomplish such modifications include 

cationization,
43

 sulfonation,
44

 grafting
 45

 and silylation.
46

  

2.5.    Extraction of Cellulose from Natural Fibres 

There are many advantages associated with the use of natural fibres. Amongst all, the 

extraction of cellulose from them has dominated recent literature. It is clear that there are a 

lot of methods employed for cellulose extraction. It is also worth noting that each and every 

method gives a different morphology of cellulose, which in most cases affects the final 

properties and applicability of the material. 

Wood is considered a major source of cellulose.
47

 However, due to the increasing 

demands from the paper, building production and furniture industries, the need for low-cost 

raw materials such as agricultural residues has extensively increased. These materials are 

considered effective alternative sources for producing cellulose nanofibrils with acceptable 

properties. Moreover, industrial bioresources usually yield by-products which have great 

potential for use as cheap and suitable sources for the isolation of cellulose and 

nanocellulose. As a result, plants such as flax, hemp, sisal, kenaf and agricultural crops such 

as rice, sugarcane, pineapple and wheat have been largely used.
48-51

 In comparison to wood, 

these crop residues possess positive characteristics such as low contents of hemicelluloses 

and lignin. 

Herrick et al
52

 and Turbak et al
53

 produced, in different studies, cellulosic wood pulp-

water suspensions through a mechanical homogenizer, in which a large pressure drop 

facilitated microfibrillation. In another study, an acid-induced destructuring process was 

used, during which the heterogeneous acid hydrolysis involved the diffusion of acid 

molecules into cellulose fibres, followed by cleavage of glycosidic bonds. That was followed 

by centrifugation, dialysis and ultrasonication.
54

 Acids such as sulphuric, hydrochloric, 

phosphoric, nitric, hydrobormic and a mixture composed of hydrochloric and organic acids 

have been shown to successfully dissolve amorphous regions of cellulose fibres in order to 

obtain crystalline cellulosic nanoparticles.
55

 

The manufacture of microfibrillated cellulose is generally performed by a mechanical 

treatment consisting of a refining and a high pressure homogenizing process.
56

 Cryocrushing 
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is an alternative method for producing nanofibres. In this method, fibres are frozen using 

liquid nitrogen before the application of high shear forces. In mechanical treatment 

equipment, the cellulose slurry is passed between a static grind stone and a rotating grind 

stone revolving at around 1500 rpm.
57

 This method, however, has the huge disadvantage of 

high energy consumption, which is connected to the mechanical disintegration of the fibres to 

form microfibrillated cellulose. The mechanical treatment can be combined with some pre-

treatments, such as mercerization, in order to decrease the energy consumption.
58

 Fibres can 

be pre-treated with alkali in order to disrupt the cell wall structure and separate the structural 

linkages. 

2.6.    Metal Nanoparticles 

Inorganic nano-size metallic particles, such as silver, gold, copper and zinc, are not only 

highly stable but also possess a high surface to volume ratio with increased surface 

reactivity.
59

 Therefore, they have found wide applications in industries for the past two 

decades. The use of these nanoparticles is currently gaining interest as they also display 

defined chemical, mechanical and optical properties. Due to their large surface area to 

volume ratio, some metal nanoparticles, especially silver nanoparticles, display exceptional 

antibacterial properties. This, along with the growing microbial resistance against antibiotics 

and metal ions, and also the development of resistant strains, has attracted engineers and 

researchers towards these materials.
60

 A number of metal nanoparticles such as those of 

copper, titanium, magnesium, gold, alginate, platinum, cobalt, metal alloys and silver have 

been successfully used as antimicrobial agents.
61-63

   

In order to enable the application of antimicrobial agents in the food industry, the industry 

has to follow the regulations and guidelines of the country in which they are going to be used, 

for example, FDA (Food and Drug Administration) and/or EPA (Environmental Protection 

Agency) in the United States. This means that new antimicrobial packaging materials may be 

developed using only agents which are approved by the authorization agencies as examples 

of FDA-approved or notified-to-use within the concentration limits for food safety 

enhancement or preservation. Various antimicrobial agents, such as chemical antimicrobials, 

antioxidants, biotechnology products, antimicrobial polymers, natural antimicrobials and gas 

may be incorporated in the packaging system.
64, 65
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The following section will dwell on the applications of silver nanoparticles as 

antimicrobial agents in the food packaging industry. 

2.6.1.  Silver Nanoparticles in the Food Packaging Industry 

Silver nanoparticles (AgNPs) have attracted special attention in the food packing sector 

due to their remarkable and broad spectrum of antimicrobial effect against food-borne 

pathogens. The incorporation of AgNPs into the food packaging system has the ability to 

effectively obstruct the growth of pathogenic microorganisms.
59

 Silver has a long history of 

being used as an antimicrobial agent in food and beverage storage applications due to the fact 

that it shows advantages over other antimicrobials. It possesses strong toxicity against a wide 

range of food-borne pathogens including bacteria, fungi, and some viruses even at very low 

concentrations.
66

 The use of silver nanoparticles has been induced by the fact that several 

pathogenic bacteria have developed resistance against various antibiotics. The metallic state 

of silver is inert but it reacts with the moisture in the skin and the fluid of the wound and is 

then ionized. The ionized silver is highly reactive, binding to tissue proteins and reinforcing 

structural alterations in the bacterial cell wall and the nuclear membrane which leads to cell 

distortion and death. Its antimicrobial property is directly proportional to the amount of silver 

and the rate of silver released. Given the extensive number of products taking advantage of 

the benefits of silver, it seems sensible to make evaluations of the potential human and 

ecosystem hazards associated with silver’s increased use in the food packaging industry. The 

main routes of human exposure would be the respiratory system, gastrointestinal system, and 

skin, which are interfaces between the internal systems of the human body and the external 

environment.
67

 But conventional wisdom regards silver as invulnerable to humans and other 

higher order organisms when used responsibly, and silver-based pharmaceuticals have few, if 

any acute or chronic known side-effects at minimal doses. Also, the toxicity of silver 

complexes of tryptophan and histidine have been tested on a group of white mongrel mice.
68

 

Both the complexes of histidine and tryptophan showed low toxicity. 

2.6.1.1.    Synthesis of AgNPs 

AgNPs are generally produced through a chemical reduction process. Silver salt is 

generally dissolved in water with a reducing compound such as NaBH4, citrate, glucose, 

hydrazine, and ascorbate.
69-71

 Very strong reductants lead to generation of small 

monodispersed particles whereas weaker reductants tend to generate slower reduction 

reactions. But, recent research has indicated that nanoparticles obtained with weaker 
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reductants have a tendency of becoming more polydispersed in size. To overcome this 

drawback, one needs to generate silver nanoparticles with controlled sizes. In doing this, one 

would use a two-step method. In this method, nuclei particles are prepared using a strong 

reducing agent and they are enlarged by a weak reducing agent.
72

 Unfortunately, reducing 

agents for silver nanoparticle synthesis are time and again considered toxic or hazardous. As 

a result, green synthesis methods have been preferred by many researchers.
71, 73

 In green 

synthesis, polysaccharides and polyphenols are generally used as capping agents during silver 

nanoparticle synthesis, and they may also contribute to the reduction of silver ions. Silver 

nanoparticles can also be synthesized by irradiating silver salt solutions containing reducing 

and capping agents. Laser, microwave, ionization radiation, and radiolysis are sources of 

irradiation that have been used thus far.
74-76

  On the other hand, biological methods involve 

the production of silver nanoparticles utilizing extracts from bio-organisms as reductants, 

capping agents or both.
77

 Proteins, amino acids, polysaccharides, and vitamins are the mostly 

explored extracts.
75

 Other explored plant extracts include leaf extracts from magnolia, 

persimmon, geranium, and pine leaf,
78-80

 to name a few. Silver nanoparticles can also be 

synthesized by several microorganisms such as the bacterial strains Bacillus licheniformis, K. 

pneumonia, and fungi strains such as Verticillium and Fusarium oxysporum, Aspergillus 

flavus.
81

 Stoeva and co-workers
82

 invented another method of producing AgNPs. In this 

method, silver nanoparticles were synthesized by the solvated metal atom dispersion (SMAD) 

method.  

2.6.1.2.     How Silver Attacks Microorganisms 

AgNPs possess a higher antimicrobial effect than ionic silver because they can be 

interpolated within a cell membrane due to their small sizes and kill bacteria by direct lesion 

and/or by releasing silver ions locally from the nanoparticles causing damage to bacterial 

enzymes.
83-85

 Furthermore, the antimicrobial activity of AgNPs can be related to the 

induction of oxidative stress, which may cause damage in the respiratory chain and cell 

division machinery.
86

 But the mechanism of how silver attacks microorganisms remains 

unresolved. As a result, comprehensive research remains active in this field. Different 

mechanisms have been proposed to explain the antimicrobial activity of silver nanoparticles. 

Current findings propose that silver kills by (a) interference with vital cellular processes by 

binding to sulfhydryl or disulfide functional groups on the surfaces of membrane proteins and 

other enzymes; (b) disruption of DNA replication; and (c) oxidative stress through the 
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catalysis of reactive oxygen species (ROS) formation. Hypothesized interactions between 

AgNPs and bacteria cells are abstractly exemplified in Figure 2.1. 

 

Figure 2.1: A summary of AgNPs interactions with bacterial cells. AgNPs may (1) 

emancipate silver ions and generate ROS; (2) interact with membrane proteins, thereby 

affecting their anticipated functionality; (3) accumulate in the cell membrane, thereby 

affecting the permeability of the membrane; and (4) invade the cell where it can generate 

ROS, release silver ions, and cause alterations to the DNA.
87, 88

 

There has been a lot of controversy around which of these mechanisms is the most vital. 

Discrepancies were noted on research findings by Dibrov and co-workers 
89

 and Yamanaka et 

al.
90

 Dibrov et al. reported that silver binding specifically to membrane proteins disrupts ion 

and proton transport across the membrane, whereas on the other hand Yamanaka et al. 

showed evidence that Ag ions permeate to the cellular interior, where they interfere with 

ribosomal activity and derange the production of several key enzymes responsible for the 

production of energy. Feng and co-workers
91

 reported the disruption of cell wall from silver 

binding to membrane proteins and DNA condensation in Escherichia coli and 

Staphylococcus aureus. In this case, DNA condensation in the presence of Ag ions was 

reported to be a defence mechanism. However, there have been a number of controversies 

around these mechanisms as reported by Batarseh et al.
92

 Notwithstanding the discrepancies, 

all the mechanisms seem to play a crucial role to the antimicrobial activity of silver, which 

induces the global use of silver nanocomposites to preserve food for human consumption. 
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2.6.1.3.     Silver Nanoparticles and Nanocomposites as Antimicrobial Food Packaging 

Materials 

For the full exploitation of the properties of silver nanocomposites, silver nanoparticles 

should be well dispersed on the surface of the polymer matrix without the formation of large 

aggregates which eventually reduces the antimicrobial properties of silver. The particles must 

be kept as small as possible with a narrow size distribution. The incorporation of silver 

nanoparticles into different matrices has been exhaustively studied in order to expand their 

effectiveness. Polymers are highly regarded as great matrices for metal nanoparticles because 

they bring stability to nanoparticles through electrostatic interaction of their functional groups 

with the nanoparticles. Antimicrobial activity of silver ions can be assigned to their ability to 

derange both inner and outer cell membranes. They can also inhibit respiratory chain 

enzymes and reduce the ATP (Adenosine triphosphate) levels.
93, 94

 Recent researches on 

antimicrobial activity of silver nanoparticles are summarised in Table 1. 
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Table 1: Summary of antimicrobial packaging systems with AgNPs.
95

 

Nanoparticles  Polymer  Tested 

microorganisms  

Reference  

Ag/Chitosan  PLA
1
  Staphylococcus 

aureus (ATCC 

6538)  

Escherichia coli 

(DSMZ 30083)  

Turalija et al. 

(2016)  

Ag  Agar banana 

powder  

Escherichia coli  

Lysteria 

monocytogenes  

Orsuwan et al. 

(2016)  

TiO2/Ag/Cu  PVC
2
  Mixed 

microorganism 

culture media  

Krehula et al. 

(2016)  

ZnO/Ag/Cu  PLA
1
/PEG

3
 Lysteria 

monocytogenes  

Salmonella 

typhimurium  

Ahmed et al. (2016)  

Ag  PE
4
  Escherichia coli  Eslami et al. (2016)  

Ag/Cu  Guar Gum  Lysteria 

monocytogenes  

Salmonella 

typhimurium  

Arfat et al. (2017a)  

Ag/TiO2  PE  Aspergillus flavus  Li et al. (2017)  

Ag/Cu  Fish skin gelatin  Lysteria 

monocytogenes  

Salmonella enterica 

sv Typhimurium  

Arfat et al. (2017b)  

Ag  Starch/PVA
5
 Lysteria inocua; 

Escherichia coli  

Aspergillus niger; 

Penicillium 

expansum  

Cano et al. (2016)  

Ag/SiO2/TiO2  LDPE
6
  Escherichia coli  Becaro et al. (2016)  

Ag  PHBV3
7
  Salmonella enterica  

Lysteria 

monocytogenes  

Castro-Mayorga et 

al. (2017)  

 

1
Polylactic acid; 

2
Polyvinylchloride; 

3
Polyethylene glycol; 

4
Polyethylene; 

5
Polyvinyl alcohol; 

6
Low density polyethylene; 

7
poly(3-hdroxybutyrate-co-3mol%-3-hydroxyvalerate). 
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Various matrices have been used as antibacterial silver nanoparticles supports.
96

 A 

subdivision has been made according to the type of matrix used to host AgNPs. These 

subdivisions differ according to the polymeric matrix used. If non-degradable polymers are 

not used to host AgNPs, biodegradable ones are used. In both cases, the incorporation of 

AgNPs into polymeric matrices significantly affects the film permeability to improve product 

quality. Polyethylene (PE), polyvinyl chloride and Ethylene Vinyl Alcohol (EVOH) are the 

most frequently used to host AgNPs for food packaging systems. Positive finding on the shelf 

life of Chinese jujube were observed when a blend of polyethylene with a powder containing 

AgNPs, TiO2NPs and kaolin was evaluated and tested.
97

 An et al 
98

 conducted a study in 

which asparagus was coated with chemically reduced silver nanoparticles dispersed in 

polyvinyl-pyrrolidone. Its shelf life improved significantly by about 10 days at 2 
o
C, when the 

nanoparticles were on average 15-25 nm in size. Low density polyethylene (LDPE) 

reinforced with 95 % zinc oxide doping 5 % metal-nanosilver (10 nm) were used to extend 

the shelf-life of orange juice over 28 days, without impairing juice relevant quality attributes, 

such as colour or ascorbic acid content.
99

 The nanocomposites displayed enhanced 

antimicrobial properties in combination with heat treatment at the pasteurization temperature 

(55 to 65 
o
C). Del Nobile et al.

100
 proved that silver-containing polyethyleneoxide-like 

coating on a polyethylene layer displayed strong antimicrobial activity.  

Biobased polymers, and those originating from renewable sources, are largely being 

utilised as carriers of silver nanoparticles. These polymers are sensitive to humidity and are 

strongly plasticized due to water sorption, which results in the generation of the uncontrolled 

release of immobilized active substances; but surface oxidation due to contact with oxygen 

and the ionic exchange are required to achieve the release of metal ions trapped in the 

nanoparticles. The antimicrobial activity of the AgNPs, therefore, is a result of the high water 

sorption created by the hydrophilic nature of biobased matrices.  

There is currently growing interest in the production of active AgNPs with potent 

antimicrobial effect using polysaccharides such as starch,
101

 chitosan,
102

 agar,
103

 pullulan, 

dextran
104

, guar gum
105

 and alginate.
106

 The effect of incorporating silver and chitosan 

nanoparticles into PLA has been analysed by Turalija et al.
107

 In their work they also used 

plasma treatment for surface modification of polymer matrix as activation of polymer surface 

and antimicrobial components. This system represents synergetic approach where more than 

two influences are included for the enhancement of material properties to create active 
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packaging solutions. Silver/magnetite nanocomposites have specific applications in water 

disinfection 
108, 109

 and the particles can be removed by a magnet after the treatment process. 

Prucek et al.
110

 synthesized two types of magnetic binary nanocomposites; Ag@Fe3O4 and g-

Fe2O3@Ag. They were synthesized and characterized and their antibacterial activities were 

tested. As a magnetic component, Fe3O4 (magnetite) nanoparticles with an average size of 

about 70 nm and monodispersed g-Fe2O3 (maghemite) nanoparticles with an average size of 

5 nm were used. Nanocomposites were prepared via in-situ chemical reduction of silver ions 

by maltose in the presence of particular magnetic phase and molecules of polyacrylate 

serving as a spacer among iron oxide and silver nanoparticles. Both synthesized 

nanocomposites exhibited very significant antibacterial and antifungal activities against ten 

tested bacterial strains (minimum inhibition concentrations (MIC) from 15.6 mg/L to 125 

mg/L) and four Candida species (MIC from 1.9 mg/L to 31.3 mg/L). In another study, 

Sureshkumar and co-workers
111

 also prepared magnetic antimicrobial nanocomposites from 

bacterial cellulose (BC), silver and iron nanoparticles. A combination of iron based magnetic 

nanoparticles with silver nanoparticles in the nanostructure of BC was found to illustrate an 

interesting approach to develop recoverable and reusable antibacterial agents. This approach 

was the first step to expand the unique nature of Ag nanoparticles into a wider range of 

applications. Easy recovery of Ag nanoparticles for their antimicrobial character could be 

achieved by using magnetic Ag nanocomposites. Bacteria growth inhibition was investigated 

and the experimental results showed that approximately 4 h delay was observed and that the 

growth delay time increased with an increasing concentration of Ag nanoparticles (Figure 

2.2).  
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Figure 2.2: Growth curve of E. coli (closed symbol) and B. subtilis (open symbol) in LB 

liquid medium in the presence of PMBC-Ag for growth inhibition study.
111

  

AgNPs/Agar banana powder showed significant antimicrobial activity against 

Escherichia coli and Lysteria monocytogenes.
112

 The nanocomposites did not only increase 

the UV light absorption and water barrier properties, but also the antioxidant properties. 

Silver nanoparticles and nanometal titanium oxide were incorporated into polyvinyl chloride 

and tested on mixed microorganism culture suspension.
95

 A very good antimicrobial activity 

on tested microorganisms was reported. TiO2 displayed UV protection while the addition of 

silver and copper nanoparticles showed improvements in the thermal stability of pristine 

polymer.
113

 Kanmani and Rhim
114

 developed gelatin/silver nanoparticle antimicrobial 

composites. The results of their work showed that gelatin/AgNPs nanocomposite films (30 

and 40 mg) exhibited strong antimicrobial activity against Gram-positive and Gram-negative 

food-borne pathogens. The gelatin/AgNPs composite films with strong antimicrobial activity 

against both Gram-positive and Gram-negative food-borne pathogenic bacteria can be used as 

an active food packaging system for extending the shelf-life of foods and maintaining food 

quality during storage and distribution of the packaged foods. Siqueira et al.
115

 also 

investigated the antimicrobial activity of carboxymethyl-cellulose films loaded with silver 

nanoparticles against gram-positive and gram-negative bacteria for food applications. AgNPs 

incorporated into polyethylene polymer matrix displayed a strong antimicrobial activity 

against E. coli.
116

 AgNPs in low density polyethylene (LDPE) in silver/silica/TiO2 system 

also showed antimicrobial activity against E. coli.
117

 Castro-Mayorga et al.
118

 reported 
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prolonged antimicrobial activity against food-borne pathogen (S. enterica and L. mono-

cytogenes), and drop in oxygen permeability of PHBV3 polymer matrix with silver 

nanoparticles. A concentration of 60 mg Ag
+
/kg was necessary to reduce the microbial load 

by one log unit in absorbent pads in contact with beef meat. Silver loaded cellulose materials 

were investigated by Pinto et al.
119

 and Fernandez et al.
120

 When silver was loaded on 

different cellulose matrices (fluff pulp cellulose, bacterial cellulose, and EFTe nanostructured 

cellulose) the resulting nanomaterials displayed different properties, but a reasonably good 

antimicrobial activity against Klebsiella pneumoniae, E. coli, S. aureus and spore forming B. 

subtilis in protein rich cultivation media. Natural chelating agents in food matrices neutralise 

the antimicrobial influence of silver ions. This reveals a serious drawback strongly limiting 

the feasibility of this promising technology in food contact applications. In contrast, a higher 

antimicrobial activity may be expected in the presence of juices with low protein content, 

such as vegetable or fruit juices.
121

 In spite of the high potential of biopolymer/AgNPs 

composite films for application in active food packaging systems, attention should be paid to 

the potential toxicity of nanomaterials liberated from the polymer matrix and their migration.  

Cellulose based materials are being widely used as they offer advantages including 

edibility, biocompatibility, barrier properties, attractive appearance, nontoxicity, non-

polluting and low cost. de Moura et al.
122

 investigated the incorporation of AgNPs into 

hydroxypropyl methylcellulose (HPMC) matrix for applications in food packaging. 

Mechanical analysis and water vapour barrier properties of HPMC/AgNPs nanocomposites 

were analysed. The best results were obtained for films containing smaller AgNPs (41 nm). 

The antibacterial properties of HPMC/AgNPs thin films were evaluated based on the 

diameter of inhibition zone in a disk diffusion test against Escherichia coli (E. coli) and 

Staphylococcus aureus (S. aureus). The disk diffusion studies revealed a greater bactericidal 

effectiveness for nanocomposite films containing 41 nm Ag nanoparticles. 

Rai et al.
123

, on the work titled "Silver nanoparticles as a new generation of 

antimicrobials" reported that silver has been in use since time long-lived in the form of 

metallic silver, silver nitrate and silver sulfadiazine for the treatment of burns, wounds and 

several bacterial infections. But due to the emergence of various antibiotics the utilization of 

these silver compounds has been decreased remarkably. Nanotechnology is obtaining 

enormous impetus in the current century due to its potential of adjusting metals into their 

nanosize, which extremely converts the chemical, physical and optical properties of metals. 



22 
 

Metallic silver in the form of silver nanoparticles has made an extraordinary comeback as a 

potential antimicrobial agent. The use of silver nanoparticles is also significant, as various 

pathogenic bacteria have enhanced resistance against various antibiotics. Thus, silver 

nanoparticles have integrated up with diverse medical applications ranging from silver based 

dressings, silver coated medicinal devices, such as nanogels, nanolotions, etc.  The authors 

noted that among the different antimicrobial agents, silver has been most substantially studied 

and utilized since ancient times to battle infections and avert spoilage. The antibacterial, 

antifungal and antiviral properties of silver ions, silver compounds and silver nanoparticles 

have been extensively studied. Silver is also found to be harmless to humans in minute 

concentrations. The microorganisms are unlikely to enhance resistance against silver as 

compared to antibiotics as silver attacks a broad range of targets in the microbes. The silver 

nanoparticles with their distinct chemical and physical properties are demonstrating as an 

alternative for the growth of new antibacterial agents. The benefit of utilizing silver 

nanoparticles for impregnation is that there is continuous release of silver ions and the 

devices can be coated on both the outer and inner sides thus, developing its antimicrobial 

efficacy.  

Ahmed et al.
124

 compiled a review in which they reported that metallic nanoparticles are 

being used in every period of science along with engineering involving medical fields and are 

yet attracting the scientists to investigate new dimensions for their respective worth which is 

vaguely accredited to their corresponding small sizes. Findings in research have demonstrated 

their antimicrobial importance. Among various noble metal nanoparticles, silver 

nanoparticles have achieved a special focus. They mentioned that silver nanoparticles are 

regularly synthesized by chemical methods, utilizing chemicals as reducing agents which 

later on become responsible for various biological risks due to their vague toxicity; 

endangering the significant concern to enhance environment friendly procedures. Hence, to 

solve the problem; biological approaches are coming up to fill the void; for instance green 

syntheses utilizing biological molecules acquired from plant sources are emerging superior 

over chemical and/or biological methods. These plant-based biological molecules undergo 

maximum controlled assembly for making them acceptable for metal nanoparticle synthesis. 

For the synthesis of nanoparticles, employing plants can be advantageous over other 

biological entities. There is still a demand for commercially viable, economic and 

environmentally friendly way to find potential of natural lowering constituent to form silver 

nanoparticles which have not yet been studied. There is a serious variation in chemical 
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compositions of plants of the same kind when collected from different parts of the world and 

this may lead to different outcomes in different laboratories. This is the crucial drawback of 

syntheses of silver nanoparticles using plant extracts as reducing and stabilizing agents and 

there is a need to resolve this issue. A control of this issue can give a facelift towards the 

green synthesis of silver nanoparticles. 

CaO et al.
125

 assembled silver nanoparticles by chemical reduction method utilizing 

chitosan as a stabilizer and ascorbic acid as a reducing agent. In their work, silver/chitosan 

nanocomposites were analysed using UV spectrophotometer, nano-grain-size analyzer, and 

transmission electron microscopy. Antibacterial activities of these nanocomposites were 

carried out for S. aureus and  E. coli. The silver nanoparticles displayed significant inhibition 

potential towards these bacteria. Detailed studies on the biocompatibility of the 

silver/chitosan nanocomposites were investigated by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide assay and cell adhesion test. The outcomes showed that these 

silver/chitosan nanocomposites were advantageous for the proliferation and adhesion of L-

929 cells, and the biocompatibilities between the nanocomposites and the cells would become 

better with the culturing days. It is expected that these silver/chitosan nanocomposites could 

be used as coating material in biomedical engineering and food packing fields wherein 

antibacterial properties and biocompatibilities are important. 

Maneerung et al.
126

 manufactured bacterial cellulose by Acetobacter xylinum (strain 

TISTR 975). Bacterial cellulose is an interesting material for utilizing as a wound dressing 

since it presents a moist environment to a wound resulting in a better wound healing. 

However, bacterial cellulose itself has no antimicrobial activity to avert wound infection. To 

reach antimicrobial activity, silver nanoparticles were impregnated into bacterial cellulose by 

immersing bacterial cellulose in silver nitrate solution. Sodium borohydride was then used to 

reduce the absorbed silver ion (Ag
+
) inside of bacterial cellulose to the metallic silver 

nanoparticles (Ag
0
). Silver nanoparticles showed the characteristic optical absorption band 

around 420 nm. The red-shift and broadening of the optical absorption band was detected 

when the mole ratio of NaBH4 to AgNO3 (NaBH4:AgNO3) was reduced. An increase in 

particle size and particle size distribution of silver nanoparticles was also apparent, as evident 

from TEM analysis. The development of silver nanoparticles was also indicated by the X-ray 

diffraction. The freeze-dried silver nanoparticle-impregnated bacterial cellulose presented 
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strong antimicrobial activity against E. coli (Gram-negative) and S. aureus (Gram-positive), 

which are vague bacteria found on polluted wounds.  

Impellitteri
127

 reported that, because of their antibacterial properties, silver nanoparticles 

are mostly utilized in consumer products. To evaluate environmental and/or human health 

risks from these nanoparticles, there is a demand to identify the chemical conversions that 

silver nanoparticles encounter in different environments. Thus an antimicrobial material 

containing Ag nanoparticles was inspected by X-ray absorption spectroscopy to identify the 

speciation of Ag. The material was introduced to a hypochlorite/detergent solution and 

subjected to agitation. An elemental Ag nano-powder was also introduced to the 

hypochlorite/detergent solution or to a 1 mol L
−1

 NaCl solution. Outcomes displayed that the 

material nanoparticles consisted of elemental Ag. After exposure to the 

hypochlorite/detergent solution, a significant portion of the nanoparticles were changed in 

situ, to AgCl. Results from exposures to elemental Ag nano-powder suggest that an oxidation 

step is obligatory for the elemental Ag nanoparticles to convert into AgCl as there was no 

evidence of AgCl formation in the existence of chloride alone. As a result, if Ag ions leach 

from consumer products, any chloride present may quickly scavenge the ions. In addition, the 

efficacy of Ag as an antimicrobial agent in fabrics may be scarce, or even negated after 

washing in solutions containing oxidizers as AgCl is much less reactive than Ag ion. 

Roe et al.
128

 examined the antimicrobial activity and assessed the risk of systemic toxicity 

of novel catheters coated with silver nanoparticles. Catheters were coated with silver using 

AgNO3, a surfactant and N,N,N ′,N ′-tetramethylethylenediamine as a reducing agent. Particle 

size was determined by electron microscopy. Silver release from the catheters was 

determined in vitro and in vivo utilizing radioactive silver (
110m

Ag
+
). The activity on 

microbial development and biofilm formation was assessed against pathogens most generally 

included in catheter-related infections, and the risk for systemic toxicity was estimated by 

measuring silver biodistribution in mice implanted subcutaneously with 
110m

Ag
+
- coated 

catheters. The results displayed that the coating method yielded a thin (∼100 nm) layer of 

nanoparticles of silver on the surface of the catheters. Variations in AgNO3 concentration 

translated into proportional converts into silver coating (from 0.1 to 30 µg/cm
2
). Sustained 

release of silver was demonstrated over 10 days. Coated catheters displayed significant in 

vitro antimicrobial activity and averted biofilm formation utilizing E. coli, Enterococcus, S. 

aureus, coagulase-negative staphylococci, Pseudomonas aeruginosa and Candida albicans. 
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Approximately 15 % of the coated silver eluted from the catheters in 10 days in vivo, with 

predominant excretion in faeces (8 %), assembled at the implantation site (3 %) and no organ 

accumulation (≤ 0.1 %). In concluding remarks, the authors noted that a method to coat 

plastic catheters with bioactive silver nanoparticles was successfully enhanced. These 

catheters were non-toxic and were capable of targeted and sustained release of silver at the 

implantation site. Because of their demonstrated antimicrobial properties, they may be useful 

in decreasing the risk of infectious complications in patients with indwelling catheters. 

Jain et al.
129

 reported that silver is an effectual antimicrobial agent with less toxicity, 

which is significant especially in the treatment of burn wounds where transient bacteraemia is 

prevalent and its fast control is crucial. Drugs releasing silver in ionic forms are known to get 

neutralized in biological fluids and upon long-term use may cause cosmetic abnormality and 

delayed wound healing. Given its broad spectrum activity, efficacy and lower costs, the 

search for newer and superior silver-based antimicrobial agents is deemed a necessity. 

Among the various options available, silver nanoparticles have been the focus of increasing 

interest and are being heralded as an outstanding candidate for therapeutic purposes. The 

researchers were able to grow an antimicrobial gel formulation containing silver 

nanoparticles (AgNPs) in the size range of 7−20 nm synthesized by a proprietary 

biostabilization procedure. The typical minimum inhibitory concentration (MIC) and 

minimum bactericidal concentration (MBC) against quality reference cultures as well as 

multidrug-resistant organisms were reported to be 0.78−6.25 μg/mL and 12.5 μg/mL, 

respectively. Gram-negative bacteria were killed more effectively (3 log10 decrease in 5−9 h) 

than Gram-positive bacteria (3 log10 decrease in 12 h). AgNPs also presented good antifungal 

activity (50% inhibition at 75 μg/mL with antifungal index 55.5 % against Aspergillus niger 

and MIC of 25 μg/mL against Candida albicans). When the interaction of AgNPs with 

generally utilized antibiotics was investigated, the observed effects were synergistic 

(ceftazidime), additive (streptomycin, kanamycin, ampiclox, polymyxin B) and antagonistic 

(chloramphenicol). Interestingly, AgNPs presented good anti-inflammatory properties as 

indicated by concentration-dependent inhibition of marker enzymes (matrix 

metalloproteinase 2 and 9). The post agent effect (a parameter measuring the length of time 

for which bacterial development remains subdued following brief exposure to the 

antimicrobial agent) varied with the kind of organism (e.g., 10.5 h for P. aeruginosa, 1.3 h 

for Staphylococcus sp. and 1.6 h for C. albicans) indicating that dose regimen of the AgNP 

formulation should ensure sustained release of the drug. To meet this requirement, a gel 
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formulation containing AgNPs was prepared. The antibacterial spectrum of the gel was found 

to be comparable to that of a commercial formulation of silver sulfadiazine, albeit at a 30-fold 

less silver concentration. As part of toxicity studies, localization of AgNPs in Hep G2 cell 

line, cell viability, biochemical effects and apoptotic/necrotic capacity were evaluated. It was 

found that AgNPs get localized in the mitochondria and have an IC50 value of 251 μg/mL. 

Even though they obtain an oxidative stress, cellular antioxidant systems (reduced glutathione 

content, superoxide dismutase, catalase) get triggered and prevent oxidative damage. 

Furthermore, AgNPs persuade apoptosis at concentrations up to 250 μg/mL, which could 

favour scarless wound healing. Acute dermal toxicity studies on AgNP gel formulation in 

Sprague−Dawley rats displayed complete safety for topical application. These results clearly 

show that silver nanoparticles could supply a safer alternative to conventional antimicrobial 

agents in the form of a topical antimicrobial formulation. 

Knetsch and Koole
130

 reported that bacterial infection from medical devices is a crucial 

issue and accounts for an increasing number of deaths as well as high medical costs. A 

number of different strategies have been suggested in order to minimize the incidence of 

infections that are related to medical devices. One way to avert infection is by adjusting the 

surface of the devices in a way to prevent the occurrence of bacterial fixing. In order to 

achieve this, the surface has to be completely modified with mostly hydrophilic polymeric 

surface coatings. These materials are designed to be non-fouling, which basically implies that 

protein adsorption and subsequent microbial fixing are lowered. Incorporation of 

antimicrobial agents in the bulk material or as a surface coating is seen as a feasible 

alternative for systemic application of antibiotics. However, what restrains the application of 

antibiotics in a preventive strategy is the manifestation of more and more multi-drug resistant 

bacterial strains. In order to avert bacterial fixing and the subsequent formation of biofilm, 

silver nanoparticles have been applied on the surfaces of medical devices. The application of 

the nanoparticles on the device surface is achieved either through the direct deposition on the 

surface of the device, or alternatively, through a polymeric surface coating. This results in the 

slow release of silver from the surface, thereby terminating the bacteria existing near the 

surface.  The past decade has seen the emergence of a number of studies focusing on the 

application of the concept of silver nanoparticles as an antimicrobial agent on a number of 

medical devices. What remains an issue around this concept, however, is the uncertainty that 

clouds the accurate antimicrobial mechanism of silver.  
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Bankar et al.
131

 synthesized bio-inspired silver nanoparticles with the aid of a novel, 

harmless, eco-friendly biological material, the banana peel extract (BPE). Boiled, crushed, 

acetone precipitated, air-dried peel powder was utilized for reducing silver nitrate. Silver 

nanoparticles were assembled when the reaction conditions were adjusted with respect to pH, 

BPE content, concentration of silver nitrate and incubation temperature. The colourless 

reaction mixtures turned brown and displayed UV–visible spectra attributes of silver 

nanoparticles. Scanning electron microscope (SEM) observations revealed the predominance 

of silver nanosized crystallites after short incubation phases. When the reaction mixtures 

were incubated for 15 days, some micro-aggregates were also observed. Energy dispersive X-

Ray spectrometer (EDS) studies and X-ray diffraction analysis confirmed the existence of 

silver nanoparticles. Fourier transform infrared spectroscopy (FTIR) displayed the role of 

different functional groups (carboxyl, amine and hydroxyl) in the synthetic procedure. These 

silver nanoparticles showed antimicrobial activity against fungal as well as bacterial cultures. 

The structures manufactured by the novel, cost-effective, harmless, eco-friendly, abundantly 

available agricultural waste material (BPE) have the ability to be applied in the fields of 

microelectronics, biodiagnostics, sensing, and imaging as well as in designing new drugs. 

Simple green chemical routes for enhancing bactericidal coatings could be very promising 

for potentially environmentally friendly applications, as reported by Kumar et al.
132

 In their 

work, the researchers synthesized metal nanoparticle-embedded paint through an 

environmentally friendly chemistry route from general household paint using just one step. 

Oils are known to possess a naturally occurring oxidative drying procedure that involves free-

radical exchange. Without the utilization of any reducing and stabilizing agents, this 

mechanism was largely responsible for the reduction of metal salts and also the scattering of 

metal nanoparticles in the oil media. These well-scattered metal nanoparticle-in-oil 

dispersions can be utilized directly, akin to commercially available paints, on nearly all kinds 

of surfaces such as wood, glass, steel and different polymers. Coating the surfaces with silver 

nanoparticle-paint resulted in them displaying excellent antimicrobial properties by 

destroying both Gram-positive human pathogens (S. aureus) and Gram-negative bacteria (E. 

coli). The procedure they enhanced was very general and could find application in the 

synthesis of a diversity of metal nanoparticle-in-oil systems. 
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2.6.2.    Gold Nanoparticles 

The past few years have seen great progress in the fabrication of nanomaterials with 

potential applicability in biological, biomedical and catalytic systems. In this regard, noble 

metal nanoparticles have taken centre stage.
133, 134

 

Gold nanoparticles are arguably the most appealing member of the noble metal 

nanoparticles family due to their potential applicability in fields such as nonlinear optics, 

surface enhanced Raman scattering, gene expression, chemical catalysis and disease 

diagnosis, to name a few.
135-137

 Gold nanoparticles are also known for their unique and 

tunable surface Plasmon resonance (SPR). For gold nanospheres, the SPR occurs in the 

visible spectral region, at around 520 nm, which is the origin of the ruby-red colour of the 

nanoparticles in solution.
138

 

A lot of research has over the past few years been devoted to the synthesis of gold 

nanoparticles with controlled sizes and shapes. 

2.6.2.1.  Synthesis of Gold Nanoparticles 

The modern era of gold nanoparticle synthesis emerged about 150 years ago through the 

work conducted by Michael Faraday, who is believed to be the first to observe that colloidal 

gold solutions possess properties that vary from bulk gold.
 139

 Since this major breakthrough, 

a number of methods have been developed for the synthesis of gold nanoparticles with 

controlled sizes and shapes.  

The typical synthesis of gold nanoparticles basically involves the reduction of gold salts 

through chemical reductants such as sodium citrate and sodium borohydride, yielding 

particles with sizes of 12-100 and 2-10 nm, respectively.
140

 Through chemical synthetic 

methods, however, it is very likely that trace amounts of unreacted reagents may remain in 

solution, which may result to environmental pollution. 

This drawback, together with the emergence of green chemistry principles and 

consequently, green nanotechnology, has seen research into the synthesis of gold 

nanoparticles slowly lean towards the use of environmental friendly methods. As a result, 

plant materials are slowly replacing the conventional, harsh reducing agents in the synthesis 

of gold nanoparticles.
141
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Das et al
142

 reported a green synthesis method of gold nanoparticles using ethanolic leaf 

extract of Centella asiatica. In their procedure, they dried the leaves of C. asiatica and 

ground them to a fine powder and finally completed the extraction using ethanol. The 

nanoparticles were then synthesized by simply mixing the leaf extract with HAuCl4 at room 

temperature. XRD analysis showed the formation of highly crystalline gold nanoparticles, 

whereas UV and TEM analyses showed the formation of particles in the nano-range.  

In another similar study, Song et al
143

 used leaf extracts of Magnolia kobus and Diopyros 

kaki to synthesize metallic gold nanoparticles. They studied the effect of the concentration of 

the leaves in the particle sizes of the resulting particles. They discovered that, increasing the 

leaf concentration results in a decrease in the particle sizes. Analytical characterization 

techniques confirmed the formation of highly crystalline, quality nanoparticles. 

Other similar methods in which plant leaf extracts were successfully used include those 

used by Noruzi et al.,
144

 in which Rosa hybrida petal extract was used to synthesize gold 

nanoparticles at room temperature; Chandran et al.,
145

 who used Aloe vera plant extract to 

synthesize gold and silver nanoparticles; Smitha et al.,
146

 who used Cinnamomum zeylanicum 

leaf broth; Kumar et al.,
147

 who used Zingiber officinale extract; Dubey et al.,
148

 who used 

Rosa rugosa leaf extract, to mention a few. In all these studies, the synthesis of high quality 

nanomaterials was accomplished, as evident from the characterization techniques employed. 

The use of plant extracts makes the final materials potentially applicable in various 

biomedical and biotechnological systems.  

2.6.2.2.  Application of Gold Nanoparticles in Catalysis 

Catalysts are known to lower the activation energies of reactions and therefore increase 

the rate of reaction and the yield of the resulting products. The better understanding of the 

reactions and properties of nanoparticles has exponentially increased the use of nanoparticles 

as catalysts. Nanoparticle catalysis has been investigated for both heterogeneous and 

homogeneous systems. 

The earliest reference to gold as a catalyst dates back to 1925, when it was used for the 

oxidation of carbon monoxide.
149

 Since this discovery, there has been an instantaneous 

interest in the catalytic properties of gold nanoparticles. 

Lopez et al.
150

 studied the effects that contribute to the special catalytic properties of 

supported gold nanoparticles. They reported that the most important effect contributing to the 
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catalytic properties is related to the availability of many low-coordinated gold atoms on the 

small particles. They also reported the effects related to the interaction with the support to 

have a contribution, but to a much lesser extent. 

The catalytic parameters determining the activity and selectivity of supported gold 

nanoparticles for the aerobic oxidation of alcohols were studied by Abad et al.
151

 In their 

findings, they singled out the possibility that the activity of gold catalyst for the aerobic 

oxidation of alcohol involves the presence of a high density of gold atoms that have the 

potential to act as Lewis-sites, which coordinate with alcohols to form gold alcoholates and 

also accept hybrids. They reported that the role of the support should not only be to provide 

stability for positive gold species by interfacial gold-support interactions, but also to facilitate 

oxygen activation to promote the re-oxidation of metal hybrids. 

Chen et al.
152

 conducted a study in which they prepared and applied highly dispersed gold 

nanoparticles supported on silica in catalytic hydrogenation of aromatic nitro compounds. 

They prepared the nanoparticles by using organic groups, the 3-glycidoxypropyl groups, on 

modified silica as reductants. The prepared catalysts displayed exceptional catalytic 

properties for the reduction of a number of aromatic compounds to their corresponding 

amines by hydrogen. 

In the quest to promote and maintain green chemistry principles, Aromal et al.
153

 achieved 

the synthesis of gold nanoparticles by utilizing Trigonella foenum-graecum, and investigated 

their size-dependant catalytic activity. Their synthesis method, which was based on the 

reduction of AuCl4
-
 by the Trigonella foenum-graecum extract, was simple, economical, 

efficient and nontoxic. The synthesized gold nanoparticles displayed outstanding catalytic 

activity when tested for the reduction of 4-nitrophenol to 4-aminophenol by excess NaBH4. 

The catalytic activity was found to be size-dependant, with smaller nanoparticles displaying 

faster activity than larger ones. 
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3.1.  Introduction 

The extraction of cellulose from its natural matrix in plants involves the removal of lignin, 

hemicelluloses and pectins. Over the past few years, many methods have been suggested and 

used by different researchers to extract cellulose from different plants.
1-17

 The methods 

generally involve basic or oxidative treatments that have the ability to discharge cellulose. 

Alternatively, treatment with peracids has been used to extract cellulose. This step is 

significant due to the fact that it has the ability to change the chemical and thermal stability of 

cellulose as well as the crystalline organization and polymorphism of the material. Other 

researchers used an acid-induced destructuring process, during which the heterogeneous acid 

hydrolysis involves the diffusion of acid molecules into cellulose fibres, followed by 

cleavage of glycosidic bonds. That was followed by centrifugation, dialysis and 

ultrasonication.
18

 Most studies used six steps, which were the pre-treatment of the fibres with 

sodium hydroxide, hydrogen peroxide, sodium hydroxide and Na2B4O7.10H2O, HNO3 and 

HAc, ethanol, water and finally drying the product in an oven until constant weight. Other 

researchers involved the treatment of fibres with sodium chlorite which facilitated the 

removal of lignin, which was followed by NaOH and drying until constant weight.
19

 

Although both methods resulted in cellulose with significant quantities of hemicelluloses or 

lignin, the first procedure was less environmentally aggressive, while the second involved 

less process time and drove to fibres with more homogeneous diameter distribution. 

Treatments consisting of alkali extraction and bleaching have been the mostly used in the 

extraction of cellulose.
20, 21

 The alkali extraction treatment allows the removal of soluble 

polysaccharides, and the subsequent bleaching treatment removes most of the residual 

phenolic molecules like lignin or polyphenols. 

There are various methods used to extract cellulose; nonetheless the literature is virtually 

mute about a methodical comparison of properties from different methods and possible 

benefits for different applications. Five different methods of extraction of cellulose from the 

same sugar cane bagasse were used in this study. Characterization techniques used for 

comparison included TGA, FTIR, XRD, OM, and SEM. 
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3.2.   Experimental 

3.2.1.   Materials 

Sugarcane bagasse was obtained from a sugarcane mill in Felixton near Empangeni, 

South Africa. Acetic acid was obtained from Laboratory Consumables and Chemical 

Suppliers, sodium sulphite and sodium hydroxide were obtained from Merk, sodium chlorite 

was obtained from Sigma Aldrich, and sodium hypochlorite was obtained from a local 

supermarket. All chemicals were used without further purification, but were prepared to the 

desired concentrations. 

3.2.2.  Cleaning of bagasse 

Sugarcane bagasse was obtained directly from the sugar mill and was therefore very 

muddy. As a result, the bagasse was firstly washed thoroughly with adequate water for four 

times and then allowed to dry in air.   

3.2.3.   Extraction of cellulose from sugarcane bagasse 

A total of five different methods were used for the extraction of cellulose from sugarcane 

bagasse. 

3.2.3.1.   Method 1 

Sugarcane bagasse was boiled in water (4 hrs). After that it was soaked in 4 % sodium 

hydroxide (4hrs), followed by treating with 4 % sodium hypochlorite (commercial jik) and 2 

% sodium hydroxide (4 hrs) at 100 ºC before washing with distilled water to a neutral pH. 

The final product was dried at room temperature for 2 days. 

3.2.3.2.   Method 2 

From method 1, 4 % of sodium hypochlorite was acidified with acetic acid to pH4. 

3.2.3.3.  Method 3 

From method 1, 2 and 1% of NaOH was used in the second and last step, respectively. 0.7 

% sodium chlorite acidified with acetic acid to pH4 was used instead of 4 % sodium 

hypochlorite. 
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3.2.3.4.   Method 4 

From method 3, the last step was eliminated. 

3.2.3.5.   Method 5 

From method 3, an additional step was added after the sodium chlorite step, in which the 

sample was treated with 5 % sodium sulphite at 100 ºC for three hours. 

3.2.4.   Characterization 

3.2.4.1.    Optical Microscopy (OM) 

The optical microscope images of the samples were viewed using a LEICA MC 120 HD 

microscope. Dark and bright field modes were used to capture the images at a magnification 

of 40 x/ 0.65. 

3.2.4.2.    Scanning Electron Microscope (SEM) 

The SEM measurements of the materials were performed on a Philips XL 30 FEG (at 10 

kV) and DX4 detector (at 20 kV), respectively. The films were carbon-coated by using 

Edward’s E306A coating system, prior to the analyses. 

3.2.4.3.  Fourier Transform Infrared (FTIR) 

 Infrared spectra of the samples were recorded on a Bruker FT-IR Tensor 27 

spectrophotometer equipped with a standard ATR crystal cell detector. The spectra were 

recorded at a wavenumber range of 500-4000 cm
-1

. 

3.2.4.4.    X-Ray Diffraction (XRD) 

The diffraction patterns of the cellulosic materials were investigated at room temperature 

using an Advanced Bruker AX D8 diffractometer in the range 2θ = 10 – 90 º, equipped with 

nickel-filtered Cu Kα radiation (λ = 1.542 Å) at 40 kV and 40 mA. The scan speed was 0.5 

sec/step. 

3.2.4.5.    Thermogravimetric Analysis (TGA) 

Thermogravimetric analyses were carried out using a Perkin Elmer Pyris 6 TGA equipped 

with a closed perforated pan at a heating rate of 10 ºC/min. Approximately 2 mg of each 

sample was heated from 30 - 600 ºC under N2 gas flow rate of 10 mL/min. 
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3.3.   Results and discussion 

3.3.1.   Optical Microscopy 

Optical microscope images of all the methods are shown in Figure 3.1 (a-e), where a-e 

represents results for methods 1-5, respectively. The fibres of methods 1 and 2 are 

agglomerated. In method 1 the fibres are more agglomerated and closely packed than in 

method 2. Methods 3, 4 and 5 show defibrillation and thinning of fibres, which signals the 

removal of non-cellulosic components in SCB. The thinning and defibrillation is further 

noted for the fifth method. 

For the first method (Figure 3.1a), the use of sodium hypochlorite can be seen to have 

limited defibrillation. This is because sodium hypochlorite is highly basic in nature and 

therefore could not effectively facilitate the digestion of the cell walls which is meant to 

make the treatment with alkali more effective. The introduction of acetic acid in sodium 

hypochlorite in method 2 (Figure 3.1b) shows to have increased the defibrillation, but to a 

minor extent.      

 

Figure 3.1: OM images of methods 1(a), 2(b), 3(c), 4(d), and 5(e). 

In methods 3, 4 and 5 (Figure 3.1 c-e) acidified sodium chlorite was used for the digestion 

of the cell walls of SCB. This proved to be more effective than the use of sodium 

hypochlorite, be it acidified or not. The further thinning and defibrillation noted for the fifth 

method (Figure 3.1e) can be attributed to the fact that sodium sulphite was used to dissolve 

a b 

c d 

e 
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the lignin-chlorine complex that forms during the digestion process. This step also helps in 

the removal of non-cellulosic components to some extent. 

3.3.2.  SEM 

Figure 3.2 shows SEM micrographs of raw sugarcane bagasse, with (a) showing the 

general view of the fibres and pith, and (b) an amplified individual fibre. It is seen in (a) that 

there are many non- fibrous components scattered over the surface of the fibres. The surface 

of the fibres is very congested and smooth, as shown in (b). The congestion and smoothness 

are due to the presence of extractives such as waxes, pectins, oils and hemicelluloses. The 

fibres have bigger sizes and appear to be composed of many microfibrils. 

 

 

Figure 3.2: SEM micrographs of raw sugarcane bagasse 

The SEM micrographs of the cellulose obtained through the different extraction methods 

from sugarcane bagasse are shown in Figures 3.3, 3.4 and 3.5 below. 

a b 
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Figure 3.3: SEM micrographs of cellulose extracted from sugarcane bagasse through method 

1 (c, d) and method 2 (e, f) 

c d 

e f 
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Figure 3.4: SEM micrographs of cellulose extracted from sugarcane bagasse through method 

3(g, h) and method 4 (i, j). 

 

Figure 3.5: SEM micrographs of cellulose extracted from sugarcane bagasse through method 

5. 

The surfaces of all the cellulosic materials are cleaner and a slightly rougher in 

comparison to those of raw bagasse. Furthermore, individual fibres show a decrease in 

diameter. These factors signify the removal of hemicelluloses, lignin, pectins and waxes. 

k l 

g h 

i j 



47 
 

As the bagasse is treated with different chemicals, the non-cellulosic components are 

hydrolyzed and become water soluble. As a result, the fibrils are defibrillated, which cause 

thinning or reduction of their diameters, and also the dispersion of fibre bundles into 

individual fibres. As evident from other analyses, the fifth method shows to have the most 

stable and pure cellulose. SEM results are in correspondence with observations made from 

the optical microscopy analysis.  

3.3.3.   FTIR 

Figure 3.6 represents FTIR spectra of the extracted cellulosic materials. For all the 

samples, the FTIR spectra show an O-H stretching broad band at 3500-3200 cm
-1

, 

characteristic for cellulosic materials. The spectra also show C-H stretching vibration at 

around 2894 cm
-1

, which is also characteristic for cellulosic materials. Absorbance peaks 

around 1649-1641 cm
-1

 are a result of the O-H bending of the adsorbed water. The peaks 

around 1054 cm
-1

 are due to the C-O-C pyranose ring stretching vibration. Another important 

absorption band is at around 902 cm
-1

 which is associated with the ẞ-glycosidic linkages 

between glucose.  

The product of M1 reveals low O-H stretching band compared to the rest, except for M3 

which shows the lowest. Furthermore, it reveals an aromatic peak at 1597 cm
-1

, whereas for 

other methods the peaks are reflected at around 1640 cm
-1

. The O-H stretching band for the 

product of M2 is more intense than that of the other methods. Furthermore, the product of M2 

does not show a peak at 1250 cm
-1

 which is also in contrast to the other methods. As for M3, 

most of the aromatic peaks (e.g. 1197 cm
-1

) have almost disappeared. M4 and M5 followed 

the same trend of M3, even though their peaks are slightly intense than M3 including O-H 

stretching. 
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Figure 3.6: FTIR spectra of the cellulose extracted from sugarcane bagasse through the five 

methods. 

3.3.4.   XRD 

Figure 3.7 shows the XRD diffractograms of the cellulose materials extracted through the 

five methods. All the diffractograms of the five methods display very well-defined peaks at 

around 2θ = 12.5 º (for 110 planes) and 2θ = 22.5 º (for 200 planes), which are representative 

of a typical cellulose structure. However, M1 and M2 reveal impurities which seem to have 

little and/no relation to the structure of cellulose. The same is apparent for the reflection at 

approximately 2θ = 61 º for M4 and M5. These indicate either the formation or the presence 

of cellulose derivatives from the chlorite salts.  
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Figure 3.7: XRD diffractograms of the cellulose obtained from bagasse through the five 

extraction methods. 

Furthermore, M4 and M5 dominated all with crystallinity index followed M2, M3 and M1 

(Table 2). The formation of some cellulose derivatives is known to destruct the initial 

crystallinity. If that applies in the current study, it means that the use of NaOH after the 

chlorite salts in M1, M2 and M3 promoted the formation of cellulose derivatives which 

rendered the decreased crystallite index. The difference in crystallinity of M1, M2 and M3 

could be safely attributed to potential of the chlorite salts. For example, the M2 suggested 

that a use of 0.7 % acidic sodium chlorite over acidic sodium hypochlorite in M3 was adverse 

to obtain high crystallinity but resolute to maintain the cellulose structure.  

The crystallinity index (CI) values of the cellulose extracted through the different 

methods were determined using the peak height method, in which the CI is calculated from 

the height of the 200 peak (I200) and the height of the minimum between the 100 peak and the 

200 peak (IAM) using equation 3.1:  

CI = 
         

    
 * 100……………………………………………………………….(3.1.) 
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The d-spacing (d200) was determined from the 2θ position of the d200 diffraction peak 

using Bragg’s law: 

nλ = 2dsinθ………………………………………………………………………(3.2.) 

where n = 1 and λ= 1.542 Å; n is a positive integer and λ is the wavelength of the incident 

wave. 

Table 2: Crystallinity index of the cellulose extracted through the different methods. 

Method 

 

2θ (Main reflection) d200 (nm) Crystallinity index 

(%) 

1 23.08 0.39 68 

2 22.98 0.39 73 

3 22.63 0.39 67 

4 23.32 0.38 72 

5 22.63 0.39 70 

 

3.3.5. TGA 

Figure 3.8 represents TG and DTG curves of cellulose extracted from the different 

methods. All curves appear to follow a similar degradation mechanism with three degradation 

steps, in which the second step shoulders the third, except M1 which indicates a resolution of 

the second and third steps at approximately 250 and 300 ºC, respectively. In addition, M1 

indicates the poorest thermal stability with highest char content, while M5 and M3 reveal 

higher thermal stability trailed by M4 and M2 respectively. These results seem to contradict 

the SEM results which suggested a better surface area for M1, but FTIR and XRD suggested 

the formation of cellulose derivatives. It is known in literature that lignin is catalytic to 

thermal degradation of celluloses,
13, 16

 but in this case the derivatives seemed to dominate 

because all samples indicated the presence of lignin from the FTIR. Another factor may be 

the lining content or the nature of cellulose derivative which could explain the higher thermal 

stabilities of the other methods. 
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Figure 3.8: TG and DTG curves of the cellulose obtained from bagasse through the five 

extraction methods. 

 

 

 

 

 

 

 

 

 

 

 



52 
 

3.4.  Conclusion   

Cellulose has been successfully extracted from sugarcane bagasse through five different 

methods. The use of acidified sodium chlorite proved to be very effective in the digestion of 

SCB cell walls in contrast to the use of sodium hypochlorite. Acidified sodium hypochlorite 

yielded better results than its non-acidified counterpart. Characterization techniques showed 

cellulose extracted through the fifth method to have better properties trailed by method 4. The 

properties of the extracted materials are ideal for application as fillers in polymeric 

composites.  
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CHAPTER FOUR:  

SYNTHESIS OF CNCs FROM CELLULOSE, THEIR CHARACTERIZATION 

AND THEIR APPLICATION IN THE SYNTHESIS OF CNC/Ag 

NANOCOMPOSITES 
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4.1.  Introduction 

The past few years have seen intense interest and research on nanotechnology, which is a 

modern branch of technology that deals with the synthesis and manipulation of the structure 

of particles ranging from 1 to 100 nm in size. The enhanced chemical, physical, and 

biological properties of nanoparticles which are based on their distribution, morphology and 

reduced size have seen them gain particular interest in a number of fields such as health 

care,
1,2

 biomedical,
3
 catalysis,

4
 electronics,

5
 food packaging,

6
 mechanics,

7
 drug delivery

8
 and 

cosmetics,
9
 to mention but a few. 

The constant outbreak of infectious diseases resulting from different pathogenic bacteria, 

and the development of antibiotic resistance has motivated the critical search for new, more 

effective antibacterial and antimicrobial agents. With regards to this, silver nanoparticles 

have gained particular interest due to their superior antibacterial,
10

 antifungal,
11

 antiviral
12

 

and anti-inflammatory properties.
13

 Silver nanoparticles can be used as wound dressings,
14

 

antiseptic sprays and fabrics,
15

 topical creams,
16

 in food packaging,
6
 and in many other 

biomedical applications.
3
 Silver has the ability to disturb enzymatic activities of 

microorganisms by disrupting their unicellular membranes,
17

 hence its wide applicability as 

an antimicrobial agent. 

The synthesis of metal nanoparticles, particularly silver nanoparticles, follows two 

general approaches; the top-down and the bottom-up approaches.
18, 19

 The top-down approach 

usually involves the mechanical grinding of the bulk metals which is then followed by 

stabilization of the obtained nanosized metal particles through the addition of colloidal 

protecting agents. The bottom-up approach, in contrast, includes sonodecomposition, 

electrochemical methods and the reduction of metals, which is the most common method.  

The top-down approach is quite expensive to facilitate. On the other hand, the bottom up 

approach usually involves the use of highly toxic organic and inorganic reducing agents such 

as sodium borohydride,
20

 Tollen’s reagent
21

 and N-N-dimethyl formamide,
22

 to mention a 

few. These toxic reducing agents lead to non-eco-friendly by-products, and may compromise 

the medicinal and antimicrobial properties of silver, hence diminishing its applicability. 

Research and interest in silver nanoparticles is therefore slowly being structured towards 

the development of more environmentally-friendly synthetic methods.
23-26 

This has led to the 

advancement of green synthetic methods over their physical and chemical counterparts. The 
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green synthetic methods are cost effective, environmentally friendly and are easily scaled up. 

They also avoid the use of high temperatures and pressures, and toxic chemicals.
27

 

This chapter will focus on the use of cellulose nanocrystals (CNCs), which are a plant 

material, as a reducing and stabilizing agent in the formation of CNC/Au nanocomposites. 

The use of nontoxic plant materials is highly motivated since it does not diminish the 

antibacterial nature of silver nanoparticles.  
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4.2.  Experimental 

4.2.1.   Materials 

CNCs were prepared through acid hydrolysis from cellulose extracted from SCB (the 

cellulose extracted through the fifth method in Chapter 3 was used for this purpose). The 

SCB was obtained from Felixton sugar mill at Empangeni, South Africa. AgNO3 and 98 % 

H2SO4 were purchased from Sigma Aldrich. H2SO4 was diluted to the desired concentration. 

Deionised water was used throughout the reactions. 

4.2.1.1. Preparation of CNCs 

CNCs were prepared through acid hydrolysis, which was conducted at 45 ºC under 

mechanical stirring using 60 wt% H2SO4. Basically, in a 250.0 mL beaker, 10.0 g cellulose 

was mixed with 150.0 mL H2SO4 preheated to 45 ºC. The mixture was constantly stirred for 

30 minutes, after which the reaction was quenched with 10-fold excess cold distilled water. 

Stirring was continued for a further 5 minutes, after which the suspension was centrifuged at 

4.4 rpm for 20 minutes. Centrifugation was repeated for three times, which was followed by 

ultrasonication. The resulting product was finally stored in the refrigerator. 

4.2.1.2. Preparation of CNC/Ag nanocomposites 

The CNC/Ag nanocomposites were prepared through hydrothermal synthesis. Basically, 

0.5 g CNCs were dispersed in 10.0 mL distilled water. The dispersion was subsequently 

mixed with 10.0 mL AgNO3 at different concentrations (50, 100 and 200 mM). Mixing was 

accomplished using a magnetic stirrer for 5 minutes. The respective mixtures were then 

transferred into Teflon-sealed glass bottles and heated at 110 ºC at different reaction times (8 

and 24 hrs). The resulting mixtures were then centrifuged at 4.4 rpm for 10 minutes in order 

to remove unreacted salts. Centrifugation was repeated for three times, and the products were 

finally stored in a refrigerator. 

4.2.2.  Characterization  

4.2.2.1.   Fourier Transform Infrared (FTIR) 

Infrared spectra of the samples were recorded on a Bruker FT-IR Tensor 27 

spectrophotometer equipped with a standard ATR crystal cell detector. The spectra were 

recorded at a wavenumber range of 500-4000 cm
-1

. 
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4.2.2.2.     X- Ray Diffraction (XRD) 

The diffraction patterns of the materials were investigated at room temperature using an 

Advanced Bruker AX D8 diffractometer in the range 2θ = 14 – 90 º, equipped with nickel-

filtered Cu Kα radiation (λ = 1.542 Å) at 40 kV and 40 mA. The scan speed was 5 sec/step. 

4.2.2.3.   Scanning Electron Microscope (SEM) 

The surface morphology of the nanocomposite materials was observed using a Zeiss EVO LS 

15 ultra plus FESEM (scanning electron microscopy) fitted with oxford energy dispersive X-

ray (EDX) detector. The CNC/Ag nanocomposites were coated with gold before analysis. 

4.2.2.4.   Ultraviolet-Visible (UV-Vis) spectroscopy 

UV/Vis measurements were carried out on a Perkin Elmer Lambda 1050 UV/Vis/NIR 

spectrometer at a range of 350-700 cm
-1

. 

4.2.2.5.  Transmission Electron Microscopy (TEM) 

A JEOL 1400 TEM was used for analysis, at an accelerating voltage of 120 kV. A 

Megaview III camera was used and the images were captured using iTEM software. The 

samples were prepared by evaporating drops of diluted respective solutions on Formvar-

coated Cu grids (150 mesh). 
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4.3.  Results and discussion 

For all the analytical techniques requiring dry samples, the samples were dried by 

centrifuging in a volatile solvent (acetone) followed by placing in a desiccator for five hours 

at moderate temperatures. 

4.3.1.  PART A: PREPARATION OF CNCs FROM CELLULOSE 

4.3.1.1.  FTIR 

Figure 4.1 shows the FTIR spectra of cellulose and CNCs. The spectrum of CNCs greatly 

resembles that of cellulose. The broad bands in the region 3600-3000 cm
-1

 indicate the O-H 

stretching vibration of OH groups in cellulosic materials. At around 2883 cm 
-1

 the spectra 

show characteristic C-H stretching vibrations. The spectra also show bands at 1365 cm
-1

, 

which correspond to the bending vibration of the C-H and C-O bonds in the polysaccharide 

aromatic rings. The peaks observed at approximately 1643 cm
-1

 are due to the O-H bending 

of adsorbed water, and those at 1052 cm
-1

 can be attributed to the C-O-C pyranose ring 

stretching vibration. 

Furthermore, the peaks at 1155 and 1105 cm
-1

 represent C-C breathing and C-O-C 

glycosidic ether bands, respectively. Both of these peaks arise from the polysaccharide 

components of cellulosic materials. In CNC, it can be noted that these peaks are gradually 

lost. This is a result of acid hydrolysis and a reduction in molecular weight. 

 



60 
 

4000 3500 3000 2500 2000 1500 1000 500

75

80

85

90

95

100

T
ra

n
s

m
it

ta
n

c
e

 /
 a

.u

wavenumber / cm
-1

 a

 b

Figure 4.1: FTIR spectra showing a) cellulose, and b) CNCs 

4.3.1.2.    TEM 

Figure 4.2 shows TEM micrographs of CNCs showing rod-like particles. Visible on the 

micrographs are individual nanocrystals and some aggregates. The appearance of aggregates 

can be attributed to the high specific area and the strong hydrogen bonds present in cellulose.  

 

 

Figure 4.2: TEM micrographs of CNCs 
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4.3.1.3.    XRD 

Figure 4.3 shows the XRD patterns of cellulose and CNCs. The conditions under which 

CNCs were dried ended up not only reducing the amorphous portions, but also distorting the 

crystalline ones. A shift towards higher 2θ values is noted for CNCs (figure 2b), which can 

also be attributed to the drying method. All in all, the CNCs do show the two main peaks of 

cellulose, which are at 2θ values of 16.0 and 22.8 º, representative of 110 and 200 planes, 

respectively. 
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Figure 4.3: XRD patterns of a) cellulose, and b) CNCs 

4.3.1.4.    SEM 

Figure 4.4 shows the SEM micrographs of cellulose (a) and cellulose nanocrystals (b). It was 

shown in Chapter 3 that sugarcane bagasse (SCB) fibres consist of many non-fibrous 

components that are scattered over their surface. The treatment of SCB with different 

chemicals resulted in the removal of the non-fibrous components and the subsequent thinning 

of the fibres. 
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The hydrolysis of cellulose with H2SO4 results in the removal of the amorphous regions, 

which results in further thinning of the fibres, as evident in Figure 4.4b. Furthermore, the 

surface of cellulose (Figure 4.4a) is slightly smoother in contrast to that of CNCs (Figure 

4.4b). This may be attributed to the fact that acid hydrolysis results in a further removal of 

non-cellulosic components like oils and waxes that might have remained during the alkali 

treatment of SCB. 

 

Figure 4.4: SEM micrographs of a) cellulose, and b) CNCs 

 

4.3.2.  PART B: SYNTHESIS OF CNC/Ag NANOCOMPOSITES 

4.3.2.1.    FTIR 

Figures 4.4 and 4.5 show the FTIR spectra of the nanocomposite materials at 8 and 24 

hours respectively. All the spectra show characteristic bands of CNCs, such as 3375 cm
-1

 

(OH), 2915 cm
-1

 (CH2), 1732 cm
-1

 (C=O), and 1163 cm
-1

 (C-O-C). This signifies the fact that 

Ag nanoparticles were able to attach on the pores of the CNCs, and that the CNCs were able 

to successfully stabilize the Ag nanoparticles and induce a small size distribution. 
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Figure 4.5: FTIR spectra showing (a) CNCs, and 8 hour reactions of CNC/Ag 

nanocomposites at (b) 50 mM, (c) 100 mM and (d) 200 mM concentrations   
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Figure 4.6: FTIR spectra showing (a) CNCs, and 24 hour reactions of CNC/Ag 

nanocomposites at (b) 50 mM, (c) 100 mM and (d) 200 mM concentrations. 

4.3.2.2.    TEM 

Shown in Figure 4.6 are the TEM micrographs of the nanocomposite materials prepared 

at different concentrations and reaction times. The extensive hydroxyl groups on the cellulose 

nanocrystals act as anchoring sites for silver ions. The nanosized pores of the cellulose 

nanocrystals serve as the nanoreactor for the nucleation and growth of silver nanoparticles, 

restricting the growth of the particles within the pores, stabilizing the particles, and inducing 

a small size distribution. The addition of metals to polymers is expected to result in 

composites with improved properties and rigidity. 

The population of the mostly-spherical CNC/Ag nanoparticles obtained increases with an 

increase in reaction time and silver concentration. It can also be noted that the size of the 

nanoparticles decrease with an increase in reaction time; that is, the particles obtained at 24 

hrs are smaller relative to those obtained at 8 hrs for all the concentrations. The average 

nanoparticle sizes for the 8 hr reactions are 32.01 ± 21.13 nm, 11.46 ± 4.98 nm, and 24.51 ± 

3.74 nm for 50, 100 and 200 mM AgNO3 concentrations, respectively (Figure 3a, c and e). At 
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24 hrs a reduction in these sizes is seen, with 8.12 ± 2.84 nm, 7.04 ± 3.18 nm and 8.72 ± 3.69 

nm average sizes obtained for the 50, 100 and 200 nm AgNO3 concentrations, respectively 

(Figure 4.6b, d and f). 

 

 

Figure 4.7: TEM micrographs of CNC/Ag nanocomposites at different reaction times and 

concentrations; 50 mM: (a) 8hrs, (b) 24 hrs; 100 mM: (c) 8 hrs, (d) 24 hrs and 200 mM: (e) 8 

hrs, (f) 24 hrs. 

4.3.2.3.    UV-Vis 

 Figure 4.7 shows the UV- Visible spectra of CNC/Ag nanocomposites. The colour of the 

nanocomposites changed from light- to bright- and finally dark yellow with an increase in 

reaction time and AgNO3 concentration. CNCs were used as the reference, and therefore the 

absorption spectra may be attributed to the absorption of Ag species. At all the concentrations 

and reaction times, the absorption band peaks are located  at approximately 427 nm, and they 

can be attributed to the Surface Plasmon Resonance (SPR) of silver nanoparticles, which is in 

agreement with the yellow colours observed.
62

 At wavelengths longer than 500 nm no 

absorptions were observed, which implies the formation of Ag nanoparticles with narrow size 

distributions. 
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It can also be noted that the absorption intensities of the Plasmon bands increase with an 

increase in reaction times and AgNO3 concentrations. This is concurrent with the change of 

colour from light- to dark yellow. These factors can be attributed to the increase of silver 

loading. 

At lower reaction times (8 hrs), relatively broader surface plasmons are observed, which 

suggests the formation of larger nanoparticles. As the reaction times are increased the surface 

plasmons narrow, implying the formation of smaller nanoparticles. 

The UV/Vis results are in agreement with those of TEM in the sense that CNCs were 

successfully utilized as a stabilizing agent for the formation of Ag nanoparticles. They were 

also able to prevent the nanoparticles from aggregating. 

 

 

Figure 4.8: UV/Vis spectra of CNC/Ag nanocomposites at different reaction times and 

concentrations at 110 ºC. 
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4.3.2.4.   XRD 

The XRD patterns for CNC/Ag nanocomposites are shown in Figures 4.9 and 4.10 for 8 

and 24 hour reactions, respectively. All the patterns at different concentrations and reaction 

times show reflections from CNCs and Ag crystals, signifying the formation of the 

nanocomposite materials. At 2θ = 21.1º, a peak corresponding to 200 diffractions of CNCs is 

observed throughout the samples. Another peak observed throughout the samples is that at 2θ 

= 38.3º, which is representative of the (111) planes of silver nanoparticles. At the lowest 

reaction concentration (50 mM), at both reaction times (8 and 24 hrs), some additional peaks 

representing the oxides of silver are observed. Those are at 2θ = 27.7, 32.7 and 46.8 º, which 

are representative of the (400), (110) and (132) diffraction planes of Ag2O3, Ag2O and 

Ag3O4, respectively. An increase in reaction concentration is seen to result in the diminishing 

of the peaks at 2θ = 27.7, 32.7 and 46.8 º, giving more prominence to the peak at 2θ = 38.3º. 

The presence of the oxides may be attributed to the fact that CNC’s are highly populated with 

OH groups. 
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Figure 4.9: XRD patterns of CNC/Ag nanocomposites at 8 hrs, (a) 200 mM, (b) 100 mM and 

(c) 50mM. 
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Figure 4.10: XRD patterns of CNC/Ag nanocomposites at 24 hrs, (a) 200 mM, (b) 100 mM 

and (c) 50mM. 

4.3.2.5. SEM 

Figure 4.11 shows the SEM micrographs of CNC/Ag nanocomposites synthesized at different 

reaction times and concentrations. The surfaces of all the CNC/Ag nanocomposites are 

slightly rougher in comparison to those of CNCs (Figure 4.4b), which can be attributed to the 

attachment of silver nanoparticles. TEM analysis of the nanocomposite materials (Figure 4.7) 

showed the formation of very small particles. These particles are therefore not clearly visible 

on the SEM micrographs, and their presence can be deduced from the appearance of 

relatively rougher surfaces. 
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Figure 4.11: SEM micrographs of CNC/Ag nanocomposites at different reaction times and 

concentrations at 110 ºC; 1 mM: (a) 8hrs, (b) 24 hrs; 5 mM: (c) 8 hrs, (d) 24 hrs and 10 mM: 

(e) 8 hrs, (f) 24 hrs. 
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4.4.  Conclusion 

In this chapter, CNCs were successfully extracted from SCB and used as both a 

stabilizing and reducing agent in the formation of CNC/Ag nanocomposites. FTIR results of 

the nanocomposites showed that the structure of CNCs was preserved throughout the 

reactions, which implies that Ag nanoparticles were able to form and stabilize on the surface 

of CNCs with success. TEM micrographs and UV-Vis spectra were in agreement in that they 

both suggested and showed the formation of nanoparticles with narrow size distributions. 
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CHAPTER FIVE: 

 SYNTHESIS AND CHARACTERIZATION OF CNC/Au NANOCOMPOSITES 
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5.1.  Introduction 

Gold was, for a very long time, seen as merely a beautiful glittering metal. It was 

therefore used as an attractive ornamental piece of art and also as monetary coins.
1-3

 As a 

result, it was generally seen as a symbol of wealth and power.  

Gold has a much lower chemisorption power in contrast to platinum group metals.
4,5

 The 

relatively low chemisorption ability of gold was believed to implicate a low catalytic power.
6
 

Scientific research into gold started taking shape when scientists realized that gold becomes 

really active when incorporated into supports as nanoparticles.
7,8

 Like many other metal 

nanoparticles, gold nanoparticles have attracted a lot of attention due to their appealing 

electrical,
9
 optical,

10
 chemical

11
 and catalytic properties

12
 that are mostly dependant on their 

sizes and shapes.  

Gold nanoparticles offer facile synthesis, good biocompatibility and conjugation to a 

number of biomolecular ligands and antibodies.
13-15

 These properties make gold nanoparticles 

very suitable for use in medical diagnostics,
16

 biomedical sensing and imaging,
17

 and in 

therapeutic applications.
18

 Gold has also found application in catalysis.
19

 It has been reported 

that small supported gold nanoparticles can be utilized for the oxidation of CO at low 

temperatures.
20

 

In this context, a lot of research has in the past few years been attributed to the synthesis 

of gold nanoparticles with controlled sizes and monodispersity.
21-24

 Chemical methods are the 

mostly used in the synthesis of gold nanoparticles.
25-26

 Of the many chemical methods, gold 

nanoparticles are generally prepared by reducing gold salts in the presence of a stabilizing 

agent, the function of which is to prevent the agglomeration of the particles.
27

 The reducing 

and stabilizing agents may, however, remain unreacted in the solution, causing harm to the 

environment and also having adverse effects in biomedical applications. 

Attention has, as a result been geared towards the development of synthetic methods that 

promote the use of rapid, cheap and reproducible approaches that have very minimal or no 

negative environmental effects. This attention is in line with the promotion, preservation and 

incorporation of the principles of green chemistry into the field of nanotechnology. 

Gold, as a result of its applicability in a vast number of fields, has been a critical subject 

of green chemistry, green synthesis and subsequently, green nanotechnology. A lot of green 
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synthetic methods have been developed and used for the synthesis of gold nanoparticles. 

These synthetic methods aim to foster, amongst many things, the use of renewable feedstock, 

the use of benign solvents and auxiliaries, and the use of less hazardous synthetic methods.
28, 

31
  

Many plant materials have been used with great success for the synthesis of gold 

nanoparticles.
32-34

 Very recently, polymeric materials have been the subject of critical studies 

for their use in the synthesis of gold nanoparticles.
35, 36

 

In light of the aforementioned interest in the promotion of green synthetic methods, this 

chapter will focus on the use of cellulose nanocrystals (CNCs) as both a reducing and 

stabilizing agent in the formation of CNC/Au nanocomposites. The CNCs will be derived 

from an agricultural waste material (sugarcane bagasse), and the nanocomposite synthesis 

method will be water-based, hence its “green” nature. 
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5.2.  Experimental  

5.2.1.  Materials 

CNCs were prepared as in Chapter 4. HAuCl4 was purchased from Sigma Aldrich. 

Distilled water was used throughout the reactions. 

5.2.2.  Preparation of CNC/Au nanocomposites 

The CNC/Au nanocomposites were prepared through hydrothermal synthesis. 0.5 g CNCs 

were dispersed in 10.0 mL distilled water. The dispersion was subsequently mixed with 10.0 

mL HAuCl4 at different concentrations (1, 5 and 10 mM). Mixing was accomplished using a 

magnetic stirrer for 5 minutes. The respective mixtures were then transferred into Teflon-

sealed glass bottles and heated at 110 ºC at different reaction times (8 and 24 hrs). The 

resulting mixtures were then centrifuged at 4.4 rpm for 10 minutes in order to remove 

unreacted salts. Centrifugation was repeated for three times, and the products were finally 

stored in a refrigerator. 

5.2.3.  Characterization 

5.2.3.1.  Fourier Transform Infrared (FTIR) 

Infrared spectra of the samples were recorded on a Bruker FT-IR Tensor 27 

spectrophotometer equipped with a standard ATR crystal cell detector. The spectra were 

recorded at a wavenumber range of 500-4000 cm
-1

. 

5.2.3.2.  X- Ray Diffraction (XRD) 

The diffraction patterns of the materials were investigated at room temperature using an 

Advanced Bruker AX D8 diffractometer in the range 2θ = 14 – 90 º, equipped with nickel-

filtered Cu Kα radiation (λ = 1.542 Å) at 40 kV and 40 mA. The scan speed was 5 sec/step. 

5.2.3.3.  Scanning Electron Microscope (SEM) 

 The surface morphology of the nanocomposite materials was observed using a Zeiss EVO 

LS 15 ultra plus FESEM (scanning electron microscopy) fitted with oxford energy dispersive 

X-ray (EDX) detector. The CNC/Au nanocomposites were coated with carbon before 

analysis. 
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5.2.3.4.  Ultraviolet-Visible (UV-Vis) spectroscopy 

UV/Vis measurements were carried out on a Perkin Elmer Lambda 1050 UV/Vis/NIR 

spectrometer at a range of 350-700 cm
-1

. 

5.2.3.5.  Transmission Electron Microscopy (TEM) 

A JEOL 1400 TEM was used for analysis, at an accelerating voltage of 120 kV. A 

Megaview III camera was used and the images were captured using iTEM software. The 

samples were prepared by evaporating drops of diluted respective solutions on Formvar-

coated Cu grids (150 mesh). 

5.3.  Results and discussion 

For all the analytical techniques requiring dry samples, the samples were dried by 

centrifuging in a volatile solvent (acetone) followed by placing in a desiccator for five hours 

at moderate temperatures. 

5.3.1.  TEM 

Figure 5.1 shows the TEM images of the CNC/Au nanocomposites at different reaction 

times and concentrations at 110 ºC. Table 5.1 shows a summary of the sizes obtained. The 

TEM images for the 1 mM reactions show a mixture of triangular and spherical shapes for 

both reaction times (8 and 24 hrs, Figure 1 a and b, respectively). The spheres are dominant 

in both cases.  At 8 hrs, the average size of the nanoparticles was found to be 19.73 ± 8.81 

nm, whereas at 24 hrs it was found to be 13.85 ± 5.51 nm. At 5 mM concentrations, very big 

particles were obtained for both reaction times (8 and 24 hrs, Figure 5.1 c and d, 

respectively). As the concentrations are further increased to 10 mM, spherical nanoparticles 

with average sizes of 5.96 ± 1.49 nm were obtained at 8 hrs. At 24 hrs, irregular-pentagon-

shaped nanoparticles with average sizes of 225 ± 29.95 nm were obtained. 
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Concentration Reaction time (hrs) Average sizes (nm) Standard deviation 

(nm) 

1 mM 8 19.73 ± 8.81 

 24 13.85 ± 5.51 

10 mM 8 5.96 ± 1.49 

 24 225 ± 29.95 

 

Table 5.1: A summary of the nanoparticle sizes obtained through TEM analysis. 

 

 

Figure 5.1: TEM micrographs of CNC/Au nanocomposites at different reaction times and 

concentrations at 110 ºC; 1 mM: (a) 8hrs, (b) 24 hrs; 5 mM: (c) 8 hrs, (d) 24 hrs and 10 mM: 

(e) 8 hrs, (f) 24 hrs  

5.3.2.  UV-Vis 

Figures 5.2 and 5.3 show the UV-Vis spectra of the nanocomposite samples synthesized 

at 8 and 24 hrs, respectively. The reduction of AuCl4
-
 was visually evident from the change of 

colour from dark orange to ruby-red, which is an indication of the formation of gold 
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nanoparticles.
138

 The UV-Vis spectra of the samples at both reaction times (8 and 24 hrs, 

Figures 5.2 and 5.3, respectively) show broad absorption bands between 487 and 536 nm, 

which are characteristic for gold nanoparticles. At 5 mM concentration no absorption was 

observed for the 8 hr reaction, and the plot for this reaction was therefore omitted. For the 24 

hr reactions, the 5 mM spectrum shows a smaller band in contrast to the other concentrations 

(1 and 10 mM). These observations are in agreement with the formation of large particles at 5 

mM concentrations as evident from TEM analysis. 
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Figure 5.2: UV-Vis spectra showing CNC/Au nanocomposites synthesized at 110 ºC for 8 

hrs at different concentrations: a) 1 mM and b) 10 mM.     
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Figure 5.3: UV-Vis spectra showing CNC/Au nanocomposites synthesized at 110 ºC for 24 

hrs at different concentrations: a) 1 mM, b) 5mM and c) 10 mM.     

5.3.3.   FTIR 

The FTIR spectra of CNCs and CNC/Au nanocomposites synthesized at different reaction 

times and concentrations are shown in Figures 5.4 and 5.5. Figure 5.4 shows the 8 hr 

reactions, and Figure 5.5 shows the 24 hr reactions. All the spectra show characteristic bands 

of CNCs, such as 3375 cm
-1

 (OH), 2915 cm
-1

 (CH2) and 1163 cm
-1

 (C-O-C). However, it can 

be observed that the band at 1732 cm
-1

, representative of the carbonyl group (C=O) in CNC 

has shifted to lower wavenumbers (1643 cm
-1

) for all the composite nanomaterials.  This may 

suggest that gold binds through the carbonyl groups of CNCs during the formation of 

CNC/Au nanocomposites. This observation may be used to explain the catalytic nature of 

gold nanoparticles, as reviewed in chapter two of this thesis. It is known that metal carbonyls 

are highly applicable in organic synthesis and as catalyst precursors in homogeneous 

catalysis. 
36
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Figure 5.4: FTIR spectra showing (a) CNC, and 8 hour reactions of CNC/Au 

nanocomposites at (b) 1 mM, (c) 5 mM and (d) 10 mM concentrations.  
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Figure 5.5: FTIR spectra showing (a) CNCs, and 24 hour reactions of CNC/Au 

nanocomposites at (b) 1 mM, (c) 5 mM and (d) 10 mM concentrations.  

5.3.4.  XRD 

The XRD patterns for CNC/Au nanocomposites are shown in Figures 5.6 and 5.7 for 8 

and 24 hour reactions, respectively. All the patterns at different concentrations and reaction 

times show reflections from CNCs and Au crystals, signifying the formation of the 

nanocomposite materials. At around 2θ = 21.0 º, a broad peak corresponding to the (200) 

diffractions of CNCs is observed throughout the samples. However, this peak decreases as 

the Au concentration is increased. This is true for both the 8 and 24 hr reactions (Figures 6 

and 7, respectively). Furthermore, the XRD patterns show four peaks at 2θ = 38.2 º, 44.3 º, 

64.7 º and 77.8 º in the 2θ range between 30 – 80 º. These peaks can be indexed to the (110), 

(200), (220) and (311) reflections of the fcc structure of metallic gold, respectively.  
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Figure 5.6: XRD patterns of CNC/Au nanocomposites at 8 hrs and (a) 10 mM, (b) 5 mM and 

(c) 1 mM concentrations. 

 

 



84 
 

20 30 40 50 60 70 80

0

2000

4000

6000

8000

in
te

n
s

it
y

 /
 a

.u

2

 a

 b

 c
(1

1
0

)

(2
0

0
)

(2
2

0
)

(3
1

1
)

 

Figure 5.7: XRD patterns of CNC/Au nanocomposites at 24 hrs and (a) 10 mM, (b) 5 mM 

and (c) 1 mM concentrations. 

5.3.5.   SEM 

Shown in Figure 5.8 are the SEM micrographs of CNC/Au nanocomposites synthesized at 

different reaction times and concentrations. The different reaction concentrations and times 

are seen to play vital roles in the deposition of gold nanoparticles onto the surface of CNCs. 

An increase in reaction concentration is seen to accelerate the deposition of gold 

nanoparticles on the surface of CNCs. 

At all the reaction concentrations (1, 5 and 10 mM), the 24hr reactions result in the formation 

of clearly distinguishable, mostly-spherical shapes. On the other hand, the lower reaction 

times (8 hrs) result in the formation of clustered particles on the surfaces of the CNCs. This 

means that the reaction time is a crucial factor in the formation of the nanocomposite 

materials. 
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Figure 5.8: SEM images of CNC/Au nanocomposites at different reaction times and 

concentrations at 110 ºC; 1 mM: (a) 8hrs, (b) 24 hrs; 5 mM: (c) 8 hrs, (d) 24 hrs and 10 mM: 

(e) 8 hrs, (f) 24 hrs.  
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5.4.  Conclusion 

In this chapter, CNCs were successfully utilized as a reducing and stabilizing agent for the 

formation of CNC/Au nanocomposites. FTIR spectra of the samples suggest that gold binds 

through the carbonyl groups of CNCs during the formation of the nanocomposite materials, 

which renders the nanocomposites potentially applicable in catalysis. The XRD patterns show 

the formation of highly crystalline materials. 
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CHAPTER SIX: 

 CONCLUSIONS AND RECOMMENDATIONS 
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6.1.  Summary and Conclusion 

The work reported in this thesis is based on the extraction of cellulose from sugarcane 

bagasse (SCB), the synthesis of cellulose nanocrystals (CNCs) from the cellulose, and their 

subsequent application as a template, reducing- and stabilizing agent in the synthesis of silver 

and gold nanocomposites.  

This research, and the synthetic methods employed herein were “green” in three major 

aspects. Firstly, cellulose was extracted from a waste material (SCB), thereby preventing 

waste; secondly, water was used as the only solvent in the synthesis of the nanocomposite 

materials, and therefore the syntheses of the nanocomposites were by all means not 

hazardous; and thirdly, the use of water as the only solvent ensured the use of safer solvents 

and/ or auxiliaries. 

Cellulose was extracted from SCB through five different methods. According to the results, 

the fifth method yielded the most pure and thermally stable cellulose as depicted by the 

various analytical techniques employed. As a result, the cellulose extracted through this 

method was used to synthesize cellulose nanocrystals through acid hydrolysis. The 

nanocrystals were then successfully employed as a stabilizing and reducing agent in the 

formation of CNC/Ag nanocomposites. The structure of the cellulose was maintained 

throughout the reactions, which implies that Ag and Au nanoparticles were able to form and 

stabilize on the surface of CNCs with success. Morphological analyses further suggested and 

showed the formation of nanoparticles with relatively narrow size distributions. 

6.2. Recommendations for Future Work 

The CNC/Ag nanocomposites synthesized in this work have the potential to be used as an 

antimicrobial agent in the food packaging industry, whereas the CNC/Au nanocomposites can 

be used in catalysis. The potential applicability of these materials is, however, only deduced 

from the findings obtained through the various analytical techniques used. This work can 

therefore be extended to the actual applications of the nanocomposites. That is, a food 

packaging system could be designed from the CNC/Ag nanocomposites and tested against 

various food-borne pathogens, and the CNC/Au nanocomposites could be used to catalyze a 

certain reaction. In the interest of generation of new knowledge and expansion of bio-
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applications, it would be interesting to study the biodegradation and thermal degradation 

kinetics of the nanocomposites. 

6.3.  Research outputs 

1. Chapter in the book “Waste-to-Profit” (W-t-P): Value added Products to Generate 

Wealth for a Sustainable Economy, Volume 1, Chapter 14: “Sugarcane Bagasse 

Waste Management”: 

           https://www.novapublishers.com/catalog/product_info.php?products_id=64049  

2. Research article: Comparison of Cellulose Extraction from Sugarcane Bagasse 

through Alkali Treatments, Materials Research (In press). 
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